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Abstract

A sustained release dosage form is suggested based on the advantages of tablets and 

pellets produced by extrusion and spheronisation of wet masses. The dosage form consists 

of a tablet incorporating pellets which are released once the tablet disintegrates in an 

aqueous environment. The free pellets release the model drug (indomethacin) in a 

controlled release fashion.

The study of the process of extrusion and spheronisation was carried out based on an 

experimental factorial design (2"̂ ) and the results analyzed according to the Yates 

algorithm. The factors studied were the amounts of microcrystalline cellulose (MCC)(3 

and 5 parts in the formulation) and water (expressed as the ratio to MCC, 1:1 and 1:1.12 

parts of water) in the formulation, the ratio of the die length to diameter (2 and 8) and the 

extrusion speed (200 and 400 mm/min) of the ram extruder used and the process

characterised according to the extrusion force at steady state, the median size of theI  (1) ! (2)
spheres and IQR, the OPCS (shape) and the release rate of the drug. All the factors 

investigated affected the properties of the spheres.

Correlation of the surface free energies of the raw materials and the mechanical 

properties of spheres, with 1 part of indomethacin, 4 parts of lactose and 3 parts of MCC, 

of spheres with 2 parts of MCC and 8 parts of barium sulphate (BaS) and of spheres with 

2 parts of MCC, 5 parts of BaS and 3 parts of glyceryl monostearate (GM), was achieved 

by measuring of the contact angles of each powder with two probe liquids. From the 

surface energies, the works of cohesion and adhesion, and the spreading coefficients were 

calculated. The surface energies were also calculated based on solubility parameters.

Study of the release of the model drug was carried out according to traditional 

models, such as zero order, first order, pseudo first order (Higuchi) or dissolution 

controlling mechanism (Hixson and Crowell) and Peppas and Korsmeyer general equation 

and according to Brockmeier and von Hattingberg, and Leuenberger approaches. Factors 

such as drug load, speed of the paddles of the dissolution tester, temperature, pH, sphere 

diameter, different amounts of coating material, showed their influence on the release of

I (1) interquartile range _2_

|(2) one plane critical stability



the drug whereas erosion was not relevant.

Mixtures of the three different types of spheres where combined according to a centre 

of gravity experimental design and compacted into tablets. The study related the effects 

of the factors studied (drug load in the spheres, different percentages of spheres with drug, 

BaS and BaS and GM, the compaction pressure, the sphere size, the die diameter and the
I

concavity of the punch’s tip), to the properties of the tablets (’R ’ value, ejection force, 

density and porosity, crushing force and tensile strength, friability, disintegration and 

dissolution times of the drug), produced in an instmmented Manesty F3 tabletting machine 

and in Instron press. The results were analyzed using different statistical techniques: 

canonical analysis, principal component analysis and multiple regression analysis and 

presented in star diagrams.

(1) ratio of lower to upper punch pressure (’R’)
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Preface

The Thesis presented herein represents the end of a project started three years ago 

based on a simple idea (hypothesis) of incorporating pellets produced by extrusion and 

spheronisation in tablets combining the advantages of both dosage forms. In the 

sesquicentenary of the patent granted to William Brockedon for a machine to compress 

powders into compacts, tablets still the most popular dosage forms. However, as a single 

unit controlled release dosage form, tablets present disadvantages which can be overcome 

by the administration of pellets which constitutes a multiple unit dosage form. The patient 

can take one tablet, as prescribed, and once in the stomach it disintegrates releasing the 

pellets and then the drug would be released from the pellets in a controlled fashion.

The production of the tablets is critically analyzed from different perspectives. Starting 

from common raw materials well accepted by the Pharmaceutical Industry and the 

Regulatory Authorities, pellets are made by extrusion and spheronisation. Several variables 

were chosen and combined in an experimental factorial design. At the beginning of the 

project it was clear that the pellets had to be regarded from two different perspectives: 

characterisation of their mechanical properties and the release properties of the model 

drug. The different types of spheres obtained by extrusion and spheronisation of wet 

masses were compared with the surface free energies of the raw materials which provided 

an explanation for the differences whereas dissolution tests were carried out and the data 

analyzed. Finally the different types of spheres were combined to produce tablets. It was 

also thought that to increase the meaning of the results a good design of the experiments 

and a good analysis of the results was essential. Therefore, it is a constant concern 

throughout the Thesis to design the experiments carefully and analyze the results 

statistically. To achieve this aim, different statistical techniques were used (eg. 

multivariate statistical methods).

Throughout the three years, several people and institutions were directly or indirectly 

involved in the project.

Very much involved in the project from its beginning was Prof. Dr. J. M. Newton
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Preface

who shared his expertise of many years with me, either by exposing me to different 

techniques and methods used in the technology of powders, or by suggesting different 

statistical methods, some of them presented in this Thesis. Also involved in the project 

was Dr. G. Buckton, particularly regarding aspects of surface energetics of the materials 

and in the analysis of the results from the dissolution studies. Dr. F. Podczeck got 

involved in the project later, but her suggestions concerning the multivariate statistical 

techniques and the discussions on the calculations of the median dissolution times of the 

model drug, using her own software, were also relevant. For these reasons the 

involvement of Prof. Dr. Newton, Dr. Buckton and Dr. Podczeck are appreciated and 

acknowledged.

Hoechst UK, gave me the opportunity to use an instrumented Manesty F3 tabletting 

machine. Therefore, I also acknowledge this opportunity on the person of Mr. P. 

Flanders.

One thought must go to my colleagues in Lisbon, who did some of my work when 

I have been abroad and to my colleagues in London who helped me in the less good 

moments for the last three years.

Last, but not least I acknowledge the ’Faculdade de Farmacia de Lisboa’ for the 

permission granted to me for staying abroad and also to ’Junta Nacional de Investigaçâo 

Cientifica e Tecnolôgica’ for giving me a scholarship (BD 208/90 ID).

As a Pharmacist I do hope that this Thesis makes a contribution, even modest, to our 

knowledge and understanding of medicines and also to provide the means to alleviate the 

suffering of a patient.

Joao Pinto 

(Nov. 1993)
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Introduction

1.1 General considerations

The number of new compounds introduced in therapy in this century has being 

decreasing in recent years. Several reasons can be pointed out: increased costs of research 

and development, both in terms of money and time which later may be coupled, with the 

additional problem of expiring patents, increasing pressure on manufacturers by 

governmental bodies, and other organizations requiring more stringent control, in order 

to improve existing dosage forms and the development of more sophisticated drug 

delivery systems (Lordi, 1986 and Robinson, 1978)

New drug entities and drug derivatives still receive some priority from most 

pharmaceutical manufacturers, because many diseases still remain incurable and available 

drugs are not completely satisfactory (due to side effects). Research still proceeds to find 

solutions to these problems. Simultaneously, with the development of new scientific fields, 

such as biotechnology, new molecules have become available for therapeutic purposes. 

However, in consequence of their structures, they cannot be administered by traditional 

ways. Therefore, an increasing interest in the development of new drug delivery systems, 

eg. aerosols or transdermal systems, and the improvement of old ones, such as the 

formulation of drugs in modified release forms, are two other fields for continuing 

research.

From the developments in both basic sciences, and derived sciences such as 

pharmacology, biopharmacy and biochemistry, knowledge of the diseased state and its 

response to therapy has increased. Also, drug utilization has been improved due to the 

delivery of drug to the target in the correct amount and at the correct time so as to obtain 

maximum response with minimum side effect

The concentration of drug near the receptor is a major problem as it is desirable to 

maintain it constant and inside the therapeutic window for the particular drug and patient. 

In practice, this aim is sometimes difficult to achieve with traditional dosage forms, where
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blood concentration peaks cannot be avoided, except by continuous perfusion using the 

intravenous route. Realizing this, pharmaceutical companies have been introducing 

modified release dosage forms which are claimed to improve bioavailability of the drug 

and decrease side effects in non targeted tissues.

According tc^Ballard and Nelson (1970), modified release formulations can be divided 

into three groups:

- sustained release dosage forms, which provide an initial dose (DJ to cause the desired 

therapeutic response (saturation of plasma proteins has to be taken into consideration), 

followed by a continuous release of drug, which constitutes a maintenance dose (D^). Dj 

and are calculated according to the drug, the patient and the dosage form (Brophy and 

Deasy, 1987, Wiseman and Federici, 1968),

- repeated action dosage forms, which provide an initial dose released immediately after 

administration, followed by one or more doses released after a predetermined interval of 

time,

- prolonged action dosage forms which provide the desired dose, not at once, but over 

an extended period of time. It does not include an initial dose (Nelson, 1961).

When a modified release formulation has to be prepared, two general principles are 

involved in retarding drug release from the formulation. From the technological aspect 

(Chien, 1982), drug may be embedded in a matrix (eg. polymer or wax), or coated to 

provide a protective barrier.

In order to obtain dosage forms with these characteristics, several solutions have been 

suggested. Kydonieus (1980) and Robinson (1978) claimed that two basic approaches are 

possible:

- drug can be formulated based on a physical or chemical modification, which will 

change the bioavailability. Thus the solubility, or the formation of derivatives, ie., 

prodrugs, may provide the solution,

medicines may also be formulated based on dosage form modifications, eg. 

encapsulation of the drug or inclusion of the drug in a matrix. In the first case, a reservoir 

is obtained (Chien, 1982) when a drug is enrobed by a sugar coating film or other
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material, eg. polymers. The release of drug occurs either dy dissolution, or by diffusion 

through the insoluble materials (Chien, 1982). Inclusion of a drug in a matrix, may be 

effected by dispersing or embedding in a natural material such as camauba wax, or in a 

matrix of a polymeric non disintegrating material such as polyethylene (Uko-Nne et a i, 

1989a). A monolithic system is then obtained (Chien, 1982) from which drug is released 

either by diffusion or erosion of the matrix.

Depending on the formulation, the release pattern of a drug from the dosage form 

differs substantially (Uko-Nne et al., 1989a). Many experiments suggest that the majority 

of modified release formulations release their drug content at roughly first order release 

rates (Robinson and Eriksen, 1966).

The formulator has several options when he desires to make a dosage form. Enteric 

coated preparations, pellets or tablets coated with diffusion membranes, matrices or 

polymers (hydrophilic gums or hydroxypropylmethylcellulose), waxes (camauba wax), are 

some of the solutions that can be used (Nelson, 1961, Haan and Lerk, 1984, Uko-Nne et 

al., 1989a).

Enteric coated preparations are designed to release their contents in the intestinal tract. 

The coat may be applied by pan, fluidized bed or press coating techniques. Traditionally, 

the coat was based on sugar and gums. However, as it is an expensive process (it may 

take several days to produce a sugar coated tablet), it has been replaced by film coating 

in which cellulose derivatives, such as cellulose acetate phthalate or acrylic resins 

(Osterwald and Bauer, 1984), can be used.

Matrices of polymers, on the other hand, are made by mixing or granulating the drug 

with a polymer (Vora et al., 1964), or excipients such as channelling agents 

(Georgakopoulos, 1981) and subsequent compression to tablets in an ordinary tablet 

machine (Fassihi, 1985). Contact of the tablet with the gastrointestinal fluids, in which the 

drug is soluble, allows the tablet to release the drug through the channels. The insoluble 

material will be excreted with the faeces. The percentage of insoluble material and other 

excipients are of major importance and their study must be carried out carefully.
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Introduction

In Table 1.1 are presented some advantages of drug formulated in a controlled release

formulation

Table 1.1 : Some advantages of controlled release dosage forms

- The total amount of drug administered can be absorbed during a longer period 
reducing side effects such as gastrointestinal irritation in consequence of smaller amounts 
of drug present at a determined period in the gastrointestinal tract. Accumulation is 
minimized as the formulation’s bioavailability is improved. Theoretically, Wagner (1959) 
showed that, with a single dose, the integral response per day increased.

- With hospitalised or convalescent patients as a consequence of the fewer doses 
administered per day, nurses and pharmacists save their time, as well as saving on storage 
space. This also allows an improvement in disease and stock management. Therefore, a 
daily treatment with modified release of drug formulations can sometimes be less 
expensive, as a result of better drug use.

- Decreasing the frequency with which a patient has to take his/her drug dose tends 
to increase patient compliance.

- For exogenous compounds, prolonged release formulations may produce a more 
constant blood level than repeated doses of a regular release formulation containing equal 
amounts of drug administered per day and reduces fluctuations in blood or tissues.

[after Haan and Lerk (1984), Lordi (1986) and Robinson (1978)]

To fulfil these requirements enteric coated tablets have been formulated to prevent 

release of drug in the stomach. However, this is not the best solution as the tablet may 

release the drug over a short segment of the intestine and attempts to overcame this 

problem have been made. One of the solutions found uses modified release formulations 

with waxes (Carstensen, 1980). Here the aim is to slow the release of the drug, in order 

to have low concentrations exposed to the gastrointestinal mucosa at any time. Although 

these formulations are designed to release the drug over a 4 to 10 hours period several 

complications (eg. ulcerations) have been reported (Martindale, 1989). Some disadvantages 

of modified release dosage forms are presented in Table 1.2.
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Table 1.2: Some disadvantages of controlled release dosage forms

- As modified release dosage forms containing drug cannot be divided into fractions, 
physicians and clinical pharmacists have difficulty in adjusting dose regimens with a loss 
of flexibility. Also, individual needs of the patient are not fulfilled because their doses are 
designed for the normal population, fg., the dose is decided on the basis of the average 
population needs.

- Erroneous intake of prolonged action dosage forms (eg. chewing) changes the 
release properties of the preparation. As a consequence of larger amounts of drug present 
than in classical formulations, any side effects that may arise will occur on a larger scale.

- Production of this type of preparation is claimed to be more expensive, therefore, 
the cost per unit dosage form is higher.

- The oral route of administration, although it is the one preferred for administration 
of medicines allows variations along the gastrointestinal tract, which must be taken in 
consideration when such dosage forms are formulated. Variations in pH in the 
gastrointestinal tract or interference by food, enzymes and bile salts may change the 
release patterns of the preparations.

- If the preparation became lodged somewhere in the gastrointestinal tract, increasing 
drug concentrations in that place will occur with local irritation or ulcerations.

- With these formulations individualization of therapy to accord with individual needs 
is not possible.

[after Bechgaard and Nielsen (1978), Boxenbaum (1982), Desay et al. (1965), Haan and 
Lerk (1984), Lordi (1986) and Robinson (1978)]

Several controlled release dosage forms are available on the market, although the 

number of drugs formulated in this way constitutes only a small fraction of those available 

for therapy. Some reasons, explained this problem, are presented in Table 1.3.

1.2 The model drug

An ideal dosage form should function for any drug. However, such a system has yet 

to be found. In fact, it is not possible to consider a system (carrier) without consider the
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Table 1.3: Limitations of controlled release dosage forms

- The amount of drug that can be incorporated in one unit is limited by the size of 
that unit. Therefore, administration of high doses is not possible.

- By the oral route, drug is absorbed over almost all the gastrointestinal tract. 
However, many drugs present irregular absorption, as a consequence of being absorbed 
in a particular portion of the gastrointestinal tract so that administration by this route is 
not rational. Total release of drug from the preparation should occur by l^fore 8 to 10 
hours after ingestion. It should be pointed out that residence times changes with diet, 
pathology, etc.

- Gastrointestinal tract contents, eg. enzymes or food, should not affect the release of 
the drug.

- Administration of potent drugs, or drugs with long half lives should be avoided, 
because their administration is risky. Moreover, these drugs are usually administered at 
short frequencies so there is no justification for their use in prolonged release dosage 
forms. On the other hand, biological half-lives shorter than high rates of elimination, 
consequently large doses are required in order to provide sufficient drug for 10 hours. 
Drugs with biological half-lives between 4 and 8 hours, like theophylline are considered 
to be good candidates for administration in modified release preparations during 
absorption.

- If the drug is metabolized near the mucosa it is feasible that a greater percentage of 
the dose in a slow dose is administered in a fast release dosage form, because the 
metabolic pathways become saturated the higher concentration present in the fast release 
form, allows more of the drug to transfer across the barrier.

[after Desay et al. (1965), Fassihi and Parker (1989), Haan and Lerk (1984), Hashim and 
Li Wan Po (1987), Kallstand and Ekman (1983), Nelson (1961), Ritschel (1971) and 
Robinson (1978)]

drug. In the literature many different chemical entities which have been used as model 

drugs (theophylline, potassium chloride, etc.) can be found. Usually the criteria for 

choosing a model drug is based on the use, on the properties of the drug, on the problems 

caused by the drug, either for the industry, or for the patient and being representative of 

a group of drugs.

From the different options, indomethacin was selected as a model drug. Since its
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discovery in 1963 by Merck Sharp and Dome (O’Brien et aL, 1984), indomethacin a non 

steroidal antinflamatory drug (NSAID), has been used in millions of patients with 

rheumatoid arthritis, ankylosing spondylitis due to its anti inflammatory, antipyretic and 

analgesic properties (O’Brien et a l, 1984). It is recommended by WHO (1989) as a drug 

for use at the primary health care level by doctors and community health workers in 

arthritic and other severe inflammatory diseases. The posology recommended ranges 

between 2 and 150 mg per day (never more than 200 mg/day) divided in doses (WHO, 

1989).

The group of the NSAID’s present some problems. The most frequent problem is its 

action over the gastric and intestinal mucosas damaging then which is often reflected by 

bleeding. Ventafridda et a l  (1990) referred that gastric mucosal damage is due to a 

combination of systemic effects and a high local concentration of indomethacin. If the site 

of absorption is changed (eg. using enteric coated tablets) the problem is sometimes only 

transferred to other portion of the gastrointestinal tract (small intestine). There are three 

possible ways by which the NSAID’s and/or metabolites can gain access to the gastric 

mucosa: direct topical effect following administration of the drug, enterohepatic circulation 

and systemically effects due to the inhibition of the production of prostaglandins. 

Prostaglandins affect the production of mucus which covers the mucosas, epithelial cell 

bicarbonate secretion, epithelial regeneration and an adequate blood supply.

Although little can be done regarding the systemic effects of indomethacin, the local 

and immediate side effects can be minimized. The problem can be approached by 

designing a controlled release dosage form which releases the drug over long periods (10 

hours) throughout the gastrointestinal tract. The minimisation of the local effects can be 

taken further by using multiunit dosage forms, such as pellets which can disperse either 

in the stomach or in the intestines minimising the risk of local high doses.

The choice of indomethacin as a model drug can be further justified if the physical 

properties are considered. Indomethacin is a weak acid (pK^=4.5) with poor solubility in 

phosphate buffer (0.8 gl'*) (O’Brien et al., 1984) which suggests that some problems in 

the formulation of dosage forms with indomethacin may arise.
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1.3 Gastrointestinal transit of pellets

As it was suggested previously the dispersion of pellets within the gastrointestinal 

tract plus the time that the pellets stay in each segment of the digestive system are matters 

of major importance to achieve a continuous and constant release of the drug as possible.

The use of radioisotopes (gama-emitters) and the use of a gama-camera for almost 

two decades has allowed research groups to perform dynamic studies of materials, namely 

solid dosage forms in the digestive system. Alpsten et al. (1976) studied the disintegration 

of tablets of ^^FeSO  ̂ from PVP and lactose matrices. However, more interesting studies 

refer to the time a dosage form stays in each portion of the digestive system (stomach, 

small intestine and large intestine). Factors related to patients (age or feeding state ) or 

to the dosage form (single versus multiple dosage form, density or size) have been 

reported in the literature and referred later.

Single unit dosage forms (SUDF) tend to follow the food regarding gastric emptying 

(Bechgaard and Ladefoged, 1978), z>., if disintegration occurs then the units can cross the 

pylorus otherwise the dosage form is emptied from the stomach as a consequence of the 

action of the interdigestive myoelectric complex, IMG (Davis et at., 1984) which implies 

that the residence time varies with the time of administration. In fact, the gastric emptying 

of a SUDF is characterized by a random process with a large intra and inter subject 

variation (Christensen et a/., 1985). In a fed condition gastric emptying of a non 

disintegrate tablet cannot occur until the stomach has emptied of food and the remaining 

undigested material is cleared by the action of the IMG (Davis et o/., 1987). Normally a 

tablet greater than 10 mm in diameter has to wait until the end of the digestive phase in 

the stomach before it can be cleared into the small intestine (Davis et al., 1990). In a 

contradictory report regarding the size of the dosage form, Khosla and Davis (1990) 

observed that tablets with 11 mm in diameter were able to leave a fed stomach. Yuen et 

al. (1993) observed that gastric emptying of a SUDF is a simple all-or-none process whilst 

the emptying of a MUDF is more complex and depend on more variables. The fact is not 

surprising if it is considered that gastric emptying is controlled by neural and hormonal 

regulation which are dependent on factors such as the composition and volume of stomach

|(1) multiple unit dosage form I
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contents, acidity and osmolarity. For instance, the liquid phase of a meal can leave the 

stomach in 0.5-3 hours whereas the solid phase stays longer (1-4 hours)(Bechgaard et al. 

1985).

Considering the multiunit dosage forms the gastric emptying is more reliable. As the 

subunits of the MUDF formulations are distributed freely throughout the gastrointestinal 

tract their transport is less affected than a SUDF by the transit time of the food 

(Bechgaard and Ladefoged, 1978). Christensen et al. (1985) commented that MUDF are 

more reliable than SUDF in vivo as they empty from the stomach in a randomized way 

and also that can spread out in the small intestine, thereby given a more predictable and 

more reliable release of the drug contained therein. Yuen et al. (1993) observed that 

pellets coated with ethylcellulose did not disperse as well as desired. Moreover, emptying 

occurred as boluses and was complete after a short period.

Obviously, the presence of food changes the behaviour of the digestive system. Davis 

et al. (1984), observed that the gastric emptying of pharmaceutical dosage forms depend 

upon the presence of food in the stomach and the size of the dosage form. One way to 

quantify the amount of food to be digested is to express the food in terms of calories as 

it seems that the amount of calories delivered to the duodenum is constant with time 

(Davis et al., 1984), and greater the energy content of the meal the longer the duration of 

emptying (Khosla et al., 1989). The authors studying the transit of pellets with a density 

of 1.2 gcm'^ and a diameter ranging 0.8-1.1 mm observed median gastric emptying times 

of 2 hours in the fasting state and 4 hours in a fed state. However, the pylorus has the 

ability to let small digested particles pass through to the duodenum. Therefore, small 

pellets (<2 mm in diameter) are emptied from a fed stomach before larger particles even 

when the pylorus is retaining the most of the chyme (Christensen et al., 1985). The 

determination of the size of the particles which can cross the pylorus stills requiring more 

research. Davis et al. (1984) reported that only particles smaller than 1 mm can be 

suspended in the chyme and then leave the stomach to the duodenum, but Khosla et al. 

(1989), observed that small tablets (3 mm in diameter) emptied gradually from a fed 

stomach but as a bolus in fasted subjects. In a different study Davis et al. (1987) reported 

that pellets (2-4 mm in diameter) can be emptied from the stomach even when it is in the
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digestive mode.

Less important than the feeding state or dosage form properties (density or size) are 

the age, the exercise and body position (Davis et a l,  1991 and Devereux et aL, 1990) 

although affecting the gastric emptying rates (Mojaverian et aL, 1989).

Once the controlled release dosage form crosses the pylorus, the transit time 

throughout the small intestine is constant and quite independent of factors such as the 

presence of food (Davis 1984b, Davis et a i,  1991 and Yuen et aL, 1993) or density 

(Bechgaard et aL, 1985). Christensen et aL (1985) and Mojaverica et al, (1989) observed 

transit times for pellets of 2-5 hours and Davis (1984b) found a medium transit time of

3.3 hours for pellets (density 1.2 gcm'^ and diameter 0.7-1.2 mm).

The transit time of either SUDF or MUDF is dependent on the time of gastric 

emptying as the time of arrival at the ileo caecal junction (ICJ) (Khosla and Davis, 1987). 

Consequently, the spreading of pellets when they enter the small intestine (Block et aL, 

1991) and as they tend to move in boluses without large spreading (Christensen et aL, 

1985).

Once the pellets reach the ICJ it has been reported periods of stagnation (Khosla and 

Davis, 1987 and 1989 and Yuen et aL, 1993) before crossing the junction in boluses. 

Later in the caecum the pellets may disperse again as they progress further being 

independent of food or bowel habits but dependent on the size of the pellets (Khosla and 

Davis, 1989). Mojaverian et at. (1989) reported lag times of 0.8->2.5 hours and the transit 

times in the small bowel ranged from 2.8 to more than 5.5 hours.

Finally, the transit through the different regions of the colon can be much more 

variable, but for most subjects is more than 12 hours (Davis et aL, 1991).
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1.4 Aim and objectives

There is scope to prepare a controlled release dosage form which releases 

indomethacin throughout the gastrointestinal tract minimising the side effects of traditional 

dosage forms reflected by increasing patients comfort and compliance. Traditionally 

pellets have been incorporated into capsule shells, which when not sealed can effectively 

be opened presenting the potential of misuse and are produced at a slower rate then 

tablets. Moreover, the fact that capsules are made from gelatin presents a potential risk 

for people who are allergic to such materials. Therefore, it is thought that associating the 

advantages of the pellets as multi-unit dosage forms with the advantages of tablets as 

dosage forms, a hybrid dosage form which will possess the safety and ease of 

manufacture, yet disrupts into pellets when swallowed.
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2.1 Materials

2.1.1 Indomethacin (Bechpharm) was found to have a median volume particle diameter 

of 57.0± 1.86 pm (n=3) as measured by a Malvern Master Sizer. Its melting range was 

154.3-155.8 °C (Mettler hot stage mounted on an Olympus microscope) which means that 

the drug is in polymorphic form II (O’Brien et a i, 1984).

2.1.2 Lactose monohvdrate EP (Meggle-Wasseburg, Germany) had a median volume 

particle diameter of 16.8±0.35 pm (Malvem)(n=3).

2.1.3 Microcrvstalline cellulose was Avicel PH-101 (EMC Corp., USA), which had a 

median volume particle diameter of 53.8±0.54 pm (Malvem)(n=3).

2.1.4 Glvcervl monostearate (Pfaltz & Bauer, Inc., Tech. grade) with a melting range 76- 

77 °C, molecular weight 359.00 was sieved and the fraction of granules smaller than 125 

pm used in the experiments.

2.1.5 Barium sulphate (BDH, GPR grade) presented a median volume particle diameter 

16.3±0.84 pm (Malvern) and was used as received.

2.1.6 Ethvlcellulose was in the form of the proprietary preparation Surelease (Colorcon 

LDT, England) and it was diluted (1:1) in water before use.

2.1.7 Water used was freshly distilled, and pH control was achieved by use of phosphate 

buffers (BP, 1988).

2.1.8 Propvlene glvcol BP (Macartheys) was used as received.

2.1.9 Decane (BDH, GPR grade) was used as received.
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2.2 Methods

2.2.1 Preparation of the spheres

Spheres were produced by mixing the powders for 20 minutes (Turbula mixer, T2C) 

and then transferring the mixture to a planetary mixer (Kenwood Chef) where water was 

added. Table 2.1 summarizes the different formulations used throughout the majority of 

the experiments.

Table 2.1: Different formulations used to produce the different types of spheres

(materials in parts within the formulation)

Indomethacin Lactose GM BaS MCC Water

0 5 3 3.36

0.25 4.75 3 3.36

0.5 4.5 3 3.36

1 4 3 3.36

2 3 3 3.36

3 2 3 3.36

8 2 3

3 5 2 3

In bold characters is the formulation used in the most of the experiments to produce 
spheres and referred later as 1:4:3.

In the factorial design (Chapter 3) water was used in 3 and 3.36 parts.

The wet mass for extrusion was produced by adding the water and stirring at 90 rpm 

in a planetary mixer for 10 minutes. The wet mass formed was allowed to stand for 12 

hours in a sealed plastic bag to ensure good water distribution before further use. The
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mass was extruded using a ram extruder (barrel with 25 mm diameter) mounted in a 

mechanical press (Lloyd instruments, MX 50) which was fitted with a 50 kN load cell. 

The cross head was displaced at different speeds (50,100, 200 and 400 mm/min). The wet 

mass was extruded through different dies with Length / Diameter ratios of 2, 4 and 8 and 

the die diameter was 1 mm. The spheres within the range 0.71-1.70 mm in diameter by 

weight were used in the experiments.

As a control of quality of the spheres produced, they were analyzed for particle size 

and size distribution (Endecott sieves), crushing force (CT-40, Engineering Systems, 

Nottm), density (Beckmam air pycnometer) and release of the indomethacin by dissolution 

test and according to the USP XXI (phosphate buffer, 37 °C), (Pharmatest, Germany), 

when suitable.

2.2.2 Dissolution test

The dissolution tests were carried out in a Dissolution tester (Pharmatest, Germany) 

according to the USP XXI (paddle method). The speeds of the paddles, the temperatures 

used, the values of pH , and the sizes of the spheres were the factors studied and are 

mentioned throughout the text. The values of the pH were kept constant using phosphate 

and chloride buffers (BP, 1988). To ensure sink conditions, the amount of spheres was 

reduced when the tests were carried out at lower values of pH. In most of the situations 

dissolution tests were carried out at 37°C, speed of the paddles (lOOrpm) and pH 7.4.

The tests were run in triplicates producing results without large standard deviations. 

Often the replicates presented the same value, therefore, errors bars in the figures are not 

presented.

A study of the erosion of the spheres was carried out simultaneously with the 

dissolution tests. A certain amount of the three different types of spheres (with different 

drug loads) was placed in the dissolution vessel and at the end of the tests the remaining 

parts of the spheres were recovered from the dissolution vessel. They were dried and 

weighed. From the amounts of indomethacin, lactose and MCC in the formulation 

(theoretical value), and from the amounts of indomethacin released (calculated from the
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concentration in the dissolution vessel) and MCC in the spheres (experimental value), the 

differences between the theoretical and experimental values were calculated.

2.2.3 Assessment of the surface energv of the powders (Chapter 4)

The powders were compacted into plates by compressing 150 mg of powder in a 

rectangular punch and die (20.00x7.07 mm) in a Specac hydraulic press at 5000 kgf for 

5 minutes. The plates had an average thickness of 0.96±0.05 mm (the width and thickness 

of each plate was measured individually using a micrometer, and each individual 

measurement (rather than the mean value) was used in subsequent calculations). The 

liquid surface tensions and the contact angles of the liquids on the plates were determined 

by use of a Cahn Dynamic Contact Angle Analyses (using a Wilhelmy plate method), by 

immersing the plates 2.0 mm into the liquid (water and propylene glycol) at a speed of 

20.0 pms (see Zajic and Buckton, 1990 for further details of the experimental system).

2.2.4 Coating of the spheres (Chapter 5)

The different batches of spheres were coated in a fluid bed coater (Aeromatic AG) 

according to the following conditions:

- amount of spheres used per batch (g): 20

- inlet air temperature (°C): 60

outlet air temperature (°C): 40

inlet air pressure (mm column of water): 35

inlet air volume (m^h *): 100

- atomised air pressure in the nozzle (bar): 0.2

coating feeding rate to the nozzle (mlmin *): 1.5

- temperature of the suspension with polymer (°C): 60

Each coating cycle took, in average 20 minutes.

2.2.5 Preparation of the tablets (Chapter 6)

Prior to preparation of tablets the spheres of appropriate size, formulation and type 

were mixed in a Turbula mixer for 3 minutes at 20 rpm and tabletted in a Universal 

Testing Instrument (Instron Ltd) or in an instrumented tablet machine Manesty F3 (fitted 

with piezoelectric load cells, Kistler).
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The factors studied were the load of indomethacin in the spheres containing drug (D), 

different percentages of the different types of spheres (B, G meaning the percentages of 

spheres without glyceryl monostearate and percentage of spheres with glyceryl 

monostearate, respectively) in the tablets, compression pressure (P), sphere size (S), punch 

diameter (Di) and concavity (C) (for tablets produced only on the Instron). These factors 

were expected to affect the transmission of forces throughout the tablet, expressed by the 

’R’ value (R), the ejection force (EJEFOR), only for the Manesty F3, measured from the 

load cells and converted into digits, the density of the tablets (DENSI), the porosity of the 

tablets (POROS), calculated from the densities of the tablets and the materials, the 

crushing force (CRUSE), the tensile strength of the tablets (TENSI), calculated from the 

crushing forces, the friability (FRIAB), measured in a Roche friabilitor at 25 rpm for 4 

minutes, the disintegration time (DISIT), taken as the time between the tablet become into 

contact with the water and collapsed releasing the spheres, measured in a Manesty tablet 

disintegration test unit and the mean dissolution time (DISSO) of the indomethacin from 

the spheres as described by Brockmeier et al. (1982).

The densities of the tablets, the crushing forces and the dissolution of the drug were 

analyzed in the same equipment and experimental conditions as for the spheres.
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3.1 Introduction

Most of the drugs used in modem therapeutics cannot be administered as single 

powders to the patients which implies that in many cases the drug substance must be 

submitted to a process of agglomeration to form pellets which can be used to fill capsules 

or to produce tablets (Conine and Hadley, 1970, Husson et al. 1991). In the literature 

several techniques of pelletisation have been reported. For instance, Follonier et al.

(1992), referred among others, fluidized bed or pan layering of powders, extmsion / 

spheronisation and melt granulation. Among the techniques mentioned previously, 

extrusion / spheronisation has been recognized to be the one which provides particles with 

the highest sphericity (Newton, 1990). This technology, with its own requirements 

concerning formulation and processing of the formulations, has a few aspects in common 

with the other technologies: starting from a blend of powders, a solvent is added (usually 

water, but also water solutions with alcohol or with a binder such as PVP) and mixed with 

the powders. The wet mass produced is submitted to extrusion and the extrudates are 

placed in a spheroniser in order to obtain the spheroids, which are then dried and 

characterized according to the shape, size and size distribution, mechanical properties 

(such as crushing force or friability), or characterisation of the release of the dmg 

substance by a dissolution test. The all process can, therefore, be divided into 3 phases: 

formulation, processing and characterisation of the spheroids produced.

Like other technologies used in the pharmaceutical industry, extrusion has a broader 

application. In fact, the ceramic industry, the electronic industry or the food industry are 

just three examples of industries which use extrusion techniques for the production of 

their products (Benbow 1971). Spheronisation has a more narrow application. It was not 

until the discovery of the marumerizer by Nakahama in 1964 (Chariot et al., 1987 and 

Rowe, 1985), which is a synonymous of spheroniser, that Conine and Hadley (1970) and 

Reynolds (1970) described the process of extrusion and spheronisation for the production 

of spheroids to be applied in the pharmaceutical industry which can be used as multiunit 

sustained release dosage form.
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From the methods mentioned previously, the pellets produced by extrusion and 

spheronisation present higher sphericity, density and more homogeneous release of the 

drug substance. These properties of the spheroids have several implications. For Ghebre- 

Sellassie et al. (1985) spheroids are attractive in appearance, present good flow properties, 

can be easily mixed with other spheroids or powders, plus they maximize drug absorption 

and reduce variations in gastric emptying avoiding dose dumping. Moreover, Niskanen 

et al. (1990) suggested that pellets can pack uniformly alleviating handling and packing 

problems, whereas, Newton (1989) and Rowe (1985) observed that, spheroids offering a 

minimum surface area for equivalent volume, when compared to other types of pellets, 

provide the best shape for the application of a coating which is more uniform, therefore, 

the release of a drug is more reproducible. Regarding the mechanical properties, the 

spheroids present low friability and high hardness (Reynolds, 1970). Zhang et al. (1991) 

comparing spheroids produced by extrusion / spheronisation and traditional granulation 

methods observed that the latest type of granules disintegrated during the dissolution test, 

whereas, the spheroids produced by extrusion / spheronisation did not disintegrate, 

remaining intact like an inert matrix, after the end of the test. In a previous paper, Zhang 

et al. (1990) observed that using a pan for pelletisation, the spheroids produced were built 

up without strong friction between components, whereas, in the extrusion / spheronisation 

process a larger compaction of the wet masse was observed, reflected by stronger and 

larger number of bonds between the particles.

From earlier stages of research it was realised that a good formulation for extrusion 

/ spheronisation must have certain properties: being plastic, cohesive, non adhesive and 

self-lubricating to be able to produce good extrudates (Reynolds 1970). Moreover, the 

formulation should possess a certain degree of brittleness to allow the extrudate to be 

broken in the spheroniser, producing non-friable rods which must be plastic enough to 

spheronise (Reynolds 1970). Therefore, it is not surprising that formulae with good 

extrusion characteristics do not necessarily produce good spheroids. There are not many 

materials which fulfil all the previous requirements. Research suggests that the basic 

material for extrusion / spheronisation is microcrystalline cellulose with the right amount 

of water (Conine and Hadley, 1970, Doeuff et al. 1992, Bataille et al. 1990, Baert et al. 

1992 O’Connor and Schwartz, 1985). This combination of water with microcrystalline
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cellulose is so critical that microcrystalline cellulose from different sources, or with 

different median sizes are not equivalent (Raines 1990), and the water content in the 

mixture is also critical as it will be discussed. Although the water must be in higher 

amounts, when compared to the masses for traditional granulation, the water must be 

present in the right amount for each formulation and for the extruder to be used. This 

requirement suggests that the rheological properties of the wet masse must be considered, 

as Newton (1990) pointed out, and should be checked for the extruder to be used. For 

instance, Baert et al. (1992b) observed that for the same formulation (MCC : lactose : 

water) the content of water in the formulations to be used in the ram extruder had to be 

higher than for a cylinder extruder.

Finally, characterisation of the properties of the spheroids is important. From the 

properties which can be measured, the sphericity of the spheroids is the most important 

property as the process of extrusion and spheronisation claims to produce pellets with high 

sphericity. The assessment of the sphericity is not an easy task. In the literature there are 

different methods described each one providing different results as they assess the shape 

of the spheroids based on different parameters. For instance, Baert et al. (1992b) used the 

roundness of the spheroids, defined as the ratio between the larger diameter to the smaller 

diameter, as the criteria. Hellén et al. (1993) used image analysis techniques, whereas 

Chapman et al. (1988) described another method known as the ’One Plane Critical 

Stability’, or OPCS.

The present chapter refers to the study of formulations used to produce spheroids 

some of which will be used in the formulations for tabletting. The chapter is divided in 

two parts: the first part refers to general considerations about the process of extrusion / 

spheronisation, including different formulations for the production of the different types 

of spheres used later in the production of tablets, as will be discussed in Chapter 6. In the 

second part, a better understanding of the relationships between the factors studied and 

the properties of the spheroids with indomethacin produced was provided by using a 

factorial design experiment. Four factors (MCC content, water content in the formulations, 

die length and extrusion speed) at two levels were employed to identify the main effects, 

and the interactions between the factors.
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3.1.1 Factorial experimental design

High and low values for the four variables (microcrystalline cellulose and water 

content, die length and extrusion speed) were selected, and a factorial design was prepared 

for the experiment. These variables can only be adjusted within very narrow limits, 

beyond which it becomes impossible to extrude and/or spheronise the mass. Work by 

Harrison (1982) has demonstrated that there is a linear relationship between the required 

pressure for extrusion (at steady state) and the length to diameter ratio of the die (in the 

length to diameter ratio range from 1 to 16). The lengths of dies were selected to keep 

within this range. The extrusion speeds of 200 and 4(X) mm/min reflect the approximate 

extremes for which it is possible to achieve a steady state flow of extrudate. At present, 

the upper and lower limits for microcrystalline cellulose content in the formulation are 

unknown, the proportions used do not necessarily reflect extreme values. Equally, the 

water content values, which are added as a ratio to microcrystalline cellulose content (not 

total weight of the formulation), are not necessarily extreme limits for the formulation.

The results from the experiments are analyzed according to Yates algorithm (Yates, 

1937) as described by Bolton (1984) and Bataille et al. (1990).

3.2 Results and discussion

3.2.1 Part I - General considerations

The first part of the discussion refers to the results of a miscellaneous group of 

experiments which provides an overview about the problems faced in extrusion / 

spheronisation of wet masses. This part discusses the characteristics of some formulations, 

namely the formulations with indomethacin (IND), barium sulphate (BaS), glyceryl 

monostearate (GM), lactose (LAC) and microcrystalline cellulose (MCC) which are the 

basis for the production of the spheres used later in the formulation of the tablets (Chapter 

6). Briefly, some other aspects are discussed, such as the water movement observed in the 

extrusion of the masses, and the extrusion speed on the size and size distribution of
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spheroids produced.

Preliminary experiments with ternary mixtures of 1 part of lactose, 1 part of MCC and

1.2 parts of water (1:1:1.2) showed that movement of water throughout the wet mass 

during the extrusion in a ram extruder, at speed rates of 1(K3 mm/min and 200 mm/min, 

occurred. Measurements of the amount of water in the mass prior to extrusion, in the 

extrudate, in the plug and in the spheroids produced supported the previous observation. 

The results are presented in Table 3.1 which shows the large variation in water content 

in the different products obtained. Looking at the values of the moisture content of the 

wet masses it can be seen that they are higher than granulations produced by traditional 

methods as Newton (1990) pointed out and the amount of granulation liquid was related 

to the amount of MCC in the mixture (Elbers et aL, 1992). The interaction of the water 

with the powders in the formulation (such as MCC and lactose), has been the object of 

some research. For example Fielden et al. (1988) studied the interactions of water with 

MCC and lactose by different thermal methods and found that the bulk of the water held 

in the system is present as free water with a small quantity (15.41 g water / 100 g MCC) 

being present as adsorbed structure water. Is this ’excess’ of water which seems to 

improve the rheological properties of the masses for extrusion.

Table 3.1: Water content (%) of the material obtained in the different steps of the
extrusion and spheronisation of a mixture of lactose, MCC and water 
(1:1:12)

extrusion speed 
(mm/min)

100 200

time after mixing
(h)

1 20 20

wet mass 33.6 33.5 34.1

plug 25.4 27.9 30.2

extrudate 40.4 41.4 36.0

wet spheroids 36.7 38.6 32.7

dried spheroids 8.5 7.0 6.4
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A more elegant experiment regarding the study of the water movement in an extruder, 

has been presented by Baert et aL (1992a). The researchers collected fractions of 

extrudates produced by a ram extruder throughout the steady state phase and plotted the 

moisture content of the different fractions versus the displacement of the piston. They 

observed that the first portions of the extrudate had a higher moisture content than the last 

portions. The moisture’s gradient observed depended also on the extrusion speed, ie., 

higher the speed, lower the gradient.

Also water changes in the extrudates during the spheronisation were observed by 

Conine and Hadley (1970) with the production of drier spheroids than the extrudates 

containing about 25% of water, lost 2-3% moisture in the first 5 minutes. Eskilson (1985) 

also reported condensation of water on the walls and lid of the spheronisation chamber 

causing overwetted surfaces which resulted in stickiness. Newton (1990) referred that 

water mobility within the mass can occur both in the extrusion and spheronisation stages. 

Realising this problem Millili and Schwartz (1990) tried to replace the water in the 

formulations by other solvents such as alcoholic (ethanol) solutions, or just alcohol, but 

the quality of the extrudates produced was poor even for low concentrations of ethanol. 

This fact stresses the high degree of interaction between water and MCC. Millili and 

Schwartz (1990) observed that batches with 10% of theophylline and 90% of MCC did 

not produce spheroids when granulated with ethanol, but granulated with ethanol at 95%. 

These pellets, were friable irregular in shape and small. The release of theophylline 

decreased when the concentration of ethanol decreased in the aqueous solutions suggesting 

that the strength and number of bonds between the particles increased. From Table 3.1 it 

can be seen that during spheronisation there is release of water from the materials 

subjected to spheronisation. Also important is the rate of drying in the spheroniser, 

especially for extrudates with higher amount of water then required. Under these 

circumstances, spheroids with a controlled size and size distribution can be obtained by 

promoting drying in the spheroniser. It should be stressed however, that this procedure 

should be avoided, or used only as a last attempt to produce good spheroids, as a good 

formulation should be able to provide spheroids without problems of agglomeration in the 

spheroniser chamber.

-43-



Formulation and processing ...

Comparing the columns in Table 3.1 it can be seen that formulations should be 

allowed to rest for some time in a closed container. The higher percentage of water in the 

plug (27.9% versus 25.4%) suggests that a lower water movement occurred, suggesting 

that the water was better distributed, adsorbed and absorbed to the powders throughout 

the mass.

Table 3.2 (upper half), presents the results for the moisture contents of the materials 

in different phases of processing for the same formulation of indomethacin, lactose and 

MCC (1:4:5) with different amounts of water (5 and 6 parts) when extruded at 4 different 

extrusion speeds. The lower half of Table 3.2 presents the results for the sizes of the 

spheroids produced. Starting from different amounts of water (33.3 and 37.5%, 

respectively) the differences in water content in the plugs, extrudates and spheroids are 

relevant. Looking at Table 3.2, as the extrusion speed increases, the plugs contain higher 

water contents, whereas the extrudates are drier for higher speeds than for lower speeds. 

The observation suggests that for lower speeds (50 mm/min) the water can move 

throughout the extrusion mass more easily than at higher speeds (400 mm/min) when the 

movement of the water is more restricted. The observation suggests that, apart from using 

the right amount of water in the formulation, the extrusion speed is a factor to be 

considered in process development. Together with water movement there is a 

consolidation process, larger in the ram extruder than for cylinder extruders, improving 

particle cohesion (Fielden et al., 1992).

The lower part of Table 3.2 reflects the size and size distribution of the spheroids 

produced under the conditions mentioned previously. For the lower amount of water in 

the formulation (5 parts) and lower speed (50 mm/min) it can be seen that agglomeration 

of the spheroids occurred (56.6% of the spheroids presented a diameter larger than 2.36 

mm, by weight). When the extrusion speed increased the fraction of spheroids with a 

diameter between l.(X)-1.40 mm became the most important feature, especially for the 

highest extrusion speed (400 mm/min), as 73% of the spheroids were in the range 1.00-

1.40 mm. When the water content increased in the formulations up to 37.9%, the median 

sphere size increased as well suggesting that the extrudates were wetter than required and, 

although no agglomeration was observed, the larger fraction increased. Observing the

-44-



Formulation and processing ...

Table 3.2: Water content (%) of the material obtained in the different phases and
size distribution of the spheres produced when mixtures of 
indomethacin, lactose and MCC (1:4:5), were extruded and 
spheronised with different amounts of water (33.3 and 37.5%)

water (%) 33.3 37.5

extrusion speed 
(mm/min) 50 100 200 400 50 100 200 400

water content (%)

wet mass 33.6 38.5

plug 27.1 27.9 28.0 30.1 28.2 30.7 34.0 31.8

extrudate 39.9 34.1 33.3 33.3 40.6 39.4 38.0 34.8

wet spheroids 36.6 20.9 24.1 29.0 36.9 37.3 36.0 20.9

dried spheroids 3.0 2.6 3.1 9.0 5.1 3.1 3.8

size and size distribution of the spheroids (%)

> 2.36mm 56.6 3.2 2.8

2.00-2.36mm 11.6 20.0 2.1

1.70-2.00mm 27.3 0.3 16.8 11.0

1.40-1.70mm 4.5 32.0 28.2 26.5 49.4 59.7

1.00-1.40mm 67.4 69.8 73.0 10.6 24.1

0.71-1.00mm 0.6 1.7 0.6 0.3

values for the water content of the spheroids, they do not follow a special pattern. It 

seems that there was a loss of water during the spheronisation, in a uncontrolled way, the 

cause of the results. In fact, by controlling the release of water from the spheroniser 

chamber it is possible to have some control over some poor formulations. For extrudates 

with high water content, fast evaporation of water from the material in the spheroniser 

may allow the rescuing of a batch by avoiding agglomeration. Again, this is a measure 

to be avoided, if possible, as frequently it depends on the skills of the operator.

So far the discussion has been centred on the properties of the formulation and on 

extrusion. However, the majority of the work published has been centred on the 

spheronisation step of the production of the spheres.
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Conine and Hadley (1970) mentioned that compaction of powders (wet mass) occurs 

during the process when a screen extruder was used, and the final sphere size was 

determined by the size of the screen used in the extruder. The authors recognised also that 

the moisture content should be kept constant to produce the optimum yield of uniform 

spheres, but suggested that the particle size distribution may be controlled by the degree 

of wetness of the granulation as well as the speed and time in the marumerizer. On the 

other hand, Eerikâinen (1991) and Eskilson (1985) observed that the spheronisation time 

or the velocity of the spheronisation disc and the liquid content of the formulation affect 

the porosity, density and friability of the spheroids. The observations in the laboratory 

with the formulations and processing conditions presented in this chapter contradicted the 

observation that the time of spheronisation is important, in that for good formulations, the 

spheronisation time was not relevant, ie., after a short period to allow spheres to build up 

(less than 3 minutes), the spheres remaining in the spheroniser for longer periods did not 

present changes in the shape, size or size distribution. Gamlen (1985) discussing the 

process of extrusion / spheronisation concluded that the liquid content prior to extrusion 

is highly critical: too dry a formulation, the larger the fraction of fines (or smaller and 

incomplete formation of spheres) obtained, whereas agglomeration occurs for very wet 

masses. Once the right formulation has been found the technology is able to produce 

uniform spheroids approximately the diameter of the holes of the dies.

Doeuff et al. (1992) studying the extrusion of masses with lactose, MCC or sodium 

carboxymethylcellulose concluded that the extrusion, carried out in a screen extruder, was 

the crucial step in the manufacture of pellets. The authors using a fractional factorial 

experimental design observed that none of the spheronisation parameters studied were able 

to compensate a poor formulation.

When formulations are extruded with long steady states (where the force applied to 

the system remains constant) a large yield of spheres with the required characteristics are  ̂

produced (Chapman, 1985). Also the extrudates do not present surface defects. Particle 

size of materials, the brand of MCC, the rate of extrusion and the L/D of the die (>8) are 

other factors to be considered. Colloidal grades of MCC produce extrudate of smooth 

surface avoiding the migration of water during the extrusion process, but it does not mean

-46-



Formulation and processing ...

that spheronisation is improved (Newton, 1989).

The effect of the size of the raw materials is relevant. Newton (1989) pointed out that 

in formulations with lactose and MCC, when the size of lactose increased, the water 

mobility, in both extrusion and spheronisation steps, increased. The fraction with smaller 

particle size of lactose produced spheres with higher quality, whereas for larger sizes of 

lactose agglomeration of the material was observed in the spheroniser. Fielden et aL

(1993) provide a better explanation for the observation. They observed that for larger 

particle sizes of the lactose crystals, the extrusion of the wet mass was more difficult 

producing an extrudate of poor quality plus the moisture content of the mass was more 

critical than for formulations with lactose with lower lactose particle sizes, therefore, to 

produce spheroids of equivalent quality, the moisture content had to be decreased in the 

formulations with higher particle size. The explanation proposed by the authors refers to 

the surface area of the particles and the amount of water required to improve bond 

formation and improve the rheological properties of the wet mass suggesting that there 

is a ’specific moisture content range’ for each formulation.

Table 3.3 shows the results for 2 different formulations were the amounts of lactose 

and MCC changed. The two formulations were submitted to extrusion at two different 

speeds and through dies with 1 mm diameter and 2 or 8 mm length.

The first observation shows that for the different batches, the larger proportions of the 

spheres are in the range l.(X)-1.40 mm which was expected. For the lower extrusion speed 

(200 mm/min) a larger proportion of spheres in the higher range (1.40-1.70 mm) was 

produced then for the higher speed (400mm/min), probably as a consequence of the water 

movements during the extrusioi>s being different for the different batches, as discussed 

previously. Apart from this observation the results show that the amount of soluble 

materials (commonly drug) that can be in the formulation is quite large (40 to 70% in the 

present study). It has been reported drug loads of 80% (Newton, 1989) which requires the 

amount of water to be adjusted as a function of the amount of MCC present in the 

formulation rather than the other materials.
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Table 3.3: Effect of extrusion speed, L/D and formulation on the size and size
distribution of spheroids obtained by extrusion and spheronisation of 
mixtures of indomethacin, lactose, MCC and water

formulation 1:3:6:6 1:6:3:3

extrusion speed 
(mm/min)

200 400 200 400

L/D 2 8 2 8 2 8 2 8

1.70-1.40 mm 10.0 34.8 16.4 15.8 8.2 14.8 1.9

1.40-1.00 mm 86.5 61.2 82.7 82.2 87.0 82.6 74.1

1.00-0.71 mm 3.3 3.7 0.5 1.8 1.4 2.6 16.7

0.60-0.71 mm 0.2 0.4 0.3 0.2 1.0 6.2

< 0.60 mm 0.4 1.1

L/D is the ratio between the die length and the diameter

Baert et al. (1992b) studying the effect of a third component in the formulation 

(alpha, beta lactose or dicalcium phosphate), apart from MCC and water observed 

significant changes in the regions were extrusion / spheronisation was possible when they 

plotted the results obtained in a phase diagram. The authors observed that the higher the 

solubilities of the third component the larger the area in the diagrams, meaning that 

extrusion is easier. Simultaneously, the higher the solubility of the component the larger 

the amount of water required, as the percentage of MCC in the formulation.

The increase in the ratio of the die to the length (L/D) seem to produce spheres with 

larger size. The fact suggests that the extrudates produced have a higher moisture content 

and consequently larger spheres are produced in the spheroniser. Harrison (1982) observed 

that by increasing the L/D there is an increase in compaction and in the extrusion force. 

In these cases, the water mobility increases for larger L/D.

As will be discussed in Chapter 6, spheres with barium sulphate (BaS) and 

microcrystalline cellulose (MCC), and spheres with barium sulphate, MCC, glyceryl 

monostearate (GM) and water had to be prepared.
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The spheres with barium sulphate, MCC and water did not present any problems in 

terms of production, conforming to findings of Bains et al. (1991). Different formulations 

were extruded under different processing conditions. The percentage of barium sulphate 

ranged from 20 up to 80% of dry powder mixed with MCC. The amount of water had to 

be adjusted for the different percentages of MCC in the formulation. From these 

formulations extrudates were produced when dies with different L/D ratios (2 up to 8) and 

different extrusion speeds (100-400 mm/min) were used, showing that barium sulphate is 

a material that can be used in formulations for extrusion / spheronisation. As will be 

discussed in Chapter 6, the aim of producing spheres with barium sulphate was to provide 

the formulation of the tablets with a high amount of barium sulphate, therefore, only the 

formulation of the spheres with a high amount of barium sulphate (80%) is considered. 

The amount of water used was 30% of the amount of the powders, as reported by Bains 

et al. (1991). The majority of the spheres produced (84.5%) were within the range 1.00-

1.40 mm. The high density of the spheres (3.14 gcm'^) was due to the high density of the 

barium sulphate rather than the density of the spheres themselves. The force required to 

crush the spheres was 0.49 kgf.

In Chapter 6, it will be shown that mixtures of spheres with indomethacin and spheres 

with barium sulphate did not produce tablets with the required characteristics. Therefore, 

there was a need for spheres requiring smaller crushing forces and with lubricating 

properties. The solution for the problem was found by the introduction of GM in the 

formulations. Glyceryl monostearate (GM) is a material which forms weak bonds with the 

other ingredients as will be discussed in Chapter 4 and once released provides lubrication 

to the tablets. The glyceryl monostearate is a difficult material to use in formulations for 

extrusion because it is difficult to mix with the other ingredients. To overcome the 

problem different approaches can be followed. Either the GM is melted and dispersed in 

the water used in the granulation, or small granules of GM can be used and mixed with 

the other ingredients. It must be pointed out that the content of GM in different spheres 

may change slightly. Nevertheless, the second approach was followed and spheres were 

produced from different formulations. The formulation selected had 2 parts of MCC, 3 

parts of BaS, 5 parts of GM and 3.5 parts of water. The wet mass was extruded at 200 

mm/min. 81% of the spheres obtained from the extrudates where in the range of 1.00-1.40
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mm diameter with a density of 1.42 gcm'^ and a crushing force of 0.24 kgf.

3.2.2 Part II - Factorial design

The results have been analyzed using the Yates’ algorithm (Yates, 1937) as used by 

Bolton (1984) and Bataille et al. (1990). The outline and experimental conditions for the 

factorial design and the interactions of the effects associated with the experiments are 

indicated in Tables 3.4 and 3.5.

3.2.2.1 Extrusion force at steady state

The effects of changes in the microcrystalline cellulose (MCC) and water contents, 

the die length and the extrusion speed on the force required at steady state flow during 

the extrusion are presented in Table 3.6 and Figure 3.1 (a to h). An increase in MCC 

content (designated a to A), or the water content (w to W) results in a decrease in the 

required extrusion force from 9.9 down to 7.4 and 6.4 kN, respectively (Figure 3.1, a,b 

and c,d). These effects are found to be almost additive, as an increase in both MCC and 

water content shows a large reduction in required force from 9.9 down to 4.3 kN (Table 

3.6). However, increases in die length or extrusion speed. Figure 3.1 (e,f and g,h), resulted 

in increased force requirements (13.8 and 13.3 kN, respectively), especially when these 

were both raised simultaneously (from 9.9 up to 18.8 kN). The combined effect of the 

four variables showed a significant interaction (p<0.01), not surprisingly, indicating that 

the water and MCC effects are not equal and opposite to the die length and extrusion 

speed effects.

Less significant interaction (p<0.05) was detected between MCC content and die 

length, which is expected as these factors have opposite effects and no obvious reason for 

the two effects to be dependent upon each other, but there was an interaction between 

water content and extruder speed. During the extrusion process, the water acts as a die 

wall lubricant, and thus it is possible that, when the speed is increased, water is unable 

to move through the mass rapidly enough to provide effective lubrication, ie., at high 

speeds of extrusion, water remains evenly distributed throughout the mass, whilst at

-50-



Formulation and processing ...

Table 3.4: Outline and experimental conditions for the factorial design (a)

Factor
Value

Low level (-) High level (4-)

A (MCC) 3(b) 5(b)

W (water) 1:1 (c) 1:1.12 (c)

L (die length mm) 2 8

S (ext. speed mm/min) 200 400

(a) lactose and indomethacin contents were kept constant at 4 and 1 parts respectively, in 
the formulations

(b) number of parts of microcrystalline cellulose in the formulations
(c) ratio of microcrystalline cellulose and water in the formulations

slower speeds it can migrate to the edge of the mass to effect lubrication.

3.2.2.2 Sphere size

The extrusion / spheronisation process is capable of producing spheres of uniform 

shape and of very narrow particle size distribution (Reynolds, 1970), thus any minor 

changes in median particle size can be regarded as significantly different. The particle size 

distributions of the 16 formulations are presented in Figure 3.2 (a to h).

The formulations with higher water content were found to have the most significant 

change in size (Figure 3.2 a to h). This observation is confirmed in Table 3.7, ie., as water 

content increases, the median sphere size increases from 1.09 up to more than 1.15 mm. 

Indeed the water content used in this study is strictly limited by the ability to extrude and 

spheronise. Too much water will result in aggregation during spheronisation and too little 

water will result in unsuccessful extrusion as was referred to previously in this Chapter 

and by Bains et al. (1991). It is reasonable to postulate that the differences in size are a 

consequence of both water content and the effectiveness of the water distribution in the 

extrudate (and by extension the spheres). It has been mentioned above that, increases in 

extruder speed result in higher extrusion forces due to poor die wall lubrication {ie., poor
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Table 3.5: Calculation matrix for a 2̂  factorial design

Factor Level (b) Level of interactions (c)

A W L s A
W

A
L

W
L

A
S

w
s

L
S

A
W
L

A
W
S

A
L
S

W
L
S

AWLS

awls - - - - + + + + + + - - - - +

Awls + - - - - - + - + + + + + - -

aWls - + - - - + - + - + + + - + -

AWls + + - - + - - - - + - - + - +

awLs - - + - + - - + + - + - + + -

AwLs + - + - - + - - + - - + - + +

aWLs - + + - - - + + - - - + + - +

AWLs + + 4- - + + + - - - + - - - -

awlS - - - + + + + - - - + + + + -

AwlS + - - + - - + + + +

aWlS - + - + - + - - + - + - + - +

awLS - - + + + - - - - + + + - - +

AWIS + + - + + - - + + - - + - - -

AwLS + - + + - + - + - + - - + - -

aWLS - + + + - - + - + + - - - + -

AWLS + + + + + + + + + + + + + + +

(a) a/A, w/W, 1/L and s/S represent MCC content, water content, die length and extrusion 
speed at low (lower case) and high (upper case) levels, respectively

(b) - factor at low level 
+ factor at high level

(c) to obtain signs for interaction terms in combination multiply signs of factors
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Table 3.6: Results and ANOVA for the 1  ̂ factorial design. The effect of MCC
content (a/A), water content (w/W), die length (1/L) and extrusion 
speed (s/S) on the extrusion force at steady state.

Factor Ext. Force 
(kN)

df Effect Mean Sq. F (a)

awls 9.9 1 19.11

Awls 7.4 1 -0.438 0.766 17.97

aWls 6.4 1 -0.338 0.456 10.69

AWls 4.3 1 1.263 6.376 149.44 *

awLs 13.8 1 0.038 0.006

AwLs 10.9 1 -0.163 0.106

aWLs 7.9 1 0.563 1.266 29.67

AWLs 5.8 1 -2.813 31.64 741.56 *

awlS 13.3 1 2.513 25.25 182.98 *

AwlS 7.1 1 1.963 15.41 111.64 *

aWlS 9.1 1 4.063 66.02 1547.3 *

awLS 18.8 1 0.963 3.706 86.86 *

AWIS 5.3 1 -2.563 26.27 190.33 *

AwLS 10.1 1 -0.063 0.016

aWLS 12.5 1 0.538 1.156 27.09

AWLS 10.3 1 -2.913 33.93 795.23 *

(a) Error mean square (EMS) based on awLs, AwLs and AwLS interactions; 3 df

* p < 0.01

df - degrees of freedom
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Figure 3.1

Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the extrusion force at steady state
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Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the extrusion force at steady state
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water distribution to the die wall). From Table 3.7, it can be seen that increased extrusion 

speed results in smaller spheres (down to 1.04 mm for awlS), reflecting the reduced water 

distribution, to the surface of the extrudate. Furthermore, these ’drier’ extrudates resulted 

in spheroids with a higher percentage of fine particles, indicating that the extrudate 

breakage was not optimum (Figure 3.3, a to d).

The effects of MCC content and die length on sphere size were minimal (Table 3.7), 

but notably, the effect of MCC was greater in formulations which were prepared with high 

water content (eg. the median sizes for ’awLs’ and ’AwLs’ are both 1.08 mm, but for 

’aWls’ and ’AWls’ they were 1.18 and 1.25 mm, respectively). It can be concluded that 

the water content, and its associated distribution to the extrudate surface, is the critical 

factor in determining size, thus the factors which cause the die wall to be wetter result in 

spheres of increased size (zV., primarily increased water content, but also slower speed, 

and the increased content of the ’molecular sponge’ MCC).

3.2.2.3 Sphere shape

The value obtained for OPCS was found to decrease following increases in MCC 

content and water content, although the MCC content was seen to have the smallest effect 

of the two. The most spherical products were obtained from formulations in which the 

conditions may be expected to encourage the extrudate to be wet at the surface. The 

statistical analysis is presented in Table 3.8. On the other hand, increasing the die length 

and extrusion speed the sphericity decreased (Figure 3.4 e,f and g,h), particularly relevant 

the interaction of the two (awLS, 36.9). This observations were discussed previously. 

Looking to Table 3.8 it can be seen that the effect df water is more relevant than the 

MCC to compensate the effect of the increased die length. Regarding the effect of the 

extrusion speed both, MCC and water, can be used to compensate the effect of increasing 

the extrusion speed.

Generally, it was observed that low OPCS values were found for formulations which 

had a narrow size distribution (see interquartile ranges in Table 3.7), thus the factors 

discussed above under sphere size are also relevant to the discussion on sphere shape.
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Table 3.7: Results and ANOVA for the I'* factorial design. The effect of MCC 
content (a/A), water content (w/W), die length (1/L) and extrusion 
speed (s/S) on the median size of the spheres.

Factor Size
(mm)

(IQR) df Effect
(.10^)

Mean Sq. 
(.10")

F (a)

awls 1.09 (0.13) 1 2226.0

Awls 1.07 (0.13) 1 26.3 2.76 67.71 *

aWls 1.18 (0.25) 1 68.8 18.91 450.24 *

AWls 1.25 (0.29) 1 13.8 0.76 18.10

awLs 1.08 (0.23) 1 18.8 1.41 33.57

AwLs 1.08 (0.29) 1 3.8 0.06

aWLs 1.18 (0.24) 1 1.3 0.006

AWLs 1.20 (0.23) 1 1.3 0.06

awlS 1.04 (0.21) 1 -56.3 12.7 302.38 *

AwlS 1.08 (0.13) 1 8.8 0.31 7.38

aWlS 1.06 (0.13) 1 -53.8 11.6 276.19 *

awLS 1.06 (0.18) 1 - 13.8 0.76 18.10

AWIS 1.08 (0.13) 1 31.3 3.9 92.86 *

AwLS 1.11 (0.15) 1 11.3 0.51 12.14

aWLS 1.09 (0.11) 1 13.8 0.76 18.10

AWLS 1.16 (0.21) 1 18.8 1.41 33.57

(a) error mean square (EMS) based on AwLs, aWLs and A WLs interactions; 3 df.

* p <  0.01

I  df - degrees of freedom
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Figure 3.2

Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the median particle size of the spheres
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Figure 3.2 (cont)

Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the median particle size of the spheres
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Table 3.8: Results and ANOVA for the 2̂  factorial design. The effect of MCC
content (a/A), water content (w/W), die length (1/L) and extrusion 
speed (s/S) on the OPCS values of the spheres.

Factor OPCS df Effect Mean Sq. F (a)

awls 18.7 1 37.06

Awls 14.6 1 - 0.013 0.0006

aWls 13.4 1 - 0.863 2.98 32.84

AWls 16.9 1 5.213 108.7 1199.4 *

awLs 24.6 1 - 2.213 19.58 216.1 *

AwLs 18.7 1 - 2.638 27.83 307.1 *

aWLs 14.0 1 - 2.938 34.52 381.0 *

AWLs 13.7 1 - 4.613 85.10 939.2 *

awlS 25.7 1 3,423 46.58 514.1 *

AwlS 15.4 1 1.688 11.39 125.7 *

aWlS 15.5 1 3.788 57.38 633.3 *

awLS 36.9 1 1.913 14.63 161.5 *

AWIS 17.3 1 - 4.063 66.02 728.6 *

AwLS 16.7 1 - 1.238 6.126 67.61 *

aWLS 19.1 1 0.213 0.1806

AWLS 15.3 1 - 4.113 67.65 746.6 *

(a) error mean square error (EMS) based on awls and aWLS interactions; 2 df. 

* p < 0.05

df - degrees of freedom
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Figure 3.4

Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the OPCS value of the spheres
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Effect of MCC content (a and b), water content (c and d), die length (e and f)
and extrusion speed (g and h) on the OPCS value of the spheres
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3.2.2A Dissolution

As all factors that have been investigated (ie., MCC and water content, die length and 

extruder speed) have been shown to influence the product that is produced (to a greater 

or lesser extent), in terms of size and shape, then it is reasonable to assume that changes 

in formulation and production variables may influence dissolution performance (and 

consequently possible cause changes in biological response).

A full discussion of the release of indomethacin is presented in Chapter 5 which 

discusses the results obtained and treated according to different models. The first order 

model was used only as a tool to compare the release of indomethacin from the spheres 

produced according to the experimental design.

When plotted on a semi logarithmic scale, all formulations approximated to first order 

release kinetics over the first 80% of release, the apparent first order rate constants are 

presented in Table 3.9. It is clear from the apparent first order rate constants, that the 

formulations can be divided into four distinct groups. The slowest release of drug was 

obtained from formulations which had a high MCC content and were made using a low 

water content; for these formulations the rate constants were in the range 4.9x10*  ̂ sec * 

(equating to 70% drug release in just under three hours). Of very similar release rate were 

the formulations with high MCC content which were prepared with the high level of 

water; these also had dissolution profiles which resulted in 70% release in just under three 

hours (apparent first order release rates were in the range 6.1 to 6.7x10'^ sec'*). It is not 

surprising that the formulations with high MCC content have the slowest release 

profiles,as the MCC causes the formation of a hydrophilic matrix sustained release 

delivery system. When the MCC content is high, there was little effect of other variables 

(/>., die length and extrusion speed) on the release profiles (the differences being 

indistinguishable within experimental error). The major differences in release rate are 

observed for formulations which have low MCC content. These can also be divided into 

two groups, one which was prepared with low water content (70% release in just under 

2 hours, apparent release rate constants in the range 7.7-8.0 xlO^ sec'*), and those which 

were prepared with high water content for which there was the greatest variation in '

apparent release rates (fg., the greatest influence of die length and extrusion speed). The
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Table 3.9: Results and ANOVA for the factorial design. The effect of MCC 
content (a/A), water content (w/W), die length (1/L) and extrusion 
speed (s/S) on the apparent first order release constant of the drug 
from the spheres.

Factor k .  10"
(sec*̂ )

r df Effect
(.10")

Mean Sq. 
(.10")

F (a)

awls 8.0 0.968 1 13.8

Awls 5.4 0.930 1 - 1.94 15.02 534.09 *

aWls 7.2 0.935 1 0.94 3.516 125.06 *

AWls 6.4 0.934 1 0.39 0,194 6.90

awLs 7.9 0.939 1 0.04 0.006

AwLs 5.4 0.939 1 -0.31 0.391 13.91

aWLs 11.0 0.919 1 0.21 0.181 6.44

AWLs 6.3 0.924 1 -0.79 2.481 88.24 **

awlS 7.9 0.965 1 -0 .54 1.156 41.12 **

AwlS 4.9 0.965 1 0.71 2.031 72.24 **

aWlS 7.8 0.962 1 -0.11 0.051

awLS 7.7 0.988 1 0.49 0.951 33.83 **

AWIS 6.7 0.949 1 -0.86 2.976 105.85 *

AwLS 5.5 0.946 1 0.64 1.626 57.83 **

aWLS 6.7 0.952 1 -0 .74 2.176 77.46 **

AWLS 6.1 0.961 1 0.21 0.106 3.77

(a) error mean square (EMS) based on awLs and aWlS interactions; 2 df.

* p < 0.01
** p < 0.05

df - degrees of freedom 
I r - correlation coefficient

fastest release was from formulation ’aWLs’: 70% release in just over 1 hour, apparent 

release rate constant 11.0x10'^ sec ^ whilst the apparently minor change from slow to fast 

extrusion rate resulted in an apparent release rate constant of 6.7x10'^ sec'\ The 

dissolution profiles demonstrate that in certain cases the processing effects can have an 

influence on the drug release rate. This is particularly true when the release is rapid, but 

becomes far less significant if the release is slow (fg., when MCC content is high).
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Effect of MCC content (a and b), water content (c and d), die length (e and f) and
extrusion speed (g and h) on the apparent dissolution rate
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Figure 3.5 (cont)

Effect of MCC content (a and b), water content (c and d), die length (e and f)
and extrusion speed (g and h) on the apparent dissolution rate
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Considering that formulation and processing variables can alter the size and shape of the 

particles, it is perhaps to be expected that the dissolution will be altered, however, if the 

apparent first order release rates are plotted as a function of either median size, or OPCS 

there is no obvious correlation (not shown), thus demonstrating that the changes in 

dissolution are not simply a consequence of minor changes in size.

Malinowski and Smith (1974) have also reported that processing variables can 

influence the properties of the formed product (in that case a tablet produced from 

spheroids that were prepared by extrusion and spheronisation), however, the current study 

demonstrates that the effect of processing variables may only be significant when certain 

formulation variables are selected.

Scanning electron microscopy clearly revealed that during dissolution, the soluble 

matter had been removed from the MCC ghosts producing large pores in the sphere 

surface.

3.3 Conclusions

The factors that have been investigated (MCC and water content, die length and 

extrusion speed) can all influence the properties of the product that is formed. All the 

variables were held within the limits that would allow the formation of spheres, and 

indeed major changes in any of these variables would prevent either extrusion or 

spheronisation from occurring.

The major factor in producing spherical particles is the presence of water at the 

surface of the extrudate. Factors which may be expected to decrease water at the die wall 

(decreased water and MCC content, increased extrusion speed, increased die length) all 

had detrimental effects.

All the variables were shown to have the potential to influence dissolution, but the 

effects of die length and extrusion speed were only significant when the MCC content was
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low and the water high. The water content that was present during processing remains 

significant even though it is removed by drying during the process, as the structure of the 

sphere has already been determined.

Although previous studies (eg. Malinovski and Smith, 1974) have demonstrated the 

potential for processing effects to influence product performance, it is important to realise 

that the composition of the formulation can significantly influence the susceptibility to 

such effects.
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4.1 Introduction

Once some factors which affect the production of spheroids have been identified it 

is relevant to study the spheroids in terms of the surface properties of the materials 

present in the formulation, which can be considered as the basis for the understanding of 

other properties of the spheroids such as the mechanical properties.

At present, whilst it is known that the interaction between the liquid phase and the 

powder mass seems to be critical and that certain powders mixes do not allow either 

extrudates and/or spheroids to be formed, there is little quantitative information relating 

to the required properties of the powder mix.

Recent publications have demonstrated that interfacial energy terms may be used to 

predict the interaction between components of formulations [eg. binders in granulations 

(Rowe, 1989 a,b, Zajic and Buckton, 1990), powder dispersion in aqueous and non- 

aqueous suspensions (Young and Buckton, 1990, Parsons et al., 1992), and the tendency 

for suspended material to adhere to the walls of different containers (Parsons et al., 

1992)]. Each of the publications referred to considered comparatively simple formulations, 

in as much as there was a high probability that the interaction under investigation (eg. 

binder/substract) would be a dominant factor in the properties of the system (eg. granule 

strength). The current study is considerably more difficult, as the processes of extrusion 

and spheronisation are complex, and the important interactions within the formulation are 

as yet largely unquantified.

The main problem refers to the characterisation of the surface of the powders and 

express these characteristics in terms of surface free energy of the powder. To approach 

the problem several methods can be used. In the present chapter two methods have been 

used: an experimental approach based on the determination of the contact angles of two 

probe liquids on the surface of the powders used in the formulation of the spheroids (Part 

I) and a theoretical approach based on the solubility parameters of the same materials
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(Part II).

4.1.1 Part I - Evaluation of surface free energy from contact angle measurements

The measurement of contact angles of a probe liquid with a powder can be achieved 

by several methods: liquid penetration techniques through a bed of powder, or a sessile 

drop on a compressed plate (Buckton and Newton, 1985), or using the Wilhelmy’s 

technique are just three different ways to solve the problem.

An ideal technique to measure contact angles still has to be found as none of the 

techniques mentioned in the literature can be used in all situations. For instance the choice 

of a liquid to penetrate a bed of the powder may be difficult. Moreover, the mixture of 

two liquids may overcame the problem of penetration of the bed, but it has been 

suggested that the pressures of vapour of the two liquids in the mixture are different 

(according to Raoult’s law), therefore the vapour front has a different composition than 

the liquid front. On the other hand, the compaction of a powder presents other problems. 

The main criticism to this technique is that the surface of the compact may not reflect the 

surface of the particles of the powder. Some of the reasons for that observation are that 

the surfaces change, either because of the particles crush exposing clean surfaces, or the 

pressure applied on the powders is enough to change the orientation of the molecules at 

the surface of the particle changing the properties of the surfaces by assigning groups with 

different electronegativity to the surface (Kiesvaara and Yliruusi, 1991). Buckton and 

Newton (1986) observed changes in the contact angle of five barbiturates when the 

compression force and compression time increased in the preparation of the plates. In both 

situations the contact angle decreased with increased compaction force and time until a 

minimum was reached. However, if the powder is going to be submitted to any kind of 

pressure then it seems sensible to make compacts and measure the contact angle in the 

compacts.

As mentioned previously, contact angles provide information about the relationship 

established between one liquid and one solid. The information is relevant as many 

phenomena occur between a liquid and a solid surface (eg. dissolution processes). Also
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to understand the relationship between two powders, the surface free energy of a powder 

has to be characterised. The surface energy of a powder, analogous to the surface tension 

of liquids, exists due to a lack of balance in the forces applied to the molecules at the 

surface of the material. Knowing the surface free energy of two powders it is possible to 

predict a high or low adhesion, expressed in terms of work of adhesion (W J, between the 

two powders (Rowe, 1989a).

The surface free energy of a solid can be divided into different components: metallic, 

polar, dispersive, etc. (Fowkes, 1964) depending on the types of the forces involved. For 

the materials used in the present study only polar and dispersive forces are considered. 

In order to calculate the surface free energy of a powder two probe liquids must be used. 

They should provide different polar and dispersive components. By measuring the contact 

angle (0) formed by the two liquids of known surface tension and polarity it is possible 

to calculate the surface energy and polarity of the powder (Efentakis et a/., 1991).

There are a number of ways of considering interfacial interactions. Including the work 

of adhesion (W J between two phases, the work of cohesion (W^) of any one phase, and 

the tendency for one phase to spread over another (represented by X, the spreading 

coefficient). Surface energy values are easy to measure for liquids (as the surface tension), 

but must be estimated for solids from contact angle data. A suitable, and well 

documented, approach to the estimation of solid surface energies is to use Wu’s reciprocal 

mean equation (Wu, 1973), in the manner described by Zografi and Tam (1976). Using 

this approach it is possible to estimate the surface energy and its polar and dispersive 

contributions, from contact angle measurements made on the test solid using two liquids 

(each of known surface tension and polarity). Having obtained the surface energy values, 

it is possible to calculate data for and (in the case shown for phase 1):

w .  = 4 • [ ( / , .f j) /( r ,+ V i)  + (V’i-V2)/(Vi+y’2)] Eq. 4.1 

Wci = 2*Yi Eq. 4.2 

= Wg - Wci Eq. 4.3 a
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= Wj, - Wc2 Eq. 4.3 b

(where superscripts p and d refer to polar and dispersion components of the surface 

energy terms (y), X is the spreading coefficient, and subscripts identify phases 1 and 2)

The theoretical principles of the phenomena have been explained by a geometric mean 

of the components, polar and dispersive (after Fowkes 1964), but the harmonic mean 

(Equation 4.1, after Wu 1971) tend to better reflect the experimental results. In fact, for 

low energy systems (eg. organic liquids) the harmonic mean equation (Eq. 4.1) presents 

more accurate results than the geometric mean, which is indicated for high energy systems 

(eg. metals, glass), (Wu, 1973).

Hiestand (1966) defined minimum work of failure as the work required for the 

separation of two surfaces. If the surfaces have the same nature, than work of failure is 

the work of cohesion, whereas if a split occurs between different materials, then the work 

of adhesion is equal to the difference in free energy after separation and the free energy 

before separation.

4.1.2 Part II - Theoretical evaluation of surface free energv from solubilitv parameters

The surface free energy of a solid material can be predicted from solubility parameters 

(Hansen, 1967).

Solubility parameters reflect the molecular structure of a compound. Organic 

molecules present mainly dispersive and polar forces. For instance, molecules such as 

decane are non polar, whereas water presents high polarity. Once the molecular structure 

of a compound is found then a good prediction of the polarity / apolarity ratio of a 

compound can be found and the type of forces between the molecules of the compound 

can be deduced as well the type of forces between the molecules of different materials. 

This concept was presented by Fowkes (1964).

If Ô represents a solubility parameter, then it must be divided into its components:

-74-



The relationship between ...

dispersive (ô^) component, which reflects the hydrophobic character of a material, and a 

polar (Ôg) component which reflects the hydrophilic character of the material. 6, can be 

divided into two subcomponents ôp and 0  ̂which account for polar and hydrogen bonds, 

respectively, ô is calculated from the following equation:

6 = ( 6 /  + 5p: + V  ) Eq. 4.4u = y ^ ^

and

ôa = ( V  + V  ) Eq. 4.5

In order to find the solubility parameter, Ô the ’cohesive energy density’, energy 

involved in the cohesion between molecules, must be calculated from the following 

equation:

Ô' = [ ( AH - RT ) / V„ ] = ( AE / V„ ) Eq. 4.6

where, AE is the energy of vaporisation, AH is the enthalpy of vaporisation, T is the 

temperature (K), R is the gas constant and V„ is the molar volume of the substance.

Calculation of Ô can be undertaken by experimental work or by using homomorphous 

compounds, as will be presented later in the discussion. The calculation can be started 

from one compound, such as decane, which presents only dispersive forces and then by 

introducing polar groups in the molecule, other values can be obtained and other 

components of the solubility parameter be deduced, often called the Hildebrand parameter 

(Hildebrand and Scott, 1949). By analysis of series of compounds tables showing the 

molar volume of a compound as the solubility parameters, and its components, can be 

produced. Also the values for a simple group such as ’-OH’ or ’-CT can be calculated and 

the values for the solubility calculated.

Tables such as the one produced by Hansen and Beerbower (1971) were used to 

calculate the results presented in this chapter.

Uses of the solubility parameters can be found in calculating suitable solvents for
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substances or in the calculation of surface free energies. Hansen and Beerbower (1971) 

deduced an empirical equation between the free surface free energy of a substance and 

the three dimensional solubility parameters for liquids or materials in the liquid state:

Y = 0.1463009 V^ /̂" (8/+1.29032ô/) N /̂̂  Eq. 4.7

where, y is the surface free energy of the material (MPa°^, equivalent to mNm ‘), V„ is 

the molar volume of the substance (mVmol), Ô the solubility parameter (MPa°^) and N is 

the Avogadro’s number.

The surface free energy of the materials calculated according to equation 4.7 were 

found to be different from the values obtained from the experimental values presented 

later in this chapter. Based on the analysis of data for 23 common solid materials and 

using curve fitting techniques the following empirical equation can be used instead:

y  = 0.17-V„‘'’-(V+0.218/)-N-''’ Eq. 4.8

variables as before in equation 4.7.

In the present Chapter some mechanical properties of the spheres are correlated with 

the surface free energy of the materials calculated by the two methods mentioned 

previously. From the surface energies, the works of adhesion and cohesion are calculated 

and then the spreading coefficients.

4.2 Results and Discussion

4.2.1 Part I - Contact angle measurement

The properties of the spheres containing indomethacin which were obtained for the 

six formulations and the spheres with and without glyceryl monostearate are presented in 

Table 4.1. The surface energy terms of the liquids used for contact angle measurements
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Table 4.1: Properties of the spheres

The relationship between

I crashing force Density
IND:LAC:MCC (kgf) (gcm' )̂ Poros. OPCS Diameter IQR

(n=10) (n=5) (%) n (mm)

0 : 5 : 3 1.85±0.32 1.5210.01 1.6 18.3 1.34 0.24

0.25:4.75:3 1.44±0.18 1.4710.00 4.4 17.0 1.29 0.26

0.5:4.5:3 1.4910.26 1.4610.01 4.7 22.0 1.21 0.36

1 : 4 : 3 1.1710.24 1.4510.01 4.7 23.8 1.07 0.28

2 : 3 : 3 1.4010.17 1.4510.01 3.3 21.2 1.27 0.32

3 : 2 : 3 1.2110.16 1.4410.01 2.5 18.9 1.31 0.26

2 MCC : 8 BaS 0.4910.15 3.1410.03 15.3 16.8 1.39 0.19

2MCC:3GM:5BaS 0.2410.09 1.4210.02 38.0 24.5 1.25 0.43

are presented in Table 4.2, and the values of contact angle, expressed in the more correct 

form of cos 0, (Parsons et al., 1992) formed by the two liquids on the three powders are 

presented in Table 4.3 (for more details see 2^grafi and Tam, 1976), together with the 

calculated values for the solid surface energy terms. Calculated works of adhesion, works 

of cohesion and spreading coefficients are presented in Table 4.4.

The density of the spheres (Table 4.1) was found to change from 1.52±0.01 gcm^ for

Table 4.2: Surface tension and its dispersive and polar components for the liquids
used throughout the experiments

7
(mNm'i) (mNm*) (mNm^)

Water 72.0 21.7 50.3
propylene glycol 38.0 28.6 9.4

Decane 24.0 24.0 0.0
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Table 4.3: Surface free energy for indomethacin (IND), lactose (LAC),
microcrystalline cellulose (MCC), glyceryl monostearate (GM) and 
barium sulphate (BaS)

cos 0 ± sd n cos 0 ± sd n y f f

Water I propylene glycol ' Surface free energy
(mNm')

IND 0.284±0.051 12 0.861±0.049 16 36.67 19.55 17.12

LAC 0.853±0.042 13 0.952±0.016 9 62.22 17.28 44.94

MCC 0.879±0.065 8 0.958±0.028 12 63.92 17.30 46.63

GM 0.274±0.048 6 0.810±0.030 6 35.71 18.03 17.67

Decane I propylene glycol 1 Surface free energy
(mNm'*)

BaS 0.991 ±0.025 6 0.888±0.002 7 32.55 24.78 7.77

the formulation with no indomethacin present, to approximately 1.46 gom'^ for the batches 

of spheres with indomethacin. This difference is significant at p<0.05. Despite the fact that 

indomethacin has a slightly lower density than either MCC or lactose (1.36,1.54 and 1.54 

gem ^ respectively) it is extremely unlikely that the inclusion of such small quantities of 

the drug could be directly responsible for this change. Simply working on the basis of 

weighted means, a powder mix of 5 parts of lactose and 3 parts of MCC would have a 

density of 1.54 gcm ,̂ and a powder mix of 3 parts indomethacin, 2 parts lactose and 3 

parts of MCC would have a density of 1.48 gcm'^. Thus the change in density of the 

indomethacin should contribute only slightly to the change in density of the sphere, 

consequently, it is far more likely that the change in density of the spheres is due to a 

repacking of the systems due to different interactions within the moist mass (as a 

consequence of the inclusion of the indomethacin), than to any intrinsic difference in the 

densities of the raw materials. Similarly, the force required to break the spheres is reduced 

from 1.85 kgf to about 1.4 kgf (statistically significant at p<0.05). For both changes in
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Strength and density, there is no evidence of a gradual change in response with increased 

concentration of indomethacin, but rather all formulations with indomethacin present are 

essentially similar, but different from the formulation which has just lactose and MCC. 

This observation is perhaps surprising, when it is considered that the indomethacin content 

is varied from about 3 to 37.5 %. The OPCS (shape) and the median size of the six 

formulations are not significantly different, and equally the fact that the formulation 

without added indomethacin has the narrowest size distribution (smallest inter-quartile 

range) cannot be regarded as being a significant difference.

The differences in properties of the formulations without indomethacin (5 parts of 

lactose and 3 parts of MCC), compared to the other five can be explained by considering 

the data in Table 4.4. Firstly, it is seen that the spreading coefficient values are significant 

and positive for the spreading of indomethacin over both lactose (12.9 mNm^) and MCC 

(13.4 mNm'*), but only marginally positive for the spreading of lactose over MCC (1.7 

mNm^). This implies that the drug will have a greater tendency to spread over (or in this 

case disperse in) the excipients than will the excipients have to mix with each other. This 

extension of interfacial phenomena to solid/solid interactions is unconventional, however, 

it is not entirely unprecedented [eg. Rowe, 1989a investigated the spreading of substrates 

granulated with hydroxypropylmethylcellulose (HPMC) and polyvinyl pyrrolidone (PVP) 

over each other with some success]. Care must be taken with such interfacial predictions 

not to assume that the powders are really spreading (in the true sense of the word), but 

to assert that interaction between powders with a high spreading coefficient is likely to 

be more favourable than that between those with a low spreading coefficient. Currently, 

there is no evidence to suggest that solid/solid mixing efficiency can be predicted in terms 

of spreading coefficients, although as a low spreading coefficient is indicative of a low 

tendency for surfaces to interact it might be expected that in an energetic mixer particles 

may associate with other particles in order to minimise 'interfacial* (particle/particle) 

tensions. It is possible then, that the high spreading coefficients for indomethacin over the 

excipients will translate into a greater tendency for it to be uniformly dispersed.

Secondly, the values for between indomethacin and the excipients 

(indomethacin/MCC 86.8 mNm^ and indomethacin/lactose, 86.3 mNm^) were much lower
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Table 4.4: Works of cohesion (WJ and adhesion (WJ for the different powders
and spreading coefficients (k) of powder 1 over powder 2 and vice- 
versa

Wa
(mJm'^)

1̂2
(mJm^)

^1
(mJm^)

1 : IND / 2 : LAC 86.3 12.94 -38.16

1 : IND / 2 : MCC 86.8 13.46 -41.04

1 : LAC / 2 : MCC 126.1 1.68 - 1.72

1 : MCC / 2 : BAS 67.4 - 60.41 2.29

1 : MCC / 2 : GM 86.6 -41.23 15.15

1 : BAS / 2 : GM 63.3 - 1.77 - 8.09

We
(mJm‘̂ )

Indomethacin 73.3

Lactose 124.4

MCC 127.8

Barium sulphate 65.1

Glyceryl Monostearate 71.4

than between MCC and lactose (126 mNm'^). This implies that (bearing in mind the 

reservations relating to use of interfacial phenomena to application in solid/ solid 

interfaces) bonds between lactose and MCC will have a tendency to be stronger than 

bonds between indomethacin and either of the excipients.

The implications of the interfacial predictions are that the indomethacin will have a 

tendency to spread readily throughout the excipients, but that bonds formed between the 

indomethacin and the excipients will tend to be weaker than those between the two 

excipients. These predictions are in good agreement with the observed results, in that the 

formulation without added indomethacin was more dense, and required a higher force to
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break the spheres {ie. the values on (126 mNm'^) and for the two excipients (124 

mNm * for lactose and 128 mNm * for MCC) all suggest strong bonding. When 

indomethacin is added, even at low % content, it spreads readily through the mix, but 

results in lower bonding strengths (W  ̂ ca 86 mNm^), thus the sphere is not pulled 

together so strongly (lower density), and is broken with a lower applied force. On this 

basis it is not surprising that the properties of the spheres with indomethacin present do 

not change with increased drug loading, as the forces will be essentially identical.

Assuming that no other aspect of the formulation dominates the process, it is 

reasonable that these interfacial considerations can be used to explain the behaviour, and 

to predict the behaviour of further formulations. However, it is clear that an essential part 

of the formulation of spheroids relates to the interaction of water with the excipients (in 

particular the role of MCC), and as this not considered by these interfacial calculations, 

it would only be possible to compare formulations made under the same conditions (in 

terms of processing, water and MCC content) for changes in, for example, drug content.

Regarding the other two types of spheres (with and without glyceryl monostearate) 

the same type of discussion can be produced.

In Table 4.1 the properties of the spheres show that although the size and size 

distribution are not different from the spheres with indomethacin, the other properties, 

more related to the structure of the spheres, are different.The results suggest that the 

spheres present a weaker structure, reflected by the lower values of the crushing force and 

by the higher values of the porosities. Density is not a relevant property to take into 

consideration as the higher density of the barium sulphate or the lowest density of the 

glyceryl monostearate reflect the overall densities of the spheres.

Looking at Table 4.4 (lower part) some comments can be made. The works of 

adhesion and the works of cohesion can be divided into three groups. Concerning the 

works of adhesion (WJ, lactose and MCC present the highest value (126.1 mJm^), 

suggesting the existence of strong bonds between the particles of these materials, as was 

discussed previously. A second group can be observed for the works of adhesion between
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indomethacin and lactose or GM (86.3 and 86.8 mJm ̂ , respectively) and MCC and GM 

(86.3 mJm^). Finally, the works of adhesion between MCC and BaS or BaS and GM 

present the lower values (67.4 and 63.3 respectively). This first observation

strongly suggests that once BaS and GM are present in the formulations the mechanical 

properties of the spheroids are affected. Regarding the works of cohesion, three groups 

can also be observed: lactose and MCC present the higher values (124.4 and 127.8 mJm ,̂ 

respectively), then the indomethacin and the GM can form a second group (73.3 and 71.4 

mJm ,̂ respectively) and finally the BaS (65.1 mJm'^). These observations correlate well 

with the difficulties found when trying to produce the plates for the measurement of the 

contact angle, for which barium sulphate was the hardest plate to produce.

Analysis of the values of the spreading coefficients (1) provide further explanations 

for the results found. Regarding the glyceryl monostearate it can be observed that in the 

presence of MCC it tends to disperse over the MCC, but not disperse over the barium 

sulphate. The BaS on the other hand, does not disperse over MCC or GM.

It is important to stress that the materials are present in the formulations in different 

percentages, which means that in some regards the MCC, for example, can overcame the 

poor cohesive and adhesive properties of the other materials, such as the barium sulphate 

or the glyceryl monostearate and produce spheres even with poor mechanical properties.

4.2.2 Part II - Solubility parameters

Calculation of the surface free energy of materials from the data collected when two 

probe liquids are used is a tedious process and sometimes difficult to find the right system 

of liquids and difficult to avoid the| inconvenience and limitations of the experimental 

technique to be used, as discussed previously. Therefore, there is a need to find an 

approach which allows the researcher to be in a position to have information about the 

surface properties of the materials and predict their behaviour when in presence of each 

other. One way to address the problem is to use the solubility parameters and then 

calculate the free energy for the compounds under study from the ones existing in the 

tables, such as the one presented by Hansen (1967). Unfortunately, the calculations for the
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surface free energies were carried out for liquids, or materials in the liquid state, rather 

than the solid state. This fact affects the calculations of the molar volume of the 

compounds presented in the present chapter, and consequently the values for the surface 

energy. The second source of error is the calculation of the structures of the molecules 

which are not mentioned in the Tables.

Results from the calculations of the surface free energy for the different materials 

according to equation 4.8 are presented in Table 4.5. There are discrepancies with the 

results presented in Table 4.3 and in some cases the relationships between the energies 

for each compound changes.

The observations are not surprising regarding the fact that contact angle measurements 

by the Wilhelmy’s method presents some problems, as discussed previously, whereas the 

calculation of the surface free energy from the solubility parameters presents also some 

drawbacks.

Table 4.5 presents the calculated surface free energies for the different materials. The 

values for lactose, GM and BaS are very similar (between 44.4 and 44.89 mNm^). Also 

identical are the values for indomethacin and MCC (51.26 and 50.07 mNm \  respectively). 

It was expected that due to the molecular structure of the materials, MCC and lactose 

would have the highest surface energy as the type of forces between the molecules (high 

polar component and the possibility of formation of ’H’ bonds) would be stronger than 

the dispersive component which is very important in the cases of indomethacin (^=21.71 

I  mNm'^ ) and for glyceryl monostearate (Y*=22.73). However, the results suggest that the 

dispersive forces provide strong bonds which is particularly relevant for indomethacin 

which shows the highest surface free energy.

The discrepancies mentioned may be due to the calculation of the molar volume of 

the materials and the calculation of the structure of the molecules. From these theoretical 

values obtained, the works of cohesion and adhesion and the spreading coefficients can 

be calculated. The results are presented in Table 4.6. The works of adhesion (W J were 

calculated based on the proportion of the dispersive component to the total solubility
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Table 4.5: Theoretical surface free energy and work of cohesion (WJ for
indomethacin (IND), lactose (LAC), microcrystalline cellulose (MCC), 
glyceryl monostearate (GM) and barium sulphate (BaS) according to 
equation 4.8

Y
(mNm'^)

We
(mJm'^)

Indomethacin 51.26 102.52

Lactose 44.40 88.80

MCC 50.07 100.14

GM 44.89 89.78

Barium Sulphate 44.79 89.58

parameter (Ô/Ô), whereas the hydrophilic component was calculated based on the ratio (Ôp 

+ Ôh)/Ô.

The results for the work of adhesion (W J are presented in Table 4.6. The work of 

adhesion between lactose and indomethacin (94.09 mJm'^) is similar to the work of 

adhesion between MCC and barium sulphate (94.46 mJm^) which is quite surprising as

Table 4.6: Works of adhesion (WJ for the different powders and spreading
coefficients (A.) of powder 1 over powder 2 and vice-versa

Wa
(mJm^)

A-12

1 : IND / 2 : LAC 86.55 - 2.25 -15.97

1 : IND / 2 : MCC 90.78 -9.36 -11.74

1 : LAC / 2 : MCC 94.09 5.29 - 6.05

1 : MCC / 2 : BaS 94.46 4.88 -5.68

1 : MCC / 2 : GM 79.36 -10.42 -20.78

1 : BaS / 2 : GM 73.37 -16.41 -16.21
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BaS is a material which does not bind easily. Also surprising, the works of adhesion 

between indomethacin and MCC (90.78 mJm )̂ and lactose and MCC (94.09 mJm^) are 

similar when the opposite was expected.

Looking at the results for the spreading coefficients only the MCC is able to spread 

over the lactose and barium sulphate over the MCC. The remaining combinations of 

spreading of the materials are unlikely to occur according to the results presented on 

Table 4.6. These findings are not reflected by the mechanical properties of the spheres 

(Table 4.1).

4.3 Conclusions

The characterisation of the surface of the materials used in the different formulations 

of the spheres in terms of their surface free energy allowed the explanation of the 

properties of the three different types of spheres by the calculation of the spreading 

coefficients of the materials on each other. The calculations were based on the works of 

adhesion and cohesion.

In order to calculate the surface free energies of the materials two different 

approaches were used. The first one based on the determination of the contact angles of 

the materials (in a compacted form) in the presence of two probe liquids allowed a better 

correlation of the surface energies of the materials to the mechanical properties of the 

spheres. The second approach based on the solubility parameters did not allow the 

establishment of a correlation, but it revealed a potential to predict the surface free 

energies of the materials by calculation alone, which allows the saving of time and does 

not possess the disadvantages of the experimental methods. However, the approach suffers 

from two major shortcomings: the determination of the molar volume of the molecules 

of the different materials and the limited number of solubility parameters described in the 

literature for the different compounds.
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5.1 Introduction

Extrusion and spheronisation is an important technology to produce spherical particles 

which can be considered as multiunit oral dosage forms. These multiunits can be designed 

to release the drug in a controlled fashion once in the gastrointestinal tract.

The present study refers to the characterisation of the release of a model drug 

(indomethacin) from the spheroids produced by extrusion and spheronization. To achieve 

this aim, dissolution tests were carried out. A dissolution test is an in vitro method well 

documented and required in most Pharmacopoeias. The importance of the dissolution tests 

has been recognised since the 1960’s when it was realised that disintegration of tablets 

does not imply that the drug is realised from the dosage form. It is used as a regular 

quality control procedure and in development of new medicines, to provide information 

about the release of the drug substance from the dosage form, and to characterize the 

factors which contribute to the release of the drug, especially important for controlled 

release products, where the availability of the product is controlled by the release of the 

drug from the dosage form. The information obtained can be used to make correlations 

with the release in vivo and to adapt the dosage form to patient needs (Hanson, 1991). 

The prediction of the bioavailability of the drug in the dosage form may be the goal of 

a dissolution test. The achievement of this goal is not an easy task as the spheres, are 

multicomponent complex systems. The different components [microcrystalline cellulose 

(MCC), lactose (LAC), indomethacin (IND) and water, in the present case] having 

different properties, interfere with the release of the drug (indomethacin).

The variables considered in the present study are the amount of drug released during 

the duration of the test (12 hours), the mechanism which explains the release of the drug 

and the release rate. This can be defined as the amount of active ingredient, in the sphere, 

dissolved per unit of time, under the standardized conditions of the test. The aim of the 

present study is to characterize the release of the drug from the spheres and to make 

predictions of the release profiles when some factors of the preparation of the spheres and
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environmental conditions (such as the temperature), are changed. To complement the 

study the spheres were coated with ethylcellulose which provided a barrier to the release 

of indomethacin from the spheres into the dissolution media.

To achieve these goals, the results were analyzed and interpreted according to well 

accepted models described in the literature such as the cube root model (Hixson and 

Crowell, 1931), the square root of time model (Higuchi, 1963), the general equation of 

Korsmeyer et al. (1983), zero order and first order models.

As mentioned earlier the kinetics for the release of drugs from a dosage form, follow 

either zero order, first order, pseudo first order, or a dependence on the dissolution step. 

There are other models, but they are less relevant for the present discussion, therefore they 

will not be considered. Zero order mechanism is usually more desirable, because it means 

that the release of the drug is independent of the concentration of drug released and is 

reflected by a constant release rate throughout the test, whereas with a first order kinetics 

a dependence on the amount of drug released is observed. These concepts were developed 

originally for chemical reactions, and have been accepted for a long time. Higher order 

kinetics are unusual in delivery systems therefore, they were not considered. It should be 

pointed out that the mechanism controlling the release of the drug changes with time due 

to changes in the structure of the spheres plus some of the assumptions for a model are 

not valid, anymore. Simultaneously the release of the drug may occur by diffusion, as 

mentioned previously, and tend to follow the Higuchi equation (Higuchi, 1963), when the 

release of sodium salicylate from matrices of polyvinyl alcohol and polyethylene of high 

density was studied and an equation which predicts the release of most of the drug from 

the matrices, was proposed:

Mt = [ C, D e/T (2A - eC J Eq. 5.1

where, M, is the amount of drug released per unit surface area, C, is the solubility of the 

drug in the dissolution medium, D is the diffusion coefficient in the dissolution medium, 

e is the porosity of the sphere, T is the tortuosity of the porous in the sphere, A is the 

amount of drug in the sphere and t is the time. As can be seen some of the parameters
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in the equation change with time. For instance the porosity/tortuosity, especially if the 

release of soluble materials present in the spheres, such as lactose, is considered.

The model is based on the diffusion of the drug in the dissolution medium. This 

penetrates the matrix and enters into contact with the drug. The drug, in a much higher 

amount than the saturation concentration in the dissolution media, dissolves into the 

medium and diffuses towards the bulk of the dissolution medium where the concentration 

of drug is assumed to be zero (sink conditions). Regarding A, the amount of drug in the 

dosage form, the release rate tends to increase with the square root of the drug 

concentration, but is not directly proportional because there are other factors involved.

Taking into consideration some of the assumptions in the Higuchi’s equation, 

Korsmeyer et al. (1983) proposed an empirical equation:

M/M_ = k • t" Eq. 5.2

where, k incorporates structural and geometrical characteristics and n indicates the 

mechanism of release. When n=0.5, equation 5.2 is similar to equation 5.1.

It should be pointed out that the equation 5.2 was developed for systems which swell 

when hydrated. Hogan (1989) studying the release of indomethacin and other drugs from 

matrices of hydroxypropylmethylcellulose concluded that the results of the release of the 

drug should be analysed only when M /̂M_ > 0.15, as for M(/M_ < 0.15, a non-linear 

portion of the curve was observed, certainly because the release mechanism was different 

from the mechanisms proposed by the model. Frequently, the burst effect observed at the 

initial stages of the release is usually due to the presence of drug at the surface of the 

dosage forms (Schwartz et al., 1968). On the other hand, Ritger and Peppas (1987 a) 

concluded that the equation 5.2 is valid when the fraction of the drug released (M^/MJ 

is smaller than 0.60. After this point the release rate decreases due to the smaller amount 

of drug present in the matrix and the effective areas for drug release also changing 

(Schwartz et al., 1968). Langer and Peppas (1981), suggested that the reason why drug 

release rates decrease with time is because the drug embedded in polymeric materials is
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released first from a surface layer having a short distance to travel, whereas at later stages 

the drug which diffuses out from deeper within the matrix, has a further distance to travel 

and therefore takes longer.

According to Ritger and Peppas (1987 b) the values of n for spheres are usually in 

the range of 0.432 and 0.85. The two values reflect the so called Case I and Case H, 

respectively which encompasses Fickian behaviour and zero order behaviour. More often, 

values for n are between the two limits showing an anomalous release from Fickian 

behaviour. In the polymers studied by Ritger and Peppas, the fact is explained based on 

the diffusion of the drug substance through the matrix and partly through the water filled 

pores.

Very often, the data seems to follow both first order and Higuchi models. Schwartz 

et al. (1968) proposed a method to differentiate the release into one of the mechanisms. 

Based on the derivation of the equations which predicts the release of drug for first order 

and pseudo first order, the release rates can be calculated, they concluded that in the first 

case, graphs of the release rate showed a proportional relationship to the square root of 

the amount of drug released whereas, in the second case graphs of the release rate showed 

a proportional relationship to the inverse of the square root of the amount of drug 

released. This approach was also reported by Gumy et al. (1982).

Although the study of the release of a drug from a dosage form is based on theoretical 

considerations and models, the analysis of the data obtained from the experiments is often 

carried out by graphical representation of the same data. Then, mathematical 

transformation of the results are applied, to find possible relationships between the amount 

of drug released and the time of the dissolution test. According to the transformation of 

the data which provides the better relationship, the release mechanism is selected and the 

release rate is then calculated from the linear portion of the curves. This approach implies 

that regression analysis of the curves must be done and a screening of the different 

models must be carried out. Sinclair and Peppas (1984) suggested that, good 

reproducibility, at 95% confidence limits, is required to calculate the release rate from the 

slope of the linear portion of the curves and the estimation of the goodness of fit is given
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by the correlation coefficient (r). In fact, the correlation coefficient expresses the 

relationship between two variables, usually an independent variable and a dependent 

variable, but provides no information about the goodness of fit of a line. To check the 

goodness of fit the mean root square (MRS), expressed as a percentage, should be 

calculated for each curve.

As has been mentioned, the analysis of data is carried out based only on one part of 

the release of the drug (about 45%), whereas the rest of the drug released is ignored 

(about 55%). In other words the release of more than half of the dose is ignored. 

Moreover, it is common that burst effects at the beginning of the release of the drug occur 

providing a larger amount of drug to the patient than predicted by the models. Therefore, 

the analysis of data according to this traditional approach present some drawbacks, plus 

a correlation with the results in-vivo is not easily to establish. Another disadvantage 

appears when several release profiles of a drug have to be compared as it is not adequate 

to compare two or more curves, based on the analysis of the individual points in a graph. 

As a consequence of the disadvantages presented a different approach appears necessary.

Brockmeier and von Hattingberg (1982) proposed a different approach for the analysis 

of dissolution profiles. Based on statistical moments, the authors were able to characterize 

a dissolution curve by 3 different properties or values: the mean dissolution time (MDT), 

the variance associated with the mean (VR) and the relative dispersion of the results (RD). 

In fact, the profile of the cumulative amount of the drug released from a solid dosage 

form, observed from an in vitro dissolution study, can be represented as the cumulative 

frequency of the residence times of the drug molecules in the dosage form (Brockmeier 

and von Hattingberg, 1982). A fraction of drug released (M^/MJ represents the number 

of molecules of drug substance released from the dosage form up to time t. It represents 

a cumulative frequency function, F(t), in the sense of statistics and can be described by 

the following equation:

F(t) = /o~f(t)-5t Eq. 5.3

where f(t) is the probability density function:
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f(t) = ÔF(t)/ôt Eq. 5.4

Once this frequency function has been found for a particular dissolution curve, the 

different statistical moments can be calculated. The statistical moments, such as the 

median dissolution time, the variance or the skewness of the curve can be used to 

characterize the curve (Voegele et al., 1988).

The statistical moments can be calculated from the following equation (Voegele et al., 

1988):

nik = • f(t)5t

= • 5F(t) Eq. 5.5

where, k=l,2,...,n. The first statistieal moment, or the median of the set of results, can be 

calculated when k=l:

mi = /o~t • f(t)6t = MDT Eq. 5.6

The second moment, for k=2, from the following equation:

m2 = /o”t̂  • f(t)0t Eq. 5.7

From the second moment, calculation of the second central moment, or the variance (VR), 

can be carried out according to the following equation:

VR = mg - m / Eq. 5.8

and the relative dispersion of the results, RD :

RD = VR / mi" Eq. 5.9

These statistical moments can be used to characterize a dissolution profile and build
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Up a model for a formulation processed under standard conditions. They can also be used 

to compare different release profiles, or to establish relationships between in vitro / in vivo 

data. It must be bom in mind that an in vitro / in vivo correlation can not be used to 

predict the blood levels profiles, but it traces the variability of the dosage form and 

separates the product variability from that caused by biological factors. The release rates 

(k) for the different models can be calculated from the equations as presented in Table 5.1 

(Brockmeier 1986):

Table 5.1: Equations for the different models

first order M,/M_=l-e'^ k=l/MDT RD=1.0

pseudo first order M,/M«=kt°-' k=l/(3MDT)°^ RD=0.8

cube root H /M ^=l-(l-kt)' k=l/4MDT RD=0.6

zero order Mf/M„=kt k=l/2MDT RD=0.3

One way to check the validity of the values presented for the relative dispersion (RD) 

is to draw a curve with values known to represent one of the models under study and then 

by giving different values to RD, and draw the different curves. The curve drawn using 

the value of RD presented in Table 5.1 (for each model) will show the best level of fit 

assessed by MRS.

If the data does not fit one of the models, or vice-versa, then the mean, the variance 

or the relative dispersion of the results can be used to characterize the curve (Brockmeier 

and von Hattingberg, 1982).

It should be pointed out that, in practice the mean or the variance are estimates which 

are determined by simple integration procedures, ie., by establishing the area under the 

cumulative fractional release profile and the area between the curve (ABC) and unity 

(Voegele et al., 1988). In fact, the mean, or MDT is equal to ABC/M^.

It can be said that the dissolution models, or experimental conditions, are strictly
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equivalent with respect to a dosage form if the same total amount of drug is released from 

the dosage forms and the normalized dissolution profiles became superimposable by a 

linear transformation of time (Brockmeier and von Hattingberg, 1982).

Although this approach proposed by Brockmeier and von Hattingberg (1982) presents 

several advantages over the other approaches, such as, considering all the dissolution 

curve, provide a way for correlations with in vivo results, it presents, however, a problem 

in common with the other models described previously, which is, that the experimental 

data only occasionally fits the model parameters. More often, the experimental data tends 

to lie between the values proposed by the models. The calculation of the area under the 

dissolution curve is comparable to a statistical function. Comparisons to the accepted 

models can be made, as presented in Table 5.1, with the values for RD.

Recently, Bonny and Leuenberg (1991), proposed a technique to analyze the data from 

dissolution tests based on the percolation theory. Combining structural properties of a 

dosage form, such as the initial porosity and the porosity at the end of the dissolution test 

(calculated from the soluble materials), with the properties of the release of these 

materials, such as the diffusion coefficient, the authors were able to find the formulations 

which present changes in the release mechanism, or thresholds. The percolation theory is 

based on the formation of clusters and on the existence of a site and bond percolation 

phenomenon. It can be applied if the system under study is sufficiently described by a 

lattice, where the sites are occupied at random (site percolation) or, in the case all the 

sites are occupied, where porous between neighbouring sites are found at random (bond 

percolation) (Leu and Leuenberger, 1993). As will be discussed later, the probability at 

which a cluster of molecules just percolates the system (a sphere in the present study) is 

termed the percolation threshold. According to the percolation theory, there are three 

percolating clusters: the soluble material, the excipient and the pores. Changing the ratio 

of the soluble material to the excipient, the sizes of the clusters change, and consequently, 

the whole system changes. For instance, increasing the load of the drug in the spheres is 

reflected by the formation of a less extensive excipient network, or cluster.

Bonny and Leuenberger (1991) found two thresholds. The first one (p^J is observed
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when the concentration of the excipient is high enough to be in an infinite cluster, ie., the 

clusters of the soluble material. On the other hand, when the load of the soluble material 

increases, their clusters isolate the excipient clusters, which becomes a discrete cluster, 

and consequently the dosage form disintegrates. As will be discussed later, this second 

threshold (pg2) may not be found because of processing requirements for the production 

of the spheres. In the case of a porous sphere, p^ corresponds to a critical porosity , e ,̂ 

where the pore network just begins to span the whole sphere.

From equation 5.2 it can be seen that the amount of drug released, (Q), is proportional 

to t", where t is time and n, an exponent which depends on the percolation probability £. 

It is then possible to regard the release of the soluble materials according to four cases: 

Case I: p < Pd - Q(t> reaches a constant value as the amount of the soluble material at the 

surface of the sphere is low and the remainder is covered by the excipient.

Case II: p = ±0.1 p^ - an anomalous diffusion can be observed (n=0.2, for three 

dimensions).

Case III: Pd < p < Vci ~ Ihe matrix controls the diffusion of the materials (n=0.5), and 

Case IV: p^ < p - zero order kinetics is observed (n=l).

Between the two thresholds. Case III, the matrix controls the release, therefore, 

Higuchi's equation (eq. 5.1) applies.

Close to the percolation threshold the observed diffusion coefficient conforms to a 

scaling law which can be written as follows:

D = X D@ (p - Pd)" Eq. 5.10

where, D is the apparent diffusion coefficient and x is a conductivity exponent (=2.0, in 

three dimensions), p the site percolation probability and x Dg is a scaling factor. For the 

case of a porous sphere p can be expressed in terms of the total porosity e of the sphere 

and Pd corresponds to a critical porosity x@ where the pore network just begins to span 

the whole sphere. Therefore,
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D = % D@ (x - XqŸ  Eq. 5.11

As will be discussed later, the graphs of the release of indomethacin from the spheres 

versus (time)®  ̂ present high correlations and low mean root square (MRS). From the 

slopes of the linear portions D, the apparent diffusion coefficient, can be calculated 

according to the following equation:

D = b V  [Q (2A  - eCJ]

= X • Do • (e - Eq. 5.12

or.

p = b / (2A - eC /-"

= (x • Do • • (e - Co) Eq. 5.13

Eq. 5.13 is the equation of a straight line with the slope (x.Do.CJ®'^. p is a property of the 

spheres whereas, the other symbols have the same meaning as before.

5.2. Results and Discussion

5.2.1 Part I

The release of a substance from a matrix, for instance the drug or the soluble 

excipients, is a complex process in which thermodynamic events are occurring 

simultaneously and competing, such as the wettability of the materials, the dissolution of 

the materials into the medium and finally the diffusion from the matrix throughout the 

pores until the molecules reach the bulk of the dissolution medium. Another problem 

found in the analysis of the results from a dissolution test is that, the analyst is looking 

for information about the events occurring in the dosage form, but the analysis is carried 

out measuring the changes in concentration of the drug in the dissolution medium and 

from the results obtained suggestions about the events occuring in the dosage form are
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made. From a basic dissolution test carried out on three different types of spheres with 

different drug loads (0.25, 1 and 3 parts of indomethacin) at 100 rpm, 37°C and pH 7.4, 

the factors which may affect the release of the drug such as the paddle speed, the 

temperature or the pH of the medium, were changed and the results obtained compared 

with the models mentioned previously.

The modification of the results was carried out to check for linear relationships 

according to the equations which explains the different release mechanisms (equations 5.1,

5.2 and 5.3).

The data obtained from the dissolution test was analysed in a sequential way. Initially, 

the data was plotted in terms of amount of drug (mg/1) released versus time. The 

representations obtained showed that the higher the load of drug in the spheres, the higher 

the amount released throughout the tests, independently of the factors considered.

Figures 5.1 to 5.7 show that for higher drug loads (3 parts of indomethacin), the drug 

was released slowly. Also the release is more complete during the period of test for the 

spheres with lower drug load (0.25 parts of indomethacin). The fact that in these spheres 

the amount of lactose is higher than for the others, may explain the observation, as it is 

a more soluble material than indomethacin therefore, lactose dissolves more quickly than 

indomethacin, contributing to increase the porosity of the spheres, and consequently, the 

dissolution medium can readily penetrate into the spheres increasing the dissolution of the 

drug.

After this initial method of observation, the results were transformed, whenever 

necessary, and plotted according to the models mentioned in the introduction which can 

be represented by a straight line. The correlation between the variables is expressed by 

the correlation coefficients (r) and the goodness of fit of the curves by the MRS (mean 

root square). The slope, the intercept, the correlation coefficient (r) and the goodness of 

fit (MRS) are the parameters analysed. The large amount of data generated by this 

treatment and, the fact that it was repetitive for the different factors, it was thought that 

the results could be summarized in the form of Tables (Tables 5.1 to 5.6). This approach
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results in different conclusions depending on the way the results are analysed. In fact, the 

release of indomethacin can be explained by different mechanisms as the results fit the 

conditions for accepting the model, as expressed by the high correlation coefficients and 

low values of MRS.

All the different factors investigated, speed of the paddle, temperature of the 

dissolution medium, pH of the medium and size of the spheres, have shown an influence 

on the release rate of indomethacin from the different batches of spheres with different 

concentrations of indomethacin.

Figure 5.1 (a to d, solid symbols) shows the effect on the release of indomethacin 

when the speed of the paddle was changed. For the three highest speeds the results did 

not change. However, for 20 rpm a delay on the release of the drug was observed (Figure

5.1 d, solid symbols). The speed of the paddles affects the diffusion of the soluble 

materials from the spheres to the bulk of the dissolution medium. The fact that the 

thickness of the diffusion layer does not affect the diffusion of the molecules when the 

speed of the paddles increases from 50 rpm up to 200 rpm suggests that the diffusion is 

being controlled in the matrix. This observation was reported by Tapia et al. (1993) who 

studied the release of theophylline from matrices containing chitosan. However, when, the 

diffusion layer around the spheres increased, as the paddle speed was reduced to 20 rpm, 

the diffusion of the drug and lactose molecules became dependent on the layer around the 

spheres, which becomes the rate controlling process.

Figure 5.2 (a to d, solid symbols) present the results for the dissolution tests carried 

out at different temperatures (12, 25, 37 and 45°C). Decreasing the temperature of the 

dissolution media from 45°C to 12°C the release of the indomethacin from the spheres 

dropped dramatically. The values for the release rates calculated for the different models 

are presented later in the discussion. It is not surprising that the release of materials from 

the dosage forms by dissolution or, diffusion processes, must be thermodynamically 

favourable otherwise the release does not occur. The temperature, which can be considered 

as a measure of the energetic state of the systems, has a high influence on the 

improvement of the dissolution and on higher diffusion of the molecules in the medium
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Figure 5.1

Release of the drug as a function of time, the speed of the paddle and drug load

a) 200 rpm, b) lOOrpm, c) 50 rpm and d) 20rpm

formulation (IND:LAC:MCC): «° - 0.25:4.74:3, - 1:4:3, ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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Figure 5.2

Release of the drug as a function of time, temperature and drug load

a) 45 °C, b) 37 °C, c) 25°C and d) 12 °C

formulation (IND:LAC:MCC): - 0.25:4.75:3, - 1:4:3, ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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and by increasing the solubility of the materials. Therefore, the existing gradient between 

the high concentration of drug in the dosage form and the low concentration in the 

medium tend, to reach an equilibrium quicker when the temperature is increased, showing 

the high dependence of the release of indomethacin and lactose on the temperature of the 

system, stressing the thermodynamic aspect of the dissolution phenomena.

Also important is the effect of pH. Figure 5.3 (a and b, solid symbols) shows the 

importance of changing the pH of the medium. The significance of this observation is 

mainly due to the difference on solubilities of the indomethacin (pka=4.5) at different pH 

values. According to O’Brien et al. (1984) the solubility of the form II of indomethacin 

at 25°C in water is 5.2 mgl % in phosphate buffer, pH=7.0 is 800 m gl'\ pH=6.2 is 160 

mgl ’ and pH=5.6 is 50 mgl \  The values for the different pH’s where chosen to simulate 

the pH in the stomach fasted or fed and the pH in the blood stream. From the results it 

can be suggested that the drug is released in an empty stomach slowly when compared 

to the release in the small intestine, which constitutes an advantage, as indomethacin may 

attack the mucosa with bleeding. Release occurs in the small intestine and in a controlled 

manner, complete absorption of the drug could occur when transported across the 

membrane.

Dissolution of materials is a phenomena which occurs at the surface of the dosage 

forms, therefore, the dissolution of the drug is dependent on the surface of the particles 

of drug substance, lactose and on the size of the spheres, whereas diffusion of the 

molecules towards the bulk of the dissolution media is dependent on the size of the 

spheres. Moreover, at earlier stages the dissolution media has to wet and penetrate the 

spheres. Therefore, the size of the spheres, or in other words, the surface which can be 

in contact with the dissolution media must be considered. Figure 5.4 (solid symbols) 

presents the results for the three diameter ranges of spheres (0.71-1.00, 1.00-1.40 and 

1.40-1.70 mm). Only spheres with 1 part of indomethacin in the formulation were 

analysed. The results show that increasing the size of the spheres the release of the 

indomethacin was delayed significantly as a consequence of the decreased surface area 

available to contact the dissolution media and larger distances of movement of drug from 

within spheres.
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Release of the drug as a function of time, pH and drug load

a) pH=7.4 and b) pH=4.5

formulation (IND:LAC:MCC): «o - 0.25:4.75:3, - 1:4:3, ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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Figure 5.4

Release of the drug as a function of time, size of the sphere and drug load

size of the spheres (mm): - 0.71-1.00, - 1.00-1.40, ▼v - 1.40-1.70

solid symbols - experimental results 
open symbols - predictions (see text for explanations)

5.2.2 Part II

In the second part of the discussion the raw data obtained from the dissolution tests 

was treated according to the different models discussed in an attempt to understand the 

release mechanism, and to calculate the apparent release rates of the indomethacin 

according to the model. A common procedure is to treat the raw data according to the 

requirements of the models and plot the results. The first observation was that major 

portions of the lines are not straight. To calculate the parameters, presented later in the 

discussion, only the straight portions were taken into consideration which account for a 

reduced percentage of the total amount of drug released (approx. 50%).

From the raw data it was observed that for any of the results from the dissolution 

tests, when the data was plotted according to the Hixson and Crowel model the curves
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obtained presented a low correlation coefficient reflecting the poor correlation between 

the two variables (the cube root of the initial amount of drug minus the cube root of the 

amount released, versus time). Therefore, it was assumed that the release of indomethacin 

did not follow the model. The same observations were made about zero order model as 

the amount of drug released was not proportional to the time, hence results for this model 

are not presented.

Concerning the other models, the summary of the results for the different factors are 

presented in Tables 5.2 to 5.6. The slope, the intercept, the MRS and the correlation 

coefficient are the parameters of the linear portions of the curves selected for their 

characterisation. The slope, or gradient of the curves have different units according to the 

model: h % h‘°  ̂ for first or pseudo first order, respectively). In the case of the general 

equation it represents the value n (eq. 5.2) which provides information about the release 

mechanism. The intercept (b) represents the value of the dependent variable when t or 

(t)°^ is zero. Obviously, it is not possible to present the values of the intercept for the 

general equation. Although this approach provides some information about the mechanism 

of release of the drug and about the order of importance of each factor analysed, 

unfortunately the analysis was unable to provide full evidence of the controlling 

mechanism, as the values for the correlation coefficients are high and with a few 

exceptions numerically similar.

Results in Table 5.2 refer to the results of the release of the drug when different 

paddle speeds were employed. The selection of the mechanism which controls the release 

of the drug is difficult. According to the goodness of fit, reflected by the values of the 

mean root square, several mechanisms control the release of indomethacin from the 

spheres, but it is not possible to say if this control is simultaneous or sequential, ie., if the 

release mechanism changes during the test. What can be said is that, the release rate 

decreases with the increase in drug loading. On the other hand, it seems that the release 

rates tend to decrease with the speed of the paddles and this fact is more evident for the 

square root of time model and for lower drug load. Explanation for this observation has 

been provided previously.
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Table 5.2: Assessment of dissolution models as a function of the speed of the
paddle

Formulation Paddle Slope Intercept MRS r
(1) Speed (%)

first order model

0.25: 200 1.24 1.95 1.43 - 0.999
4.75 100 1.04 1.87 1.30 - 0.998
:3.00 50 0.92 1.97 6.71 - 0.996

20 0.91 1.98 2.47 - 0.998

1: 200 0.41 1.94 8.86 - 0.997
4 100 0.40 1.92 3.42 - 0.999
:3 50 0.38 1.93 4.86 - 0.999

20 0.31 1.97 2.23 - 0.999

3: 200 0.16 1.90 2.96 - 0.998
2 100 0.16 1.91 2.40 - 0.999
:3 50 0.14 1.90 5.94 - 0.994

20 0.12 1.97 3.25 - 0.997
square root of time model, after Higuchi (1963)

0.25: 200 72.2 0.20 2.01 0.999
4.75 100 63.4 9.71 1.86 0.999
:3.00 50 59.1 5.61 4.78 0.995

20 56.8 5.96 12.5 0.987

1: 200 43.3 6.41 5.99 0.997
4 100 45.2 3.25 4.07 0.997
:3 50 42.4 1.13 4.35 0.998

20 37.7 -7.93 5.38 0.999

3: 200 30.9 2.26 7.19 0.999
2 100 28.6 2.69 8.76 0.998
:3 50 27.9 -1.71 8.43 0.997

20 28.3 -7.22 8.20 0.998
general equation, after Korsmeyer et al. (19M3)

0.25:
4.75
:3.00

200
100
50
20

0.41
0.35
0.43
0.54

4.32
1.65
6.30
5.15

0.997
0.999
0.996
0.997

1: 200 0.41 8.30 0.998
4 100 0.43 7.42 0.999
:3 50 0.45 15.2 0.997

20 0.57 13.9 0.996

3: 200 0.45 6.05 0.999
2 100 0.47 8.35 0.998
:3 50 0.51 15.7 0.995

20 0.72 12.2 0.988

(1) parts of indomethacin, lactose and MCC in the formulation
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The slope for the double logarithmic plots or n value (eq. 5.2), after Korsmeyer et al. 

(1983) suggests that the release is predominantly controlled by a diffusion mechanism, as 

the values for n are close to 0.47, except for the lowest value of the speed of the paddles 

where an anomalous release mechanism is suggested (n=0.72 in Table 5.2).

The results in Table 5.3 and Figure 5.2 (a to d, solid symbols), represent the effect 

of temperature, showing high correlations for the different models studied. The first 

observation is that the release rate decreases dramatically when the temperature decreases. 

The reasons for this observation have been discussed previously. The release is also 

dependent on the amount of the drug present in the spheres and on the diffusion of the 

molecules into the dissolution media. Again, the analysis does not provide information 

about the predominant model. The slopes of the double logarithmic plots show that for 

most of the release, diffusion controls the release of the drug. Sinclair and Peppas (1984) 

suggested that for lower values of n (n<0.45) which are the observed for the higher 

temperatures, where the drug was released quickly, should not be considered.

Table 5.4 and Figure 5.3 (a and b, solid symbols) presents the results of the analysis 

of the data when the pH of the media was modified. It can be observed that the release 

rate decreased dramatically when the pH of the medium decreased for the reasons 

presented previously. In fact, for pH=1.2 the indomethacin is almost insoluble as the 

insignificant values for the release rates show. Also the values for n in the general 

equation (5.2) reflect an anomalous release of the drug for the lower values of pH.

Table 5.5 and Figure 5.4 (solid symbols) presents the results of the effect of the size 

of the spheres on the release rate and mechanism when the size of the spheres was 

modified. The double logarithmic plots suggested that a diffusion controlled mechanism 

explains the release of indomethacin from the spheres. The other two models indicate that 

higher release rates occur for smaller spheres. The surface area exposed to the dissolution 

media provides a possible explanation.

Table 5.6 and Figures 5.5 to 5.7 (solid symbols) present the results for the release of 

indomethacin from coated spheres with different percentages of coating material (aqueous
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Table 5.3: Assessment of dissolution models as a function of temperature

Formulation
(1)

Temp.
r c )

Slope Intercept MRS
(%)

r

first order model

0.25: 45 2.16 1.97 5.92 -0.992
4.75 37 0.92 1.87 1.30 -0.998
:3.00 25 0.47 1.89 9.03 -0.996

12 0.17 1.88 5.04 -0.997

1: 45 0.76 1.97 10.3 -0.996
4 37 0.40 1.92 3.42 -0.999
:3 25 0.18 1.91 3.56 -0.999

12 0.07 1.93 2.61 -0.991

3: 45 0.28 1.88 18.5 -0.991
2 37 0.16 1.91 2.40 -0.999
:3 25 0.08 1.93 2.47 -0.994

12 0.04 1.97 1.21 -0.992
square root ot time model, after Higuchi (1^63)

0.25: 45 103.3 3.25 1.55 0.999
4.75 37 63.4 9.71 1.86 0.999

:3.00 25 48.9 0.84 2.01 0.999
12 31.8 10.5 8.70 0.994

1: 45 56.2 7.54 1.61 0.994
4 37 45.2 3.25 4.07 0.997
:3 25 30.6 1.54 8.08 0.998

12 18.1 1.49 20.6 0.997

3: 45 39.9 5.14 4.84 0.998
2 37 28.6 2.69 8.76 0.998
:3 25 19.0 0.00 11.4 0.999

12 11.5 0.00 4.40 0.999
general equation, alter Korsmeyer et al.

0.25:
4.75
:3.00

45
37
25
12

0.23
0.35
0.50
0.38

23.3 
1.65 
3.27
22.3

0.997
0.999
0.999
0.997

1: 45 0.41 23.9 0.997
4 37 0.43 14.8 0.999
:3 25 0.49 25.6 0.997

12 0.51 14.1 0.996

3: 45 0.44 13.3 0.999
2 37 0.47 16.7 0.998
:3 25 0.53 7.47 0.998

12 0.58 5.17 0.999

(1) parts o f ind, lac and MCC in the formulation
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Table 5.4: Assessment of dissolution models as a function of pH

Formulation pH Slope Intercept MRS r
( 1 ) (%)

first order model

0.25: 7.4 0.927 1.87 1.30 -0.998
4.75 4.5 0.014 1.92 1.15 -0.796

:3.00 1 . 2 0.003 1 . 8 8 1.49 -0.987

1 : 7.4 0.400 1.92 3.42 -0.999
4 4.5 0 . 0 0 2 1.98 0.32 -0.894
:3 1 . 2 0 . 0 0 1 1.97 0.61 -0.910

3: 7.4 0.163 1.91 2.40 -0.999
2 4.5 0 . 0 0 1 1.99 0.07 -0.939
:3 1 . 2 0 . 0 0 1 1.99 0.15 -0.956

square root ot time model, after Higuchi (1V63)

0.25: 7.4 63.5 9.71 1 . 8 6 0.999
4.75 4.5 8.61 15.1 19.4 0.829
:3.00 1 . 2 4.54 17.2 13.9 0.983

1 : 7.4 45.2 3.25 4.07 0.997
4 4.5 2 . 1 1 2.94 17.2 0.961
:3 1 . 2 1.59 4.84 25.9 0.951

3: 7.4 28.6 2.69 8.76 0.998
2 4.5 0.91 0.99 17.2 0.973
:3 1 . 2 0.65 2 . 0 2 18.1 0.962

general equation, after Korsmeyer et al. (lïiS3)

0.25:
4.75

:3.00

7.4
4.5 
1 . 2

0.35
0.25
0 . 2 1

I.65
II.3 
19.4

0.999
0.865
0.956

1 : 7.4 0.43 14.8 0.999
4 4.5 0.18 7.12 0.936
:3 1 . 2 0.23 6.61 0.963

3: 7.4 0.47 16.7 0.998
2 4.5 0 . 2 1 5.26 0.953
:3 1 . 2 0 . 2 1 6.54 0.954

(1) parts of indomethacin, lactose and MCC in the formulation

dispersion of ethylcellulose). Below 1.0% (w/w), the coating process was not effective, 

the large variations within the batches indicated and the release rates were smaller to those 

of uncoated spheres. With the variation in application of the coat, it was aimed to 

investigate changes in the release of indomethacin either in terms of release rate, or on 

the release mechanism. From the figures it can be observed that the coat delayed the
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In- vitro characterisation ...

Table 5.5: Assessment of dissolution models as a function of the sphere size for
formulation (1IND:4LAC:3MCC)

Sphere size Slope Intercept MRS r
(mm) (%)

first order model

1.40-1.70 0.09 1.90 5.95 -0.998

1.00-1.40 0.40 1.92 3.42 -0.999

0.71-1.00 0.65 1.64 0.78 -0.998

square root of time model, after Higuchi (1963)

1.40-1.70 31.9 6 . 2 2 3.31 0.999

1.00-1.40 45.4 7.81 9.31 0.995

0.71-1.00 106.1 5.11 0.65 0.999

general equation, after Korsmeyer et al. (1983)

1.40-1.70 0.43 5.47 0.999

1.00-1.40 0.45 17.3 0.998

0.71-1.40 0.46 5.42 0.999

release of the drug and that this delay is a function of the percentage of coating material 

used. Again, the release of indomethacin when presented in low loads was faster then for 

the higher loads. The release of drug when more than 7.0% of coat was used dropped 

dramatically, especially for the spheres with high drug loads (Figure 5.7, a to c, solid 

symbols).

The fact that the release of indomethacin is faster for low loads than for high loads 

of drug in the spheres may be due to events occurring in the sphere rather than with the 

presence of the coating material, because as the thickness of the coating increases, the 

drug and other materials are constant. As the dissolution proceeds it appears that the 

dissolution and diffusion of drug in the spheres are the important steps. This observation 

agrees with previous discussion. Also, this does not mean that the presence of the coat is 

irrelevant. Results show a delay in release meaning that the diffusion layer around the 

spheres increased due to the presence of the coat.
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Table 5.6: Assessment of dissolution models as a function of the percentage of
coat

Formulation Coat Slope Int. MRS r
( 1 ) (%) (%)

first order model

0.25: 1.5 0 . 2 2 2.03 3.11 -0.997
4.75 3.0 0.09 2.13 6.28 -0.999
:3.00 7.0 0.006 1.95 0.40 -0.972

1 : 1.5 0.025 1.96 1.03 -0.963
4 3.0 0 . 0 1 1.93 1.61 -0.975
:3 7.0 0 . 0 0 2 1.98 0.25 -0.945

3: 1.5 0 . 0 1 2 . 0 0 0.57 -0.998
2 3.0 0.007 2 . 0 0 0 . 2 2 -0.999
:3 7.0 0 . 0 0 1 2 . 0 0 0.19 -0 . 8 6 8

square root ot time model, after Higuchi (1V63)

0.25: 1.5 55.8 -12.9 8.59 0.997
4.75 3.0 39.3 -41.5 1.91 0.999

:3.00 7.0 3.50 10.4 4.33 0.976

1 : 1.5 17.2 2.41 21.4 0.983
4 3.0 7.55 2.84 9.23 0.998
:3 7.0 1.80 1.37 12.9 0.976

3: 1.5 7.68 -16.7 12.7 0.997
2 3.0 6.04 - 1 1 . 1 4.83 0.999
:3 7.0 0.90 0.16 48.6 0.934

general equation, after Korsmeyer et at. (19S3)

0.25:
4.75

:3.00

1.5
3.0
7.0

0.61
1.18
0.19

4.23
20.9
8.83

0.999
0.996
0.954

1 : 1.5 0.94 1 2 . 0 0.980
4 3.0 0.51 7.19 0.998
:3 7.0 0.38 7.86 0.968

3: 1.5 0.52 6.35 0.997
2 3.0 0.82 7.38 0.998
:3 7.0 0.43 1 2 . 2 0.925

(1) parts of indomethacin, lactose and MCC in the formulation

The first observation is that, increasing the amount of coating material, the release rate 

drops significantly. This fact is not surprising as a larger amount of coating material 

provides a thicker coat through which the molecules of indomethacin, lactose and water 

have to cross. The thicker the coat, the longer is the pathway which the molecules have 

to travel, delaying the process reflected by a smaller diffusion constant. The second
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In- vitro characterisation
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Figure 5.5

Release of the drug as a function of time, coat (1.5%) and drug load

formulation (IND:LAC:MCC): a) «° - 0.25:4.75:3, b) - 1:4:3 and c) ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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Release of the drug as a function of time, coat (3.0%) and drug load

formulation (IND:LAC:MCC): a) «° - 0.25:4.75:3, b) - 1:4:3 and c) ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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Release of the drug as a function of time, coat (7.0%) and drug load

formulation (IND:LAC:MCC): a) - 0.25:4.75:3, b) - 1:4:3 and c) ▼v - 3:2:3

solid symbols - experimental results
open symbols - predictions (see text for explanations)
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In- vitro characterisation ...

observation is that, the higher the drug load, the lower the apparent release rate, as was 

observed previously and reflected by the slopes for the first order and Higuchi models. 

The slope of the curves plotted according to the general equation (Korsmeyer et a l, 1983) 

suggest different mechanisms. Looking to Table 5.6 (lower part) it can be observed that 

for the different drug loads and coating percentages some of the results suggest a release 

mechanism close to zero order with values of n around 0.93 (for instance spheres with 

lower drug load and lower amount of coat).

5.2.3 P a rtm

The release of indomethacin from the spheres could often be fitted to more than one 

model. This suggests that the release of the drug is controlled by different mechanisms. 

This approach, although providing relevant information about the events occurring during 

the dissolution present some drawbacks. Schwartz et al, (1968), suggested that straight 

lines of plots of the release rate of the drug versus the amount of drug released (Q) , or 

its inverse (1/Q) are obtained when first order or pseudo first order, respectively, are in 

control of the release. When the results were plotted in this manner did not show linear 

correlations for the total duration of the test, but only for portions of the release, and for 

first order and pseudo first order. Therefore, it was not possible to differentiate the 

controlling mechanism of release of the indomethacin between pseudo first and first 

orders.

The fact that only a small portion of the material released is considered (less than 

50%, as the initial and final stages of the release have to be ignored), plus the fact that 

the analysis is based on the fitting of the results to the models, seem to justify the use of 

different approaches to analyse the data.

The same data was analysed according to the method proposed by Brockmeier and 

von Hattinberg (1982) and the values for the areas under the curves (AUC), the median 

dissolution times (MDT), the variability of the results (VR) and the relative dispersion of 

the results (RD) are presented in Tables 5.7 to 5.11, for the different factors studied. The 

analysis of the results was carried out in three portions of the release results as indicated
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by the subscripts t, 8 and 3. The subscript t means that all the results were considered up 

to the time for which the percentage of drug released was highest. This means that, for 

the same formulations where 100 % of drug was released before 8 hours, the analysis of 

the results up to 8 hours was not carried out and blank spaces can be found in the Tables 

for some formulations and for subscript 8. Finally, the subscript 3 means that the release 

up to 3 hours was considered. The aim of this analysis is to consider and analyze the 

release at earlier stages, middle stages and for the all release. Splitting the release in 

stages results in only some fractions of the release of the drug being analysed. The 

difference from the analysis undertaken previously is that, the division in fractions of the 

release was carried out in the same way for all the tests and no attempt to analyze the 

’best’, or more ’convenient’ portion of the curve was made.

From the relative dispersion of the results (RD) the release mechanism is proposed 

(results in Tables 5.7 to 5.13) and the release constants calculated from the equations 

presented in Table 5.1 for each model considered. The values obtained for the different 

parameters, namely RD, do not always fit the values proposed for the model, therefore, 

approximations to the values presented in Table 5.1 had to be made. Once the values for 

the relative dispersions (RD) have been found, then the release mechanisms and the 

release constants (or rates) can be calculated. Their approximations may be one of the 

causes for poor fit for some predictions. Once the mechanism of release and the release 

constant were found for each formulation, simulations were carried out as can be seen in 

Figures 5.1 to 5.7 (open symbols and dotted lines).

Table 5.7 and Figure 5.1 (a to d) present the results for the release of indomethacin 

when the effect of different speeds of the paddles was studied. It can be observed that the 

release mechanism changes with the load of drug in the spheres and with the speed of the 

paddle. It tends to be first order when the speed of the paddle increases and for later 

stages of the release. Figure 5.1 (a to d) shows the results for the release of drug in 

different test conditions. It can be seen that the analysis provides a good prediction of the 

release in practice, and except for a few cases, namely for low drug loads, the prediction 

matches the experimental data. What seems to be a rule is that, for earlier stages the 

release of indomethacin is faster then the predictions, which suggests that the surface of
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Table 5.7: Assessment of statistical moment analysis models of dissolution as a function of the speed of the paddles

Rotation speed (rpm)

2 0 50 1 0 0 2 0 0

Formulation ( 1 ) (2 ) (3) ( 1 ) (2 ) (3) ( 1 ) (2 ) (3) ( 1 ) (2 ) (3)

AUQ 2 . 8 25.8 96.0 2 . 2 20.7 81.0 2.3 20.7 91.6 2 . 1 2 2 . 6 89.0

MDT, 1 . 1 2 . 6 4.0 0.9 2 . 1 3.1 0.9 2 . 1 3.4 0 . 8 2 . 2 3.4

VR, 1 . 2 6 . 0 10.7 0.7 4.5 8.9 0 . 8 4.5 10.9 0 . 6 5.7 1 1 . 0

RD, 1 . 0 0.9 0.7 0 . 8 1 . 0 0.9 1 . 0 1 . 1 0.9 0.9 1 . 2 1 . 0

release mechanism 1 0 . 8 0 . 6 0 . 8 1 1 1 1 1 0 . 8 1 1

release constant 0.91 0.36 0.06 0.61 0.48 0.32 1 . 1 1 0.48 0.29 0.65 0.46 0.29

AUQ 2 2 . 0 60.0 19.2 56.2 19.1 57.1 19.5 48.3

MDTg 2.3 2.9 2 . 0 2.4 1.9 2.4 1.9 2 . 2

VRg 4.1 5.1 3.8 4.8 3.7 5.0 3.8 4.0

RDg 0 . 8 0 . 6 1 . 0 0 . 8 1 . 0 0 . 8 1 . 0 0 . 8

release mechanism 0 . 8 0 . 6 1 0 . 8 1 0 . 8 1 0 . 8

release constant 0.31 0.09 0.50 0.37 0.53 0.37 0.53 0.39

AUCj 2 . 2 7.5 15.3 2 . 0 7.6 17.1 1.9 7.3 16.1 1.9 7.3 15.9

MDTg 0.9 1 . 1 1.3 0.9 1 . 0 1 . 1 0 . 8 1 . 0 1 . 0 0 . 8 1 . 0 1 . 0

VRg 0 . 6 0.7 0.7 0 . 6 0.7 0.7 0.5 0 . 6 0.7 0.4 0.7 0.7

RDg 0 . 6 0.5 0.4 0.7 0 . 6 0 . 6 0 . 8 0.7 0 . 6 0 . 8 0.7 0.7

release mechanism 0 . 6 0 . 6 0.3 0 . 8 0 . 6 0 . 6 0 . 8 0 . 8 0 . 6 0 . 8 0 . 8 0 . 6

release constant 0.28 0.51 0.41 0.61 0.25 0.23 0.65 0.58 0.25 0.65 0.58 0.25

formulation - (1) 1NÜ : LAC : MCC'(0.2b:4.7b:3); (2) INU ; LAC ; MCC (1:4:3);1J) 1NÜ : LAC : MCC (±2:3)
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the spheres may contain drug which is released more quickly than the rest of the drug, 

especially at later stages. A second observation is that, when comparable, the release 

constants do not change for the highest speeds of the paddles (0.48 mgh^ and 0.46 mgh * 

for the formulation 1:4:3 at 50 and 200 rpm, respectively), but for the lowest speed (20 

rpm), the release is slower (0.91 mgh'^ and 1.11 mgh'^ for 0.25:4.75:3 at 20 and 50 rpm, 

respectively). It was previously suggested that the diffusion layer around the spheres 

becomes important in controlling the release of the indomethacin.

Looking now at the earlier stages of the release of the drug, a diffusion mechanism 

becomes more relevant in controlling the release of the drug as it can be observed in 

Table 5.7. Comparisons show that, for the different speeds of the paddle, the release rate 

was not different, although it is proposed that the release is controlled by a diffusion 

mechanism. The fact that the thickness of the layer around the spheres does not control 

the diffusion, suggests that the diffusion throughout the channels in the spheres was the 

place were the release was controlled.

Comparing the release of drug for the same formulation, especially for higher loads, 

at different stages of release, it can be seen that for later stages a first order profile is 

observed, whereas at early stages, dissolution of indomethacin seems to be the controlling 

step. Table 5.7 ( formulation with 3 parts of indomethacin, 50, 100 and 200 rpm). 

However, as it can be seen from Table 5.7, the release of indomethacin does not follow 

a single mechanism, but several mechanisms are competing at the same time or 

sequentially. In fact, when all the tests are analysed in parts, it can be seen that up to 3 

hours the different formulations with different loads present different mechanisms. At the 

beginning a diffusion process seems to occur for lower drug loads, whereas for the highest 

drug load a cube root mechanism predominates. It is then possible to suggest that for 

lower drug loads the pores in the matrix are the route for drug diffusion as the solvent 

penetrates into the matrix. For higher loads the dissolution of the drug is the limiting step 

of the release, as the cube root mechanism seems to suggest. Later, the release becomes 

dependent on the amount of drug remaining in the matrix, as is suggested by a first order 

mechanism.
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The group of results discussed suggests that for the initial phase of the dissolution a 

cube root mechanism controls the release then, changes to a pseudo first order and at the 

final stages of the test, a first order mechanism controls the release of indomethacin from 

the spheres. It should be pointed out that the presence of lactose, a much more soluble 

material than indomethacin, makes the interpretation of the results more complex as the 

changes occurring in the spheres are due in large extent to the simultaneous dissolution 

of lactose, with changes of the porosity and/or tortuosity of the pores in the spheres.

Comparing the release rates, when possible, for the first order and pseudo first order 

mechanisms in Tables 5.2 and 5.7, it can be seen that only in some conditions the values 

can be considered as identical. However, in other conditions the values are different. The 

method of calculating the results, in Table 5.2, may explain the observation, as the values 

in Table 5.7 were close to the experimental data, as shown in Figure 5.1 (a to d).

Table 5.8 presents the results of the release of indomethacin at four different 

temperatures. It can be observed that the release rate for the different formulations 

increases with the temperature, especially at 45 °C. When maximum release of the drug 

is considered (subscript t in Table 5.8), the release mechanism tends to be predicted by 

a first order model, suggesting that the release was dependent on the amount of drug 

remaining in the spheres, especially at the end of the test. Only at lower temperatures, and 

for higher drug loads, was release controlled by diffusion or by dissolution predicted. 

Comparing the predicted results with the experimental results (Figure 5.2 a to d), shows 

that the predictions show a good reflection of the experimental results (Figure 5.2, a to 

d).

Regarding the results for the middle stages of the test, (subscript 8 on Table 5.8), a 

smaller amount of drug was released, as reflected by the values of the AUC (Table 5.10). 

For the tests where the release was nearly complete, ie., higher temperatures or lower 

loads, a first order mechanism controls the release of indomethacin. On the other hand, 

for higher loads, or lower temperatures the release seems to be controlled by diffusion or 

dissolution of the molecules of the drug substance.
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Table 5.8: Assessment of statistical moment analysis models of dissolution as a function of temperature

Temperature (°C)

1 2 25 37 45

formulation ( 1 ) (2 ) (3) ( 1 ) (2 ) (3) ( 1 ) (2 ) (3) ( 1 ) (2 ) (3)

AUC, 6.9 24.3 51.2 3.0 30.1 73.4 2.3 20.7 91.6 1.7 12.7 73.9

MDT, 3.0 3.9 4.3 1.3 3.3 3.8 0.9 2 . 1 3.4 0 . 6 1.3 2.5

VR, 1 0 . 6 12.3 12.7 1.4 9.9 1 1 . 1 0 . 8 4.5 10.9 0 . 6 2 . 2 7.2

RD, 1 . 1 0 . 8 0.7 0 . 8 0.9 0 . 8 1 . 0 1 . 1 0.9 1.7 1.3 1 . 1

release mechanism 1 0 . 8 0 . 6 0 . 8 1 0 . 8 1 1 1 1 1 1

release constant 0.33 0.29 0.06 0.51 0.30 0.30 1 . 1 1 0.48 0.29 1.67 0.77 0.40

AUCg 3.9 13.3 26.5 4.7 19.9 42.0 19.1 57.1 1 2 . 0 59.5

MDTg 2 . 0 2 . 6 2.9 1 . 8 2.4 2 . 6 1.9 2.4 1 . 2 2 . 1

VRg 4.2 5.2 5.4 3.8 4.9 5.1 3.7 5.0 1 . 6 4.7

RDg 1 . 0 0 . 8 0 . 6 1 . 2 0 . 8 0 . 8 1 . 0 0 . 8 1 . 1 1 . 0

release mechanism 1 0 . 8 0 . 6 1 0 . 8 0 . 8 1 0 . 8 1 1

release constant 0.50 0.39 0.09 0.56 0.37 0.36 0.53 0.37 0.83 0.48

AUCg 2 . 0 3.9 6 . 6 2 . 2 5.7 1 0 . 8 1.9 7.3 16.0 1.3 7.8 19.6

MDTg 1 . 2 1 . 1 1 . 2 1 . 0 1 . 0 1 . 1 0 . 8 1 . 0 1 . 0 0.5 0.9 1 . 0

VRg 0.9 0.7 0 . 8 0.7 0.7 0.7 0.5 0 . 6 0.7 0.3 0 . 6 0.7

RDg 0 . 6 0 . 6 0.5 0 . 6 0 . 6 0 . 6 0 . 8 0.7 0 . 6 1 . 0 0 . 8 0.7

release mechanism 0 . 6 0 . 6 0 . 6 0 . 6 0 . 6 0 . 6 0 . 8 0 . 8 0 . 6 1 0 . 8 0 . 8

release constant 0 . 2 1 0.23 0 . 2 1 0.25 0.25 0.23 0.65 0.58 0.25 2 . 0 0 0.61 0.58
tormulation - (1) INU : LAC : MCC (ü.2b:4.7i):3); (2) 1NÜ : LAC : MCC (1:4:J); (3) INU "LAC : MCC (3:2:3)
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Analyzing the initial phase of the release (subscript 3̂  Table 5.8), it can be seen that 

only one set of results follows a first order mechanism. The majority fit either pseudo first 

order or cube root models.

The results presented in Table 5.8 seem to show that the drug release follows different 

models, depending on the phase of the process considered and the processing conditions. 

For high loads of drug in the spheres (beginning of the test) dissolution of the drug is the 

limiting step. Later, as the drug is depleted from the surface of the spheres, diffusion is 

the controlling mechanism. Finally, near the end, a dependence on the amount of drug 

remaining in the spheres, controls the process.

Both, the dissolution of the drug in the media, and the diffusion of the drug molecules 

in the media are processes highly dependent on the temperature. Therefore, it is surprising 

that the changes in mechanism, especially in the release rates, are reflected in the results 

presented on Table 5.8.

Results presented in Table 5.9 and Figure 5.3 (a and b) show the release of

indomethacin from the spheres as a function of pH. The study was carried out at three 
1 values

different pH . However, only the results for the higher values of pH (pH=4.5 and 7.4) 

where considered as the release of drug at pH=1.2 was minimal. The release of 

indomethacin tended to be faster and more complete for higher values of pH which is not 

surprising as indomethacin is a weak acid (pka=4.5). The release of the drug at pH=7.4 

have been discussed previously when considering the effect of paddle speed (100 rpm) 

and temperature (37 °C) on the release of indomethacin. Although the drug was released 

under sink conditions, as the amount of the indomethacin in the spheres was well below 

the saturation concentration at pH=4.5, the results in Figure 5.3 b, show that a plateau was 

reached after the first hour of the dissolution test, which suggests a saturation of the 

media. However, the explanation can be found elsewhere. Considering that during the first 

hour it is the drug at the surface, or close to the surface which is released, it may be 

concluded that the process of dissolution and diffusion of the molecules in the sphere was 

delayed, and consequently the drug was not released. The predictions for the release 

(Figure 5.3 b, dotted lines) which take into consideration the initial release, differ greatly
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Table 5.9: Assessment of statistical moment analysis models of dissolution as a function of pH

4.5 7.4

formulation

1.2 1.6 2.7 2.3 20.7AUC, 91.6

2.2 2.4 3.3 0.9 2.1 3.4

13.9 10.4 10.9 0.8 4.5 10.9

2.9 1.0 1.0 0.9

release mechanism

0.420.45 0.30 1.11 0.48release constant 0.29

AUQ 19.1 57.1

1.9MDT, 2.4

3.7 5.0VR,

1.0RD, 0.8

release mechanism 0.8

0.53 0.37release constant

0.2 0.3 0.4AUC 7.3 16.0

0.4 0.7 0.6 0.8 1.0 1.0MDT

0.2 0.5 0.5 0.5 0.6 0.7VR.

0.8 1.2 1.2 0.8 0.7 0.6RD

0.8 0.8release mechanism 0.8 0.6

0.91 1.43 1.67 0.65 0.58release constant 0.25
formulation - (1) 1NÜ : LAC : MCC (0.25:4.75:3); (2) IND : LAC : MCC (1:4:3); (3) IND : LAC : MCC (3:2:3)
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from the experimental values.

The surface area of the spheres available for contact with the dissolution media is a 

factor of major importance as it is accepted that, the process of dissolution is a surface 

phenomena. The sizes chosen are within the range acceptable for a production of 

spheroids with high sphericity. Table 5.10 and Figure 5.4 present the results for the 

different sphere sizes. The analysis of the full data (subscript t on Table 5.10) shows that, 

except for the spheres with the higher drug load, the release followed a first order model. 

For the highest sphere size, and load, the release is controlled by the diffusion step, which 

suggests a slower and more incomplete release of drug, following previous observations 

for the other factors. Comparing the release rates for the same loads, it can be seen that, 

it decreases as the size of the spheres increases, due to a decrease in the surface area 

available for the release of the drug.

The results for the initial 3 hours (subscript 3, in Table 5.10), indicate that the 

mechanism controlling the release of the drug differs from first order to pseudo first order. 

A diffusion controlled mechanism seems to control most of the release from the different 

spheres with different loads and sizes. For the highest drug loads, a cube root mechanism 

appears to control the release for the first 3 hours. Also the amount of drug released 

decreased as the size of the spheres increases (Figure 5.4). The spheres with high loads 

and larger diameter show a dissolution dependence of the release of indomethacin.

The results considered when the first 8 hours were taken into consideration (subscript 

8, Table 5.10), show that the release of drug from the lower loads and for the different 

sizes was complete before that time.

The observations have shown that the release rate decreases as the size of the spheres 

increases and with the time of the dissolution test. Also the release mechanism changes 

during the time for the test, as the analysis of the different phases of the release shows. 

The release mechanism tends to change from a cube root to diffusion controlled release 

and for the last stages of dissolution a first order mechanism.

-1 2 2 -



Table 5.10: Assessment of statistical moment analysis models of dissolution as a function of different spheres sizes

Sphere Size (mm)

0.71 - 1.00 1.00 - 1.40 1.40- 1.70

formulation ( 1 ) (2 ) (3) ( 1 ) (2 ) (3) ( 1 ) (2 ) (3)

AUQ 1 . 2 9.5 98.6 2.3 29.8 91.8 2.4 27.3 7.9

MDT, 0.5 1 . 0 3.4 0.9 2 . 0 3.4 1 . 0 2.9 3.5

VT, 0 . 2 1 . 2 1 0 . 8 0 . 8 4.1 10.9 1 . 2 8.7 8 . 8

RD, 0.9 1.4 1 . 0 0.9 1 . 0 0.9 1.3 1 . 0 0.7

release mechanism 1 1 1 1 1 1 1 1 0 . 8

release constant 2 . 0 0 1 . 0 0 0.29 1 . 1 1 0.48 0.29 1 . 0 0 0.35 0.31

AUQ 62.8 19.1 57.1 18.8 59.6

MDTg 2.4 1.9 2.4 2 . 2 2.9

VRg 5.3 3.7 5.0 4.5 5.5

RDg 0.9 1 . 0 0 . 8 0.9 0 . 6

release mechanism 1 1 0 . 8 1 0 . 6

release constant 0.42 0.53 0.37 0.46 0.09

AUCj 1 . 1 6 . 8 15.7 1.9 7.3 16.0 1 . 6 5.5 13.8

MDT) 0.5 0.7 0.9 0 . 8 1 . 0 1 . 0 0.7 1 . 0 1 . 2

VR) 0 . 2 0.5 0.7 1.5 0 . 6 0.7 0.4 0.7 0.7

RD) 0 . 8 0.9 0.7 0 . 8 0.7 0 . 6 0 . 8 0.7 0.5

release mechanism 0 . 8 1 0 . 8 0 . 8 0 . 8 0 . 6 0 . 8 0 . 8 0 . 6

release constant 0.82 1.43 0.61 0.65 0.58 0.25 0.69 0.58 0 . 2 1

tormulation - (1) 1NÜ : LAC : MCC (U.2i):4.7i>:J); (2)'IND : LAC : MCC (1:4:3); (J) IND : LAC : MCC (3:2:3)
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5.2.4 Part IV

Erosion of the dosage forms during the dissolution tests may occur, and hence the 

possibility of the drug being released by erosion was considered. It was assumed that only 

indomethacin and lactose were released and the microcrystalline cellulose was responsible 

for forming the structure of the matrix for the sphere. Tables 5.11 and 5.12 present the 

results for the data obtained from the dissolution tests when the speeds of the paddles and 

temperature were considered. Comparing columns (9) and (6) in both Tables it can be 

seen that the values for columns (9) are slightly higher than the values for column (6), but 

the differences are minimal suggesting that erosion of the spheres was not a factor in drug 

release. In fact, comparing the values in columns (7) and (8), the final weight of the 

spheres is very close to the expected amount of MCC in the spheres. Only for the test 

carried out at lower temperatures (12 and 25 °C) the results are different, but the 

differences are due mainly to the presence of indomethacin and probably some lactose in 

the spheres at the end of the dissolution tests.

5.2.5 Part V

To provide more information about the release of indomethacin from the spheres it 

was thought as relevant to coat the spheres and see whether the release mechanism and 

rate were changed, as a consequence of the coat. Tables 5.13 to 5.15 and Figures 5.5 to 

5.7 show the results for spheres coated with different amount of coating material (an 

aqueous dispersion of ethylcellulose), ranging from 1.5% up to 7.0% (w/w of spheres). 

Below 1 % the coat was not effective as the percentage of drug released was similar to the 

percentage of drug released from the uncoated spheres. On the other hand, the release 

from spheres coated with more than 7.0% of coating material was negligible. The results 

show that the release of drug was delayed, as the values for the median dissolution times 

(MDT) show (compare with the values of MDT for formulation with 1 part of 

indomethacin in Table 5.2,100  rpm). However, in a few cases, release approximating zero 

order was observed. This suggests that the coating membrane was controlling the release 

of the drug. This was observed for the higher drug load and lower amount of coating

-124-



In-vitro characterisation

Table 5.11: Effect of the speed of the paddles on the erosion of the spheres

(1) (2) (3) (4) (5) (6) (7) (8) (9)

0.25: 200 81 2.53 48.09 50.62 30.38 30 51
4.75 100 80 2.50 47.50 50.00 30.00 27 53
:3.00 50 81 2.53 48.09 50.62 30.38 30 51

20 81 2.53 48.09 50.62 30.38 31 50

1: 200 80 10.00 40.00 50.00 30.00 29 51
4 100 80 10.00 40.00 50.00 30.75 30 50
:3 50 81 10.13 40.50 50.63 30.38 30 51

20 82 10.25 41.00 51.25 30.75 31 51

3: 200 81 30.75 20.25 50.63 30.38 29 52
2 100 79 29.63 19.75 49.38 29.63 29 50
:3 50 80 30.00 20.00 50.00 30.00 32 48

20 81 30.38 20.25 50.63 30.38 37 44

1 ) parts of indomethacin, lactose and MCC in the formulations
2) paddle speed (rpm)
3) initial weight of the spheres (mg)
4) expected amount of indomethacin in the spheres (mg)
5) expected amount of lactose in the spheres (mg)
6) expected amount of indomethacin and lactose in the spheres (mg)
7) expected amount of MCC in the spheres (mg)
8) final weight of the spheres (mg)
9) weight lost (mg)

material applied (Figures 5.5 and 5.6 c). The release of drug from spheres coated with 

higher amount of coat (7.0%) is anomalous as the results in Table 5.15 show. After a 

release burst, only a small amount of drug was subsequently released.

5.2.6 Part VI

The results for the percolation theory, are presented on Table 5.16 and Figure 5.8 (a 

and b). As mentioned previously only one threshold was expected, because for processing 

requirements, lower amounts of excipient (MCC) could not be used in the formulations. 

Due to the fact that only the release of indomethacin was monitored, the values of the 

concentration of soluble material (mixture of indomethacin and lactose) in the spheres (A),
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Table 5.12: Effect of temperature on the erosion of the spheres

(1) (2) (3) (4) (5) (6) (7) (8) (9)

0.25: 45 80 2.50 47.50 50.00 30.00 27 53
4.75 37 80 2.50 47.50 50.00 30.00 28 52
:3.00 25 80 2.50 47.50 50.00 30.00 30 50

12 82 2.56 48.69 51.25 30.75 29 53

1: 45 80 10.00 40.00 50.00 30.00 27 53
4 37 82 10.25 41.00 51.25 30.75 30 52

:3 25 81 10.13 40.50 50.63 30.38 28 53
12 81 10.13 40.50 50.63 30.38 29 52

3: 45 81 30.38 20.25 50.63 30.38 28 53
2 37 79 29.63 19.75 49.38 29.63 29 50
:3 25 80 30.00 20.00 50.00 30.00 32 48

12 81 30.38 20.25 50.63 30.38 41 40

1 ) parts of indomethacin, lactose and MCC in the formulations
2) temperature (°C)
3) initial weight of the spheres (mg)
4) expected amount of indomethacin in the spheres (mg)
5) expected amount of lactose in the spheres (mg)
6) expected amount of indomethacin and lactose in the spheres (mg)
7) expected amount of MCC in the spheres (mg)
8) final weight of the spheres (mg)
9) weight lost (mg)

the solubility of these materials in the dissolution medium (CJ and the porosity (e) have 

been calculated taking into consideration both materials. This approach presents a major 

drawback as the two materials have different properties, namely their solubility in the 

dissolution medium. Therefore, to overcame the problem it was assumed that 

indomethacin was controlling the release of both materials (indomethacin and lactose).

Observation of Figure 5.8 (a and b) shows that the| two curves can be divided into 

two portions. The inflexion point is between 45 and 50% of soluble materials, which 

suggests that only when both materials are in a higher percentage does a diffusion 

mechanism control the release. Below the threshold the release is controlled by a different 

mechanism. Previous results. Tables 5.7 to 5.10 (100 rpm, 37’C, pH=7.4 and spheres in
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Table 5.13: Assessment of statistical moment analysis models of dissolution as a function of spheres with different drug loads for the same
amount of coating (1.5%)

Drug load
(parts of each ingredient in formulation)

0.25:4.75:3 1:4:3 3:2:3

AUQ 3.9 10.9 30.6

MDT, 1.62 4.41 5.45

VR, 1.71 14.0 9.58

RD. 0.65 0.72 0.32

release mechanism 0 . 6 0 . 8 0.3

release constant 0.15 0.27 0.09

AUQ 4.4 21.4

MDTg 2.43 4.53

VRg 4.4 5.85

RDg 0.75 0.29

release mechanism 0 . 8 0.3

release constant 0.37 0 . 1 1

AUC3 2.5 1 . 2 2 . 2

MDT3 1 . 2 1.06 1.5

VR3 0.63 0.77 0.82

RD3 0.44 0 . 6 8 0.36

release mechanism 0.3 0 . 6 0.3

release constant 0.42 0.24 0.33



Table 5.14: Assessment of statistical moment analysis models of dissolution as a function of spheres with different drug loads for the same
amount of coating (3.0%)

Drug load
(parts of each ingredient in formulations)

0.25:4.75:3 1:4:3 3:2:3

AUC, 6.3 11.5 17.4

MDT, 2.63 5.42 6.51

VR, 3.47 11.7 12.9

RD, 0.5 0.40 0.31

release mechanism 0 . 6 0.3 0.3

release constant 0 . 1 0 0.09 0.08

AUQ 5.9 5.9 6.4

MDTg 2.51 3.79 4.01

VRg 2.58 5.43 5.34

RDg 0.41 0.38 0.33

release mechanism 0.3 0.3 0.3

release constant 0 . 2 0 0.13 0 . 1 2

AUCj 2.5 0.90 0.80

MDTg 1.56 1.36 1.39

VRg 0.57 0.77 0 . 8 8

RDg 0.24 0.42 0.46

release mechanism 0.3 0.3 0.3

release constant 0.32 0.37 0.36



Table 5.15: Assessment of statistical moment analysis models of dissolution as a function of spheres with different drug loads for the same
amount of coating (7.0%)

Drug load
(parts of each ingredient in formulation)

0.25:4.75:3 1:4:3 3:2:3

AUC, 1.3 1.7 1 . 6

MDT, 3.03 2.90 2.52

VR. 8.41 6.35 5.15

m 1.81 1.57 1.63

release mechanism 1 1 1

release constant 0.33 0.34 0.40

AUCg 0.7 0.7 1 . 0

MDTg 1.75 1.55 1.75

VRg 6.45 3.93 4.89

RDg 2 . 1 1 1.63 1.61

release mechanism 1 1 1

release constant 0.57 0.65 0.53

AUC3 0 . 2 0.3 0 . 2

MDT3 0.54 0.69 0.56

VR3 0.38 0.42 0.47

RD3 1.29 0.90 1.47

release mechanism 1 1 1

release constant 1.85 1.45 1.79



Table 5.16: Calculation of the diffusion coefficient ’D’ and the sphere property ’(3’

soluble materials content 
(%)

Go Gd e A b D P

20 0.0313 0.2055 0.2363 0.2902 21.31 1.957 0.0396

30 0.0442 0.3040 0.3482 0.4359 22.49 2.179 0.0417

40 0.0381 0.4028 0.4409 0.5820 23.17 2.310 0.0430

50 0.0536 0.5017 0.6871 0.7280 24.60 2.601 0.0456

70 0.0081 0.7005 0.7085 1.022 31.52 4.242 0.0584

Soluble material (% w/w) is the sum of the % of lactose and % indomethacin

8(j - initial sphere porosity where is the apparent volume and is the true volume
- porosity due to the content of the soluble material (sum of the porosity due to lactose and indomethacin) 

e - total porosity of the sphere

A - concentration of soluble material in the sphere (g/cm'^) 
b - slope (10  ̂ cm'^s'° ̂ )

D - apparent diffusion coefficient (10'^ gcm^s'^) of the soluble material (a mixed coefficient of the diffusion of lactose and the diffusion of indomethacin) 
P - sphere property (10'^g°^cm'° ̂ s'°^)
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Diffusion coefficient (a) and ’P’ (b) as a function of the porosity of the spheres
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the range 1.00-1.40mm) suggest that there is a first order mechanism in control of the 

release, but comparisons and conclusions shoud be reached with extreme caution, for the 

reasons presented previously.

5.3 Conclusions

The release of materials from the dosage form is a complex process in which a series 

of events take place simultaneously. On the other hand, it is of great importance for the 

technologist to have information about the release of the drug substances. The literature 

shows several publications providing different models for dosage forms. The complexity 

of the phenomena is such that no single model predicts the release of a drug from any 

dosage form. Therefore, the combination of different models provided information which 

allows the following conclusions: the earlier stages of the dissolution process, for high 

drug loads are explained by the Hixson-Crowell model; the middle stages are explained 

by the Higuchi model and the final stages are explained by a first order model.

For lower loads, as the release is faster than for the other formulations, the first stages 

are not observed. The application of a coat induces changes in release patterns, providing 

zero order release for some formulations.
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6.

Properties o f tablets made from spheres 

obtained by extrusion and spheronisation
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Properties of tablets

6.1 Introduction

The production of aggregates by the process of extrusion and spheronisation, as 

described by Conine and Hadley (1970) constitutes one of several techniques described 

in the literature for the production of spheres which if required release the drug in a 

sustained release fashion. The high sphericity of these particles with a narrow size 

distribution and smooth surface makes these spheres good candidates for a controlled 

release multi-unit dosage form with several advantages over the single units dosage forms 

such as some types of tablets. Tablets, on the other hand, are the most popular dosage 

forms therefore, the combination of the two technologies, ie., incorporate spheres into 

tablets without damaging the structure of the spheres was thought to be a good approach 

and a study of tablets prepared from spheres is the aim of the present chapter. The tablet 

formed becomes a carrier for the spheres which are released when the tablet enters into 

contact with an aqueous environment. The incorporation of spheroids into tablets can be 

achieved by mixing the spheroids with a mixture of powders and then tabletting the 

mixture. The differences in size, densities, shapes of the constituents of this kind of 

mixture might give a product which does not possess the desired pharmaceutical 

characteristics. On the other hand, the presence of powders presents a potential risk of 

cross-contamination for other products due to aerial contamination. With the production 

of spheres at early stages of the manufacture process of tablets, this risk decreases. The 

combination of different percentages of spheres with drug and spheres without drug plus 

changes on the amount of drug supplied per sphere increases the flexibility of the tablets 

produced as a number of different tablets with different doses can be produced without 

major changes either in the formulation or in the processing conditions. As the sizes of 

the spheres can also change considerably (from 0.71 mm and less up to 1.70 mm in 

diameter) it means that drugs and excipients with different densities, for the same amount, 

can be incorporated in the spheres, without major changes in the formulation and then 

used in the mixtures of spheres to produce a tablet.

The aim of this section of work is to study the effect of several changes in the
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formulation, namely the different drug loads in the spheres (D), different percentages of 

spheres with drug, with barium sulphate (B) and barium sulphate and glyceryl 

monostearate (G) in the tablet formulation, the compression pressure used (P), the sphere 

size (S), the die diameter (Di) and the punch concavity (C), as presented on Table 6.1,

Table 6.1: Factors and levels in the experiments

Factor Level
in the experiment

Drug loading (D) 3, 2, 1, 0.5, 0.25
(parts in the formulation)

Proportion of Spheres containing drug 15, 25, 35, 50
(%)

Proportion of spheres
containing BaS (B) 0, 25, 50, 75

(%)

Proportion of spheres
containing GM (G) 0, 15, 25, 35, 50, 75

(%)

Pressure (?) 43, 65, 87, 108, 130, 173
(MPa)

Size of the spheres (S) 0.71 - 1.00
(mm, by weight) 1.00 - 1.40

1.40 - 1.70

Die diameter (Di) 8, 10, 12
(mm)

Punch concavity (C) 0, 1.5, 2.8
(mm)

BaS - barium sulphate 
GM - glyceryl monostearate

on the properties of the tablets such as the ‘R ‘ value (defined as the ratio between the 

lower punch force and the upper punch force), the force to eject a tablet from the die 

(Ejefor), the density of the tablet (Densi), the porosity (Fores), the force needed to crush
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a tablet (Crusf), the tensile strength (Tens!), the friability (Friab), the disintegration time 

(Disit) and the mean dissolution time (Disse) as an indication of the release of the drug.

For technical limitations only the first 5 variables were studied when the Manesty F3 

tabletting machine was used while, all variables were used for tablets prepared with the 

Instron machine.

Once the dependent variables, for instance Densi or Disse and the independent 

variables, for instance the drug content (D) in the spheres or the tabletting pressure (P) 

were selected, they were combined in an experimental design. Traditionally, the variables 

are studied one at a time. However, this approach does not readily provide information 

about possible interactions among the variables which makes this approach unhelpful. 

Therefore, there is a need to use experimental designs such as factorial design and/or 

designs based on a centre of gravity, which provide information that can be analysed by 

multivariate methods, which ensure that all available information from the data at its 

simplest level (such is the one obtained directly from the experiments) is extracted and 

transformed to a higher level, which becomes easier to interpret (Ragman and Jacobsson 

1990) and free from spurious inferences.

An experiment can be considered as a combination of a formulation processed under 

certain conditions, or in other words a combination of variables at certain levels. By 

changing the levels of the variables in the formulation (for instance, increasing the drug 

content in a formulation) or by changing the processing conditions (for instance, 

decreasing the pressure applied in the production of the tablets) further experiments can 

be designed. If the original experiment is the starting point, le., a centre, further 

experiments expand the design in different directions and constitute the basis for the 

’centre of gravity design’ as described by Podczeck and Wenzel (1990). This design is 

comparable to a fractional factorial design, however, in a fractional factorial design some 

combinations are rejected from the complete design with the risk of loosing information 

by rejection of important combinations whereas with the ’centre of gravity design’ new 

experiments can be added to the design. Table 6.2 presents the complete experimental * r
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Table 6.2: Design of the experiments

(Di) (C)(D)

108 1.00 0.0

1.00 0.0108

0.01.00108

1.00 0.01080.5

1.00 0.01080.25

0.0108 1.00

0.0108 1.00

108 1.00 0.0

1.00108 0.0

108 1.00 0.0

108 1.00 0.0

1.00 0.0

0.01.00

0.01.00

130 1.00 0.0

170 1.00 0.0

108 0.71 0.0

108 1.40 0.0

108 1.00 0.0

108 1.00 0.0

108 1.00 1.5

108 1.00 2.8

(1) - Number of the experiment
(D) - Drug load (parts in the formulation)
(2) - Combination of types of spheres in % (I-drug, B-barium sulphate, G-glyceryl

monostearate)
(P) - Compression pressure (MPa)
(S) - Sphere range (mm)
(Di)- Die diameter (mm)
(C) - Tablet concavity (mm)
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design. The design presents other advantages such as the possibility of the results 

produced from the experiments being analyzed by multivariate statistical techniques. In 

fact, Podczeck et al. (1986) studying the effect of 3 excipients commonly used in 

tabletting demonstrated that the information obtained from a 5̂  factorial design (125 

experiments) was equivalent to the information obtained from a centre of gravity design 

(13 experiments). The reduced number of experiments makes the information obtained 

from each experiment more relevant than in the factorial design, therefore, the design is 

much more dependent on the values chosen for the centre and there are more restrictions 

in using the model outside the limits of the design. The levels of the experiments should 

be significantly different.

Multivariate techniques are suitable methods which can be used to analyze data when 

the effect of several independent variables are to be considered on one or several 

dependent variables. These techniques allow the extraction of the most of the information 

available and can condense the number of variables when it is possible. Moreover, from 

the information selected these methods can show relationships among the variables, 

dependent and independent, in order to build a model.

In the present work, the objective is to analyze the raw data in order to establish 

correlations among the variables by using Canonical Analysis, select the independent 

variables and their interactions, which are relevant to explain the results by using both the 

Canonical Analysis and the Principal Component Analysis technique and finally, establish 

whether a linear relationships between a dependent variable and the relevant independent 

variables selected can be achieved. Further, the possibility of establishing an equation 

which explains and predicts a property of a tablet, when a certain formulation and 

processing conditions are used, can be examined.

Canonical Analysis, after Hotelling (1933), and Bartlett (1938) (Seal, 1966) is a 

technique able to correlate simultaneously several matrix dependent variables with several 

matrix independent variables (Hair et al., 1992) maximizing the correlation between the 

two groups of variables, dependent and independent. It should be pointed out that. 

Canonical Analysis requires the fewest restrictions on the types of data to be analyzed
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when compared with other multivariate techniques (Hair et al., 1992). Nevertheless, the 

method allows establishing the quality of the experimental design and elucidation of the 

relationships between two sets of variables, expressed in terms of canonical correlations 

or loads. This is achieved by transformation of the variables (X and Y) into canonical 

variables (U and V). The number of canonical variables extracted equals the number of 

variables of the smallest data set. The variables and the canonical variables are related by 

correlation coefficients or canonical loads, named intrarranging loads and interranging 

loads. The strength of the relationships between the pairs of canonical variables is 

reflected by the canonical correlation coefficients, which are the square roots of the so 

called eigenvalues or canonical roots. The canonical roots are the roots of the structure 

matrix of variances-covariances of the variables, once maximazed give the canonical roots. 

The significance of the canonical analysis can be tested. There are several tests available. 

The four most popular are the Roy’s test, the Wilks’ A test. Hotelling’s T  ̂ and Pillai’s 

criterion (Q), all of which test the structure matrix. Roy’s test analyses the first canonical 

root, which is useful when the dependent variables are strongly interrelated in a single 

dimension, and it is affected by violations of the assumptions whereas the others measure 

all sources of difference among groups. Wilks’ test considers all the characteristic roots. 

The statistical package used to analyze the data only shows the results up to four digits, 

which are not enough to evaluate with accuracy the results because significant A are 

mostly below 1.10' .̂ Hotelling’s test is similar to Wilks’ test and either test is based on 

a multivariate distribution function, which should be approximated to the F distribution, 

to allow the test values being compared with a common table of the critical values to be 

significant. In the present work. Hotelling’s T^-test, which evaluates the roots or 

eigenvalues of the latent matrix, was selected. The larger the test value (T^), for the result, 

the more significant is the correlation. It should be borne in mind that, canonical 

correlation coefficients are different from multivariate regression coefficients, as they take 

into consideration a set of variables which contributes with a portion of each dependent 

variable’s total variance (Hair et a l, 1992), ie., the canonical correlation coefficients 

reflect the variance shared by the linear canonical variables and not the variances of the 

original variables (Hair et al., 1992).

The extracting measures (ĝ xiu &nd ĝ yiv) describe the part of the whole variance of
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one range (X or Y) which can be explained by the canonical variables of the same range 

(Podczeck et al., 1993). The measures of redundance (ĝ îv and ĝ yju) of the shared 

variance of the canonical functions describe the part of the whole variance of one range 

that can be explained by the canonical variables of the other range (Podczeck et al., 

1993). For a canonical solution, the extracting measure ĝ xiu must be 1.000, whereas 

ĝ Yiv should be close to, or equal to unity. The measures of redundance have to be 

always below unity, but the closer they are to 1.000, the better is the interrelationship 

between the two groups of variables. Because of a limitation of the statistical package 

used, which takes into account only the significant canonical variables, the values 

presented in results section are smaller than unity for ĝ îu» but the programme 

undertakes a test of the canonical solutions being complete. The measures of redundance 

provides a better way to analyze the experimental design and the results as is discussed 

later.

The amount of variance of one original variable that is described by the canonical 

variables of the opposite variable group (d̂ îv d̂ yiu), is called interranging 

communality of the variable. Furthermore, the intrarranging communalities (d̂ îu 

d̂ Ytv) describe the part of variance of one variable that can be explained by the canonical 

variables of the same range . As the intrarranging communalities are not relevant for the 

present study they are not presented. The interranging communalities, however, are one 

important source to ascertain whether a variable of X contributes to the performance of 

the variables in Y, or not.

After the relationship between the two sets of variables has been established, and the 

most relevant factors selected by Canonical Analysis, it is important to check possible 

interactions among them also by using proper statistical techniques, known genetically as 

Factor Analysis (Lawley et al., 1963). The primary purpose of these techniques is to 

reduce the data and summarize by analyzing the interrelationships among a large number 

of variables (Seal, 1966). Factor Analysis are interdependent techniques where all 

variables are simultaneously considered, whereas with the Multiple Regression Analysis 

or Canonical Analysis, only the variables explicitly considered are analyzed (Hair et al., 

1992). In Factor Analysis there are two main techniques available: the Principal
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Component Analysis, after Pearson, (1901) and Hotelling, (1933) and the Common Factor 

Analysis, after Spearman, (1926) (Lawley et al. 1963).

For the purposes of the analysis of the factors, the total variance can be divided into 

common variance (shared with other variable), specific variance (or proper variance) and 

error (Hair et at., 1992). In Principal Component Analysis, the total variance is considered 

and hybrid components are derived containing small proportions of specific variance, but 

not enough to distort the overall component structure in the first extractions (Hair et al., 

1992). With the Common Factor Analysis only the communalities (or common variances) 

are in the diagonal of the correlation matrix whereas with the Principal Component 

Analysis, the diagonal of the correlation matrix presents unities meaning that, all the 

variance is considered (Hair et al., 1992). Principal Component Analysis is mathematically 

related to the Canonical Analysis, the components, ie., the transformations of the variance- 

covariance matrix, have to be extracted to obtain the latent roots and vectors, which 

summarize the data, as mentioned previously. For the extraction there are two methods: 

either the components are considered uncorrelated, and in that case the components are 

expressed by orthogonal axis, or some degree of correlation is assumed, and the axis are 

oblique. It was assumed that the components were not correlated which constitutes the 

basis for the Principal Component Analysis. The use of orthogonal components in 

subsequent regression techniques is easier (Hair et al., 1992).

By the combination of both methods. Canonical Analysis and Principal Component 

Analysis, it was possible to select the variables to be used in the univariate multiple 

regression analysis. The results were used to predict the properties of the tablets. Multiple 

Regression Analysis is an example of a dependence technique as mentioned previously. 

It allows the establishment of correlation between one dependent variable (y) and a group 

of independent variables (X) selected. Also it can be used to predict a dependent variable 

by simulation. The analysis of the residuals (difference between the observed and 

predicted values of the dependent variables), allows the examination of the quality of the 

regression model.

The analysis of the residuals allows a considerance of whether an acceptance of the
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model is appropriate. Moreover, the coefficients of correlation (R^), the ratio between the 

sum of squares errors explained by regression and the sum of the squares errors about the 

average, were calculated. To test the fact that the amount of variation explained by the 

regression model was higher than the variation explained by the average, a F test was 

used. Also an adjusted R ,̂ which relates the number of variables to the sample size, was 

calculated, as it helps to compare regression models, because it is independent of the 

number of variables.

Once the model was accepted it can be used in simulations.

Star diagrams, after Hartung and Elpelt (1984), complement the tables, showing the 

results for the centre point and the simulations when the independent variables are 

increased by 25%. The length of the axis represents 100% in changes on the dependent 

variables.

6.2 Results and discussion

6.2.1 General considerations

Table 6.1 presents the factors studied in this work and the levels of the factors in the 

experiments. Bold characters mean that the level was considered as the centre point of the 

design of the experiments. Table 6.2 complements Table 6.1 presenting the complete lay

out of the different experiments.

Experiments 1 to 18 were carried out only on the Manesty F3 for technical 

limitations. Tablets produced by the Instron followed the full design presented in Table 

6.2. The 22 different experiments can be divided into sets of experiments: in experiments 

1 to 5 the effect of the drug load in the spheres was studied; in experiments 6 to 11 the 

influence of the percentage of spheres with barium sulphate and spheres with barium 

sulphate and glyceryl monostearate were studied (the amount of microcrystalline cellulose 

was kept constant); the effect of compression force was studied in experiments 12 to 16;
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experiments 3, 17 and 18 studied the effect of the sphere size on the properties of the 

tablets; experiments 19 and 20 were designed to study the effect of the punches and die 

diameter and finally the effect of the punch concavity was evaluated in experiments 21 

and 22. The properties of the tablets observed can also be divided into groups. The ratio 

of the lower punch force to the upper punch force (’R ’) and the ejection force to eject the 

tablet from the die are discussed together. In the second group the properties that reflect 

the structure of the tablet, such as the density, the porosity, the crushing force the tensile 

strength and the friability of the tablets are evaluated. Finally, in a third group, the 

properties related with the disintegration of the tablets (expressed in terms of 

disintegration times) and release of the dmg (expressed in terms of mean dissolution 

times), after Brockmeier and von Hattingberg (1982), were observed. This grouping of 

factors and properties although simplistic was useful for discussion purposes. They are 

interdependent, as will be discussed latter.

The results are discussed in two parts. Initially, the effect of a single factor on a 

certain property of the tablets is discussed and in the second part multivariate statistical 

methods are used to emphasize the interactions among the variables and the quality of the 

experimental design.

The results for the tablets produced by the F3 machine (Table 6.3) are firstly 

discussed and then the results for the tablets produced by the Instron machine (Table 6.4).

6.2.1.1 'R ' and Ejection Force

The ratio of the lower punch force to the upper punch force (represented by the so 

called ’R’ value) and the ejection force needed to remove a tablet from the die are usually 

analyzed together as they reflect the lubrication capability of the formulations. In fact, the 

ejection force reflects the lubrication between the die wall and the tablet, usually 

normalized for the dimensions of the tablets and expressed as a coefficient of friction (p). 

By definition this force is a consequence of the radial force exerted by the tablet on the 

die. For unlubricated tablets the force to eject a tablet is much higher than for tablets with 

a lubricant. According to Nelson et al. (1954) the ejection force is linearly dependent on 

the force lost to the die wall during the final phase of the tablet formation. They suggested
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Table 6.3: Results from the tablets produced by the MANËSTY-F3

( 1 ) (2 ) (3) (4) (5) (6 ) (7) (8 ) (9) ( 1 0 )

1 0 . 8 6 1 2 1 1.89 38.26 7.22 0.082 3.37 3.5 2.28

2 0.89 146 1.91 30.56 8.58 0 . 1 0 0 2.80 3.5 1.92

3 0 . 8 8 136 1.97 28.29 7.75 0.090 4.11 3.5 1.64

4 0 . 8 8 138 2 . 1 2 2 2 . 8 8 8.77 0 . 1 0 2 6 . 2 2 3.5 1 . 1 0

5 0 . 8 8 104 1.80 24.85 8.03 0.093 4.33 5.0 0.94

6 0.89 1 2 2 2.03 27.79 7.49 0.088 5.69 4.5 1.87

7 0 . 8 6 132 2 . 1 1 22.06 9.17 0.108 61.2 0 . 0 1 1.26

8 0.62 863 2 . 1 0 19.90 4.37 0.050 1 0 0 0 . 0 1 0.98

9 0 . 8 8 133 1.48 23.38 7.95 0.060 1 . 2 1 60 2.82

1 0 0.90 168 1.69 27.94 9.09 0.086 3.51 30 2.43

1 1 0.70 640 2.55 19.61 3.50 0.048 1 0 0 0 . 0 1 1 . 2 1

1 2 0.87 97 2 . 2 1 19.82 2.58 0.026 1 0 0 0 . 0 1 1.35

13 0 . 8 6 87 2.08 24.33 5.30 0.056 36.4 0 . 0 1 1.46

14 0 . 8 8 141 2.26 17.71 6.13 0.071 1 0 0 3.0 1.40

15 0.89 158 2 . 1 2 23.09 10.3 0 . 1 2 0 1.18 3.5 1.44

16 0.89 977 2.07 24.84 1 0 . 6 0 . 1 2 0 1.14 3.5 1.47

17 0 . 8 8 170 2.03 26.18 9.31 0 . 1 0 0 2.26 3.5 1 . 1 0

18 0 . 8 8 1 1 2 2.04 25.85 8.29 0.089 4.95 3.5 1.79

(1) - Number of the experiment
(2) - ’R’, (n=20)
(3) - Ejection force (N), (n=20)
(4) - Density (gcm*^), (n=5)
(5) - Porosity (%), (n=5)
(6) - Crushing force (kgf), (n=5)
(7) - Tensile strength (Nm‘̂ ), (n=5)
(8) - Friability (% of powder/spheres released from the tablets), (n=3)
(9) - Disintegration time (min), (n=3)

(10) - MDT, mean dissolution time (h), (n=3)

the use of concave punches, which reduce the surface of thetablet in contact with the die 

wall and consequently the ejection force decreases. However, increasing the concavity of 

the punch tip may solve the problem, but contributes for other changes in the structure
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Table 6.4: Results from the tablets produced by the INSTRON

Properties of tablets

(1) (2) (3) (4) (5) (6) (7) (8)

1 2.29 16.4 10.4 0.102 0.7 2 2.56

2 2.30 16.2 9.0 0.100 1.0 2 2.29

3 2.38 17.5 9.4 0.104 1.0 2 1.91

4 2.28 17.2 9.6 0.105 1.0 2 1.13

5 2.30 16.5 9.6 0.105 1.2 2 0.90

6 2.47 11.9 8.7 0.096 1.9 2 1.85

7 2.30 14.7 10.2 0.111 1.6 2 1.65

8 2.34 10.5 13.8 0.148 0.5 0.01 1.16

9 1.68 12.9 6.0 0.052 3.5 30 3.42

10 1.95 16.6 6.7 0.065 1.4 10 2.25

11 2.79 11.7 12.2 0.150 1.7 0.01 1.45

12 2.26 17.8 6.1 0.062 20.6 2 1.91

13 2.31 16.0 6.2 0.065 3.8 2 1.92

14 2.26 17.8 8.4 0.090 1.9 2 1.80

15 2.28 17.1 8.3 0.091 1.3 2 1.75

16 2.28 17.1 9.7 0.107 1.6 2 1.79

17 1.96 ■ 28.7 10.5 0.118 1.4 3 0.82

18 2.26 17.8 8.1 0.089 0.5 2 1.90

19 1.94 29.5 7.7 0.068 3.4 4 1.44

20 1.95 29.1 9.2 0.071 6.4 7 1.51

21 1.94 29.5 1.9 0.078 100 3 1.26

22 1.97 28.4 2.5 0.038 100 3 1.40

(1) - Number of experiment
(2) - Density of the tablet (gcm‘̂ ), (n=5)
(3) - Porosity (%), (n=5)
(4) - Crushing force (kgf), (n=5)
(5) - Tensile strength (Nm‘̂ ), (n=5)
(6) - Friability (% of powder/spheres released from the tablets), (n=3)
(7) - Disintegration time (min), (n=3)
(8) - MDT, mean dissolution time (h), (n=3)
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of the tablet as a consequence of a different distribution of forces throughout the tablet.

The best lubricants are usually hydrophobic materials like the stearates (eg. 

magnesium stearate) which by definition have poor affinity for the water and for other 

hydrophilic njaterials commonly employed in the formulations like the microciystalline 

cellulose, lactose or barium sulphate used in the different formulations, therefore, it is not 

surprising that an increase of glyceryl monostearate in the formulation is reflected by an 

increase on the disintegration time as will be discussed later.

As mentioned before the ’R’ values reflect the transmission of force throughout the 

spheres under pressure. In fact, it reflects the fraction of maximum force exerted by the 

upper punch transmitted to the lower punch (Nelson et al., 1954). ’R’ values reflect more 

than the efficiency of the lubricant as during the transmission of the force changes in the 

materials occur. Nevertheless, good lubricants like magnesium stearate present ’R’ values 

close to unity. In practice, ’R’=l never happens as the systems tend to absorb some of the 

applied force (or energy) in two ways: either the spheres absorb this energy forming 

bonds between the spheroids, or just for deformation and fragmentation, or by applying 

the force on the die wall, plus loss in the form of heat.

Looking at Figure 6.1 a) which presents the ’R’ values for the different experiments, 

the first set of five experiments where the loading of the spheres with the drug was 

modified, the changes on the values of ’R’ were not significant (see Fig. 6.1 b). The 

results are not surprising because the value of ’R’ reflects the changes produced by the 

différents types of spheres. Values around 0.89 can be accepted as reflecting a good 

lubrication. Nelson et al. (1954) studying the effect of different lubricants at different 

concentrations in a formulation of granules with sulfathiazole, calculated the ’R’ values 

for the different tablets produced. Only the stearates (calcium, sodium or magnesium 

stearates) used in 1 or 2 % of the total weight of the formulation presented equivalent 

results to those obtained in this set of experiments.

The ejection force reflects the lubrication properties of a formulation. From Fig. 6.2

a), experiments 1 to 5, although the drug content in the spheres was changed, the ejection
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as a function of sphere diameter
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force remained constant, suggesting that increasing or decreasing the amount of 

indomethacin (or lactose) in the formulations did not affect the lubricant properties of the 

tablet. As indomethacin has poor or no lubricating properties, a change in the percentage 

of indomethacin from 0.8 to 9 % in the tablet seems to be enough to affect the lubricant 

properties of the tablet. As this change was not reflected either in the ’R* value or in the 

ejection forces of the tablets, it suggests that neither the indomethacin nor lactose 

contributed for the final ’R’ values or ejection forces. Moreover, the release of 

indomethacin or lactose from the spheres, assuming that the spheres with the drug were 

crushed throughout the process of making the tablet, would have changed the properties 

of the tablet, like the tensile strength, as the two materials have different properties, 

namely the affinity for the other materials in the formulation.

At this stage it is useful to see if decreasing the percentage of spheres with glyceryl 

monostearate, as they contribute 12.5% of glyceiyl monostearate (GM) towards the total 

weight of the tablet, will affect the lubricant properties of the tablets. This percentage is 

higher than the common percentages (2 to 5%) used for lubricants. The experiments 6 to 

11 were designed to assess the result of these changes. From Figure 6.1 a) it can be seen 

that an increase in the content of the spheres with GM resulted in a small increase in the 

values of ’R’, suggesting that the contribution made by the spheres with GM in the 

formulation as lubricant was sufficient if 25% was present. On the other hand, decreasing 

the amount of GM in the formulations had a direct effect on the values of ’R’, being 

dramatic for formulations 8 and 11, suggesting that the presence of GM is important to 

ensure a good pressure distribution throughout the tablet, improving the pressure 

transmission within the tablet. The percentage of spheres with GM needed to provide good 

response is 15% (experiment 7), as for higher percentages of GM the value of ’R’ did not 

increase (experiments 3,6,9 and 10). On the other hand, percentages below 15% 

(experiments 8 and 11) the values for ’R’ decreased dramatically.

Discussing the effect of the spheres with barium sulphate (B), for a constant 

percentage of spheres with drug (25%), (experiments 3,9,10 and 11), again the presence 

of GM is relevant and an increase of the percentage of spheres without GM (B) had a 

negative effect on the value of ’R’ (experiment 11, absence of spheres with GM). To have
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a satisfactory value of ’R ’, the maximum percentage of spheres containing B to be 

employed, seems to be 50%. Moreover, analyzing the results from the experiments where 

the percentage of spheres without GM (B) was kept constant (experiments 3,6,7 and 8) 

reflected the importance of the presence of the GM in the formulation.

Comparing formulations 8 and 11 (GM was not present in the formulations), they 

presented the lowest values for ’R’. Experiment 8 (higher percentage of spheres with drug 

show the lowest value for ’R’). As will be discussed later the tablets produced in these 

experiments showed the lowest median dissolution times which suggests that the spheres 

containing indomethacin were broken under pressure.

Looking now at Figure 6.2 a), illustrating the ejection force (experiments 6 to 11), it 

can be seen that the pattern of the figure is similar to Figure 6.1, although the variations 

occur in the opposite direction. Formulations 8 and 11 presented the highest ejection 

forces. Glyceryl monostearate was not presented in these formulations which suggests that 

GM is acting as lubricant in the formulations. The formulation with higher percentage of 

spheres containing indomethacin (experiment 8) showed the highest ejection force, 

followed by formulation 11. The other formulations fall within the centre of gravity 

(experiment 3). The formulations where B was kept constant (experiments 3,6,7 and 8), 

show that the increase in spheres containing GM was not reflected in a linear relationship 

with the ejection force of the tablets, but below 15% of spheres with GM, the force 

increased to unacceptable values of the ejection force (863 N). Moreover, keeping the 

percentage of spheres with drug constant (experiments 3,9,10 and 11), an increase in 

spheres with BaS did not present a linear relationship with the ejection force for the first 

3 experiments, where GM spheres were present at a percentage above 25%, but the 

experiment 11, which contain no GM, the ejection force increased dramatically.

Figure 6.1 c) presents the results for experiments 12 to 16 showing a slight increase 

of ’R’ versus the forces applied. This finding was also reported by Miller and York 

(1988). It suggests that the lubrication due to the presence of GM increases with the force 

applied. As will be discussed later GM, softens under pressure or was squeezed through 

the spaces between the spheres and the space between the die and the punches.
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Nevertheless, the transmission of the applied force is improved with the pressure, as 

reflected by the values of ’R ’. The ejection forces for the 6 experiments show a non-linear 

increase on the ejection force with the applied pressure (Fig. 6.2 c). After just a slight 

increase, up to a compression pressure of 130 MPa, the ejection force increases to the 

highest value (977 N) for an applied pressure of 173 MPa. Comparing these results with 

those presented in Figure 6.1 c) there is a significant variation. It was expected that as ’R ’ 

increased with the force applied, the ejection force, would be expected to decrease. In 

fact, it increased in an unexpected way. Therefore, the explanation must be found 

elsewhere. A lag time exists between the collection of data for the compression forces and 

ejection forces which might be long enough for changes to occur in the structure of the 

tablet. It was observed that when applied pressures were higher than 173 MPa as the 

upper punch went down some GM, was released from the tablet and appeared between 

the die wall and the punches. This fact was observed in a much smaller scale with some 

tablets produced at the highest force. This suggests that the surface of the tablet in contact 

with the die wall becomes free of GM, due to the release of GM or the radial force 

increases with the axial force in such a way that the GM present is not enough to provide 

a proper lubrication to the system.

The diameter of the spheres did not affect the transmission of the force as can be seen 

from Figure 6.1 d). This suggests that the spheres without the drug fragment rather than 

deform when submitted to pressure. In fact, results from other tests (eg. disintegration 

tests) showed that the spheres with drug remained intact, but the others were reduced to 

fragments and powder. This fact can be used to explain the effect of the pressure applied. 

If fragmentation is the main transformation of the spheres then lower forces induce low 

fragmentation of the material but increasing the force, the fragmentation of the materials 

increases, releasing materials that are plastic (eg. microcrystalline cellulose). Highly 

fragmented spheres produce a more homogeneous and less porous tablet than the spheres 

for which fragmentation is not complete and, consequently the transmission of the force 

to the lower punch (axial force) and to the die wall (radial force) become easier. Based 

on this fact, the results presented on Figure 6.2 d) are not surprising. Smaller spheres 

presented higher ejection forces than larger spheres. As the ejection force is the force 

needed to overcame the remaining radial force it can be said that the forces of the tablets
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on the die wall for larger spheres were smaller for a constant applied force than for the 

larger spheres. This means that for smaller spheres, the distribution of the force within the 

tablet is more uniform than with the larger spheres. It is also possible to discuss the 

results in terms of initial packing. Smaller particles tend to produce low packing than 

larger particles, which means that the force applied will be partially converted into radial 

force more easily as it was observed when the spheres were placed in the die prior to 

compression, for the tablets produced by the Instron.

6.2.1.2 Densitv and Porositv

Figure 6.3 a) present the results for the densities of the different tablets produced in 

the different experiments whereas Figure 6.4 a) present the results for the porosities of the 

same tablets calculated from the densities (the volumes of the spheres were measured by 

the air pycnometer).

Analyzing in detail the results from the experiments 1 to 5 (load of drug in the 

spheres) the changes were minimal (Figure 6.3 b). The densities, decreased by 0.1 gcm'^ 

for the tablets produced by the Manesty machine when the drug content in the 

formulations increased from 0.8 % up to 9 %, and for the tablets produced by the Instron 

(Figure 6.3 b) no differences were observed. This finding by itself does not provide 

enough information about the structure of the tablets as the density of a tablet tend to 

reflect the densities of the original materials rather than the structure of the final dosage 

form. However, when the porosities were calculated and the results plotted (Figure 6.4 b) 

differences between the tablets produced by the F3 machine and the Instron can be seen. 

For the tablets produced by the Instron the density of the tablets and the porosity were 

constant when the load of the drug increased. However, when the tablets were produced 

in the F3 machine, large changes in the porosities were observed (Figure 6.4 b). Not only 

that, as the values for the densities and for the porosities for the tablets produced by the 

two machines are different, the densities of the tablets produced by the Instron higher 

(around 2.3 gcm'^) and the porosities lower (around 16 %), than those produced by the 

Manesty machine. The explanation is associated with the different times of the 

compression cycles for the two machines, being longer for the Instron. The longer
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Results for the density (DENSI): a) all experiments, b) as a function of the relative drug
load, c) as a function of compaction pressure, d) as a function of sphere diameter, e) as

a function of die diameter and f) as a function of punch tip concavity

-153-



Properties of tablets ...

50

40 -

~  30
O A A

A

• • • • •

-  Manatty 
# T a*#  -  Initron

I '  I M  '  I  '  t '  I I I ■ I ■ I r  m - r r '  I '  I '  I '  I '  I  ■ I » I  '  I '  I '

1 2 3 4 5 6 7 8 9 10111213141516171819202122

experim ent numberVA p O l I l l lW llt  l l U l i l W I
( •0  tx p tr  1 -5  AA axpar 6-11 vv  axpar 12-16) 
i*A axpar 17-18 *★ axpar 19-20 a o  axpar 21-22)

SO

4 0  -

30 -

10 -
•  -  Inatron 

O -  Manaaty

51 2 3 40
relative drug load

40 -

30 -

k 20 -

10 -
▼ -  Inatron 

▼ -  Manatty

0 50 100 150 20C

40  -

30 -

10 -
a  -  Inatron 

O -  Manatty

2 . 00 . 0 1 . 0

com paction p ressu re  (MPa) sphere  d iam eter (mm)

50

40

M
M
o
o
a.

Instron

5 1510

40  -

30 -

X 20 -

10 -
Instron

320 1
die d iam eter (mm) punch concavity  (mm)

Figure 6.4

Results for the porosity (POROS): a) all experiments, b) as a function of the relative drug
load, c) as a function of compaction pressure, d) as a function of sphere diameter, e) as

a function of die diameter and f) as a function of punch tip concavity
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compression cycle allows the materials, ie.  ̂ the spheres, the broken spheres and the 

powders to move inside the die and filling the voids between the other particles. Longer 

cycles also mean that plastic transformatioris occur for longer periods. On the other hand, 

shorter cycles produce a tablet with lower densities and higher porosities. As the Figures

6.3 b) and 6.4 b) show, the presence of indomethacin or lactose (the total amount of 

indomethacin and lactose is constant), affect the structure of the tablet. Apparently the 

structure of the spheres with the drug is affected during the compression, but further 

evidence presented later in this discussion shows that the spheres with drug were not 

affected during the compression cycle. Therefore, the explanation must be found 

elsewhere. Ganderton and Selkirk (1970) studying the porosity of tablets produced from 

granulated sucrose and lactose (in the size range 180-2(XX) pm) concluded that granules 

tend to keep their integrity to some extent during compaction, in other words, a tablet can 

be described as a larger aggregate of small granules, therefore, the porosity of a tablet is 

a function of the porosity both between and within the granules. The explanation for the 

changes in porosity and density must be found at the surface of the spheres rather than 

within the spheres structure. It is assumed that the spheres without drug break before the 

spheres with drug, as the force needed to crush the first type is about 6 times smaller than 

the force needed to crush the others (see Table 4.1). The changes on the properties of the 

surfaces of the spheres with drug must be affected by the replacement of lactose by 

indomethacin. The properties of lactose and indomethacin are different namely the affinity 

to the other materials present in the formulation, for example the microcrystalline 

cellulose, as the different surface free energies of the materials indicate. Lactose with a 

higher affinity for microcrystalline cellulose than indomethacin (chapter 4) can produce 

bonds with the microcrystalline cellulose to a stronger and greater extent then 

indomethacin, therefore, the structure of the tablets produced with higher amount of 

lactose present, have the smallest porosity. As the amount of indomethacin increases at 

the surface of the spheres, the ability to form bonds with the microcrystalline cellulose 

decreases. Consequently larger number of voids are present in the tablets. It should be 

pointed out that the other materials in the formulation affect the properties of the tablets, 

but as they were kept constant their effect is assumed to be constant.

Looking again at Figure 6.3 a), particularly experiments 6 to 11 (the changes in the
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percentages of the different spheres), the results reflect the expected pattern. The main 

contribution for the final density of the tablets dependeds mainly on the balance between 

the percentage of spheres with barium sulphate (B) and glyceryl monostearate (G), /e., 

higher the percentage of spheres with GM in the tablet, the lower the density of the tablet 

(experiments 6 to 11). For the same amount of spheres B (experiments 3,6,7 and 8) a 

linear increase in GM in the formulation was not followed by a linear increase in the 

density, as the spheres with GM have barium sulphate and the percentage of spheres with 

drug also changes. Therefore, correlations were difficult to make. The same arguments can 

be applied to describe the results where the percentage of spheres B is increased, for a 

constant percentage of spheres with drug (experiments 3,9,10 and 11). In this group of 

experiments the changes in densities were more dramatic, showing the importance of the 

contribution of barium sulphate to the density of the tablet, which is not surprising as the 

density of barium sulphate more than doubles the densities of the remaining materials. 

After discussing the effect on the densities of the tablets, it is important to discuss the 

effect of BaS and GM on the porosities of the tablets and indicate how the structure of 

these tablets is affected with the changes in the formulation. In fact, looking at Figure 6.4 

a) (porosities) it can be seen that they present a different pattern when compared with 

Figure 6.3 a) (densities), experiments 6 to 11. Again the densities and porosities for the 

tablets produced by the Instron machine are higher then the others. The differences in time 

of the compression cycles and the consequent transformations which occur during the 

cycle can justify the differences. From the observation of the Figures it can be seen that 

differences in formulation did not result in large differences in the porosities, as can be 

observed for the densities, namely for formulations 9 and 11 where the spheres with GM 

(G) were replaced by spheres with BaS (B), which seem to produce tablets with similar 

porosities. Looking at the results of the experiments 3,6,7 and 8, it can be seen that the 

porosity tend to decrease as the amount of GM in the formulation decreases, which 

suggests that high percentages of GM in the formulations produce tablets with a more 

open structure. Again, the low affinity of this material to the others in the formulation 

may explain this fact. Looking now at the results of the experiments 3,9,10 and 11 it can 

be seen that the porosities of the tablets are similar, inspite of the differences in 

formulations. Even so, small differences occurred as tablets produced from two different ' 

types of spheres tend to show lower porosities then the tablets in experiments 3 and 10.
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The presence of spheres with both BaS and GM in the formulations, make the tablets 

more heterogeneous and consequently more likely to result in higher porosities.

Regarding the effect of applied force, or pressure, several workers concluded that, 

increasing the pressure in a non-linear fashion the porosity decreases [Armstrong, (1982), 

Higuchi et al. (1953) and Newton and Rowley (1973)].

The results in Figure 6.4 c) contradict these conclusions. In fact, the porosity of the 

tablets was independent of the applied forces (around 16.5 % Figure 6.4 c), if prepared 

on the Instron, or it increased slightly from 21.2 up to 25.8 % (Figure 6.4 c), for tablets 

produced on the Manesty, probably as a consequence of relaxation of the tablets produced 

in this machine. Although the values are not very significant, the observation is relevant. 

The theory of compression states that the force applied to a system modifies the packing. 

After initial fragmentation or plastic deformation of the materials, the bonding between 

particles increases in number and strength, the number and size of the voids decreases. 

Densification of the powder bed occurs. However, the present results show that the system 

did not follow these principles. Further experiments (the results are not presented in 

Tables 6.3 or 6.4) showed that below an applied pressure of 43 MPa compacts were 

obtained, but they broke immediately when tested by diametral crushing or friability or 

even when handled. On the other hand, when the pressures applied were higher than 173 

MPa, glyceryl monostearate was extruded from the die and punches. The values for the 

pressures applied were between these two limits. The tablets produced showed the same 

visual aspect, densities and other properties as will be discussed later. Pressure was 

expected to affect the density and porosity of the tablets as the compression cycle did 

(Figures 6.3 c and 6.4 c). When formulations without glyceryl monostearate were 

compressed at two different forces the density of the tablets increased (results not shown) 

which suggests that the presence of glyceryl monostearate in the formulation is the 

important factor which changes the behaviour of the system.

Several workers tried to explain the effect of pressure on mixtures with waxes or fatty 

acids but the results are ambiguous. It is recognised that the temperature increases in the 

die a few degrees during the compression cycle (Higuchi et al. 1954). Considering that
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the temperature increases in the system is a consequence of the increased temperature in 

the contact points among the spheres, this means that the increase in temperature in these 

points is much higher than that observed. York and Pilpel (1973) proposed a third 

mechanism for the Heckel plots (type C) after studying the effect of pressure on different 

fatty acids which have melting points much lower than the other materials commonly used 

in the formulations. In the present work the results failed to provide the evidence that 

glyceryl monostearate melted. It can be assumed that the wax was softened or simply 

extruded within the tablet for lower pressures and out of the die and punches for higher 

pressures as it was observed by visual inspection. What can be said is that glyceryl 

monostearate, at least at the surface, formed a film which acted as a lubricating agent and 

closed the porous at the surface. Higher pressures made the glyceryl monostearate move 

towards the surface and then out of the die. Assuming that the glyceryl monostearate 

closed the porous at the surface the tablets were produced with the same volume, and the 

air, in the air pycnometer was not allowed to penetrate into the tablet.

Looking now at Figures 6.3 d) and 6.4 d), the results show different patterns. Hunter 

and Ganderton (1972) stated that the granules or tablets produced from a certain 

formulation depended on the size of the primaiy particles. Wikberg and Alderbom (1990) 

studying the densification of lactose concluded that larger particles produced a better 

agglomeration. Moreover, Fell and Newton (1971) using different sizes of lactose (150 - 

210 pm) concluded that higher densifications were obtained when the particle size 

increased and the time of the compression cycle increased as a consequence of a better 

particle rearrangements. Although the sizes of the spheres used in the present work are 

several times larger than the particles used by Fell and Newton (1971), the results in 

Figure 6.3 d) seems to support the previous conclusions. Figure 6.4 d) shows the results 

for the porosities, which follow a similar pattern to Figure 6.3 d) for the densities. 

Although the densities and the porosities did not change for the tablets produced by the 

F3 machine, the densities and the porosities of the tablets was very sensitive to the size 

of the spheres when the tablets were produced on the Instron, suggesting that for low 

speeds rearrangement and other time dependent phenomena, like plastic deformation, had 

enough time to occur and particles or spheres bond in a better way, le., as the surfaces of 

the components came closer, the number of bonds and their strength were higher. It
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should be bom in mind that densification of the spheres themselves may occur during the 

compression cycle as a consequence of rearrangements of particles, as pointed out by 

Wikberg and Alderbom (1991).

Figures 6.3 e) and 6.4 e) present the results for the densities and the porosities of the 

tablets produced in the Instron. The results show that decreasing the punch diameter the 

density of the tablets tend to decrease and the porosity tend to increase, The observation 

suggests that for smaller punch diameter, the bonds between the particles within the 

tablets were not as strong as for the tablets produced with larger punches diameter. The 

distribution of the force applied by the upper punch in the Instron machine, when the ratio 

length to diameter of the tablet increases, changes. Also the movement of the spheres 

during the compaction changed as for smaller diameter the radial movement of the 

particles in the die decreases not allowing the fragments and powder produced in the 

process of compaction to fill the voids.

Sixsmith (1980) studying the effect of punch geometry on compression of 

microcrystalline cellulose (Avicel, PH 101) observed that the porosity of the tablets 

increased with the concavity of the punches. Taking into consideration that the die wall 

friction decreased when the concavity of the punch tips increased and therefore, a better 

tablet would be formed, the observation suggesting that the changes in porosity and 

density were due to the particles in the tips of the punches which during the movement 

of the punches these particles are more protected than the others (Train, 1956). The same 

arguments can be used to discuss the results presented in Figures 6.3 f) and 6.4 f).

6.2.1.3 Cmshing force and Tensile strength

The formation of bonds between particles (powders, granules or spheres) when 

submitted to pressure is the key factor in tablet production. In fact it is this ability of the 

particles to come into contact and bind to form a compact that is the basis of the 

production of tablets and identifies this dosage form from the others. The strength and 

number of the bonds formed are of extreme importance being responsible for the structure 

of the tablet, which is reflected by the density and porosity, how the tablet supports 

abrasion or external shock or how the tablet behaves in the presence of a solvent.
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Therefore, it is important to assess properly the strength of a tablet. Table 6.3 and Table

6.4 present the results for the tablets produced with the F3 tablet machine and Instron 

tester. Results are represented in Figure 6.5 a) for the crushing forces and Figure 6.6 a) 

for the tensile strengths which were calculated according to Fell and Newton (1970) and 

Pitt et al. (1988). As Newton et a/. (1971) suggested, the tensile strength is a fundamental 

property of the compressed material and can be used to compare different formulations, 

shapes of tablets and processing conditions. In fact it is impossible to compare crushing 

forces of flat tablets with the crushing forces of biconvex tablets or with tablets with 

different dimensions therefore the discussion must be centred on the tensile strengths of 

the tablets.

The sections of the tablets exposed after the test showed intact spheres with 

indomethacin (yellowish) surrounded by compacted white powder. Moreover, failure 

seemed to occur by normal tensile failure only, which is one of the mechanisms described 

by Fell and Newton (1970). Butcher et al. (1974) realised that the tensile failure of 

compacts occurred on surfaces bonded during compression. Again the experimental 

observation suggests that the bonds occurred among the particles from the broken spheres, 

while the spheres with drug which remained intact.

Analyzing the data from Figure 6.6 a) the general pattern of the results is that the 

tensile strengths obtained from the tablets produced by the F3 machine are lower then the 

ones obtained from the Instron tester, showing the time dependence on the bonding 

mechanisms. A similar conclusion has been reported by Pitt et al. (1990) after studying 

the tensile strength of aspirin tablets. Variations in the tensile strength for the first five 

sets of experiments (experiments 1 to 5) were not significant, showing the independence 

of the tensile strength from the drug loading in the spheres. If the spheres with 

indomethacin and lactose have been broken throughout the process of tabletting, than the 

differences between the tensile strengths of the tablets in experiment 1 (with high content 

of indomethacin) and the tablets in experiment 5 (with higher content of lactose) would 

have been different, as the release of indomethacin and lactose to the bulk of the tablet 

would have affected the bonding with the remaining powders in the formulation, and 

therefore the strength properties of the tablets would have changed namely, the tensile
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Strength producing stronger tablets in experiment 5 than in experiment 1.

Looking now at the second set of experiments (6 to 11), where the percentages of the 

different spheres were studied, the longer the compression cycle produced by the Instron 

reflected the time dependence of the materials, except for experiments 9 and 10 which are 

formulations with a higher percentage of spheres with glyceryl monostearate. These 

formulation provide a higher crushing force for tablets produced in the F3 machine, 

suggesting that stronger structures have been formed in a shorter time, which means that 

some elastic recovery must have happen which partially disrupted the number of bonds 

among the particles, namely due to the presence of GM in higher concentrations. The 

highest values for the tensile strengths were obtained in the experiments 8 and 11 (GM 

was not present in the formulation). The crushing forces or the tensile strengths are much 

higher for the tablets produced by the Manesty machine. The difference was the longer 

compression cycle for the Instron. This suggests that plastic deformation or other time 

dependent phenomena occurred during the tabletting of these formulations. Moreover, 

spheres containing barium sulphate do not produce tablets easily, but it is possible to 

produce compacts with high porosity (higher than 30%) whereas lactose produces tablets 

with a porosity of 2.3%, as the mechanism of deformation is mainly by fragmentation and 

interlocking of particles as a consequence of the higher hardness of these materials 

(Roberts and Rowe, 1985). On the other hand, a material like microcrystalline cellulose 

which is a plastic material is well known to improve compression and bond formation 

(Bangudu and Pilpel, 1985) deforming with time. Therefore, longer compression cycles 

mean more time for deformation and strengthening of bonds (David and Augsburger, 

1977). Looking at the results of experiments 3, 6 and 7 (Figure 6.6 a), (% of spheres with 

GM increase in the formulations) the tensile strength tend to decrease with higher amounts 

of GM in the formulation. York and Pilpel (1973), studying the effect of fatty acids in 

formulations for tabletting observed that an increase in the concentration of the fatty acids 

resulted in a decrease in the tensile strengths of the tablets. This suggests that these 

materials possess a great difficulty in bond formation with the other materials, therefore 

the structure of the tablet is affected. Looking now at results from the experiments 3, 9 

and 10 (where the percentage of spheres with indomethacin was kept constant) it can be , 

seen that the presence of glyceryl monostearate has a deleterious effect on bond formation
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and as the time of the compression cycle increases, this effect becomes more relevant than 

for the shorter cycles. These results indicate that the spheres were very time dependent 

in their compaction properties, probably due to their plastic nature. Had the spheres shown 

brittle properties, they would not have been affected so dramatically by the tabletting 

machines or by the presence of glyceiyl monostearate.

The effect of pressure on the formulations have been reported by several workers. 

Higuchi et al. (1953 and 1954), Knoeckel et al. (1967) described a linear relationship 

between crushing force and the log of the maximal compressional force up to a limit. As 

it can be seen in Figure 6.6 c) linear relationships were found between the tensile 

strengths and the compression forces (not logarithmic) which suggests that the systems 

(experiments 12 to 16) are less sensitive to changes in pressure than the ones described 

in the literature, the tablets produced by the Manesty being more sensitive than those 

produced by the Instron. On increasing the compression force, the spheres with barium 

sulphate and those with glyceryl monostearate are broken and the fragments surrounded 

the spheres with indomethacin. The linear relationship suggests that the tabletting of 

spheres can accommodate the different applied pressures, which means that the structure 

of the tablets produced, especially for low pressures, are not completely formed. This fact 

has been suggested before when the density of the tablets was discussed as the crushing 

force can be related to the porosity (density) of the tablets (Shotton and Ganderton, 1960). 

Newton et al. (1986) tabletting acetyl salicylic acid found a linear relationship between 

the tensile strength and the compression forces applied due to the elastic properties of the 

material. However, in the present case the tablets did not show any elastic recovery 

immediately after they were made as the volume of the tablet inside the die at maximum 

pressure was identical after ejection (Instron). The measurements of the densities, crushing 

forces and other properties were carried out a few days latter.

The size of the tabletting granules is also important. Butcher et al. (1974) studied the 

tensile strength of tablets of lactose (particles in the ranges 3 2 - 2 1 0  pm) suggested that 

for a formulation with particles in the same size range, as the size increased the tablets 

produced were weaker. In fact, the increase in sphere size decreases the surface area of 

spheres meaning that fragmentation will not be as complete as with small spheres. As
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Armstrong (1982) pointed out anything which increases the area of interparticulate contact 

must contribute for the increase on strength of the tablet. Fell and Newton (1968) also 

concluded that the rate of increase in tensile strength with compaction force also increases 

with decrease in particle size. In fact the strength of a tablet depends on the initial particle 

size of the material.

Looking at Figure 6.6 d) it can be seen that as the sphere size increases the tensile 

strengths decreases and it is more evident for the tablets produced by the Instron machine. 

Again the crushing forces for the tablets produced by the Instron were higher than the 

others and the effect of the mean sphere size more relevant.

Figure 6.6 e), experiments 19 and 20, show the results for the die diameter for 

constant mass of pellets. The changes in crushing forces seemed not to be relevant. 

However, tensile strengths have shown a decrease from 0.1 Nm'^ (for a 12 mm die 

diameter) to approximately 0.06 Nm'^ for tablets produced in a 10 and 8 mm die diameter. 

It suggests that the best ratio for the dimensions of the tablet regarding the tensile strength 

is achieved with a 12 mm die diameter. In fact using eccentric machines, the pressure is 

applied only by the upper punch which means that the force is not properly distributed 

throughout the tablet. Therefore, increasing the length of the tablet the loss of pressure 

within the die wall also increase resulting in a less dense tablet especially at the bottom 

which is reflected on the tensile strengths.

Results in Figure 6.6 a), experiments 21 and 22, reflect the effect of the concavity of 

the punches on the crushing forces of the tablets. In fact the increase in concavity of the 

punches which can be described after Pitt et al. (1990) as flat, unity and coating, was 

reflected in the strength of the tablet. In fact, the tablets became much weaker when 

curved punches were used. The movement of the spheres in the die and a completely 

different force distribution can explain this observation, as the bonds between particles 

were weakened.

6.2.1.4 Friabilitv

Friability reflects the ability of tablets to withstand either shocks and abrasion without
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loosing material. The test seeks to provide information in the way that the tablet is going 

to behave during the later stages of production, packaging, shipping and patient use. 

Although sometimes, relationships can be made with other properties of the tablets, such 

as the crushing force, because the friability is a consequence of the forces among the 

particles it could be suggested that an inverse relationship with the crushing force, applied 

pressure or compression cycle, should exist (Knoeckel et al., 1967). However, generally 

there is no physical principle to support or explains the variation in friability. In fact. 

Pharmacopoeias do not include this test in the tablet monoghraphies, but industry performs 

friability tests on tablets produced and the results are used as an indication for further 

processing, ie., tablets with high values for friability are rejected.

Results for the friability are presented in Figure 6.7 a). The loading of the spheres 

with drug did not affect the friability of the tablets as it can be seen in Figure 6.7 a) and

b) (Instron), experiments 1 to 5. The sets of results obtained from the tablets produced by 

the two machines showed that the friability was dependent on time of compression, but 

not significantly. In cases where the spheres with indomethacin have been smashed, 

lactose, indomethacin and further microcrystalline cellulose would have been released. 

Again, the different amounts of indomethacin and lactose between formulations in 

experiments 1 and 5 would have changed the friability of the tablets. Chowhan et al. 

(1992) concluded that tablets with up to 22% lactose were more friable than the others 

with higher amounts of microcrystalline cellulose. Moreover, the presence of indomethacin 

in higher amounts, which is difficult to tablet and difficult to bond with the other 

materials in the formulations, would be expected to have produced tablets with higher 

friability.

Looking at the second set of data (experiments 6 to 11) the results do not follow a 

defined pattern. The presence of glyceryl monostearate seems to decrease the friability of 

the tablets (experiments 3,6,7 and 8) suggesting that the glyceryl monostearate can 

compensate for the presence of barium sulphate forming a network among the other 

constituents in the tablet. Increasing the percentage of spheres with barium sulphate in the 

formulations, provides a different response (experiments 3,9,10 and 11). For the tablets 

produced by the F3 machine, as the amount of barium sulphate in the tablets is increased

-166-



Properties o f  tablets ...

1 0 0  -

9 0  -

8 0  -

7 0  -

8 0  -

5 0  -
a
10 4 0  -

3 0  -

2 0  ■

1 0  -

0  -

A V
«)

*  -  I n i t r o n  

O A v o  -  M i n o t t y

T ' T ' T ' - I  r T i  I 'T 'T 'T' I '  I '  T ' T ' T ' T ' T '  I ' " I ' T ' T l

1 2 3 4 5 6 7  a 9 10111213141516171819202122

experiment number
1 - 5  * A  e x p a r  6 - 1 1  » v  a x p o r  1 2 - 1 6 )  

1 7 - 1 8  * ★  e x p e r  1 9 - 2 0  » o  a x p e r  2 1 - 2 2 )
( • o  a x p e r  
( ♦ o  e x p e r

20

M

.on

o  -  M a n e s ty

0 1 2 3 54

relative drug load

In s t r o n
20

—  15

1 5 0 2 0 C0 5 0 100

♦  -  I n s t r o n  

❖ -  M a n e s ty20

m

0 .5 1.0 1 .5 2.00

compaction p ressure (MPa) sphere diameter  (mm)

*  -  I n s t r o n
20

. a
«0

5 10 15

punch diameter  (mm)

Figure 6.7

Results for the friability (FRIAB): a) all experiments, b) as a function of the relative drug
load, c) as a function of compaction pressure, d) as a function of sphere diameter and e)

as a function of die diameter

-167-



Properties of tablets ...

the friability changes dramatically. However, the tablets produced by the Instron showed 

an opposite pattern. This suggests that a plastic material (like microcrystalline cellulose) 

which is dependent on the time of compression, is able to overcame the larger amount of 

barium sulphate in the formulations.

The effect of the applied pressure can be seen in Figures 6.7 a) and c), where an 

increase in pressure resulted in a dramatic decrease of the friability of the tablets produced 

by the two machines. The differences are higher for the tablets produced by the F3 where 

the tablets collapsed for lower compression forces (up to 108 kN). The tablets produced 

by the Instron tester did not collapsed and the friability was stable for higher compression 

forces than 87 kN.

The size of the spheres did not affect the friability dramatically. However, the results 

(Figure 6.7 d) seem to be contradictory as the friability increased with the size of the 

spheres for tablets produced on the F3 machine, associated with a decrease in strength in 

the tablets, which results from the poor quality of the tablets. However, for a longer 

compression cycle, which means higher degree of fragmentation and plastic deformation 

the size of the spheres does not produce a major change in the friability.

When the die diameter is reduced the thickness of the tablet is increased which means 

that the edges of the longer cylinder will be subjected to higher shocks. The ratio of the 

diameter to length of the tablets with the largest diameter are similar, therefore the 

movement of the tablets inside the friabilator are less regular. Moreover, the tablets with 

smaller diameter may not have been completely compacted as the others because of the 

process of compaction which is caused by the upper punch only as it can be seen in 

Figure 6.7 e).

The concavity of the punches affects the friability of the tablets. Figure 6.7 a), 

(Instron) shows how dramatic was the effect of punch concavity on the tablets. In fact, 

only flat tablets were not friable. The others collapsed during the test and the loss of 

material started from the curved surfaces. This fact suggests that as a consequence of the 

different distribution of forces on the spheres a central ring was formed but the spheres
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in the convex portion of the tablet were not compressed properly and consequently they 

did not resist the friability test.

6.2.1.5 Disintegration

Disintegration of a tablet occurs when the forces among the granules or spheres that 

constitute the tablet are overcome by the forces that cause the tablet to disintegrate in 

parts. In the first group, factors such as the applied pressure or the formulation of the 

tablet are responsible to the properties of the tablet. On the second group the medium used 

in the test, the test conditions and the formulation, affects the disintegration times. 

Associations of disintegration times with dissolution of drug are common. Knoeckel et 

al. (1967) established linear correlations between the various values for disintegration 

times, dissolution times and compression forces. However, disintegration tests should be 

used for orientation purposes not to as a test to replace the dissolution tests.

Figure 6.8 a) shows the disintegration times for the different formulations. Analyzing 

the first set of data (experiments 1 to 5) the results are independent of the drug loading, 

showing the same behaviour concerning the mechanical properties and the interaction with 

the water. Larger differences have been observed between experiments 1 and 5 if the 

spheres were broken therefore differences in the disintegration times due to different 

bonding have been observed.

Experiments 6 to 11 show the high dependence of the disintegration times on the 

presence of glyceryl monostearate and barium sulphate concentrations, compared with the 

centre point (experiment 3). The results of the disintegration times of the tablets produced 

by the two machines followed the same pattern without significant differences, apart from 

the disintegration times for some of the experiments (9 and 10). Here the disintegration 

times for tablets produced with the Manesty were longer than those produced with the 

Instron.

Experiment 6 and 11 without glyceryl monostearate, resulted in the lowest 

disintegration times. As glyceryl monostearate is a hydrophobic material, the penetration 

of water into the tablets was delayed and consequently the disintegration of the tablet was
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Results for the disintegration time (DISIT): a) all experiments, b) as a function of the
relative drug load, c) as a function of compaction pressure, d) as a function of sphere

diameter and e) as a function of die diameter
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also delayed. On the other hand, the presence of barium sulphate in higher concentrations 

(experiments 8 and 11) decreases the disintegration times, due to the high hydrophilicity 

(as the contact angle of water with a plate of Barium Sulphate is low) of the material, 

which allows rapid penetration of water, and the general weakness of these tablets.

Higuchi et al. (1953) and Lowenthal (1972) suggested that the disintegration times 

increase with the applied pressure often in an exponential fashion as the packing fraction 

of the tablets tend to increase (Zubah et a l, 1988). Looking to Figures 6.8 a and c), 

(Instron) it can be seen that the disintegration times were independent of the compression 

forces applied. It was previously suggested that, for the range of forces used to produce 

the tablets, might result in high porosities, which decreases with the applied forces. 

However, the presence of glyceryl monostearate at the surface of the tablets may be the 

origin of the delay in the disintegration time (around 3 minutes). When water overcomes 

this barrier, it penetrates easily into the tablets causing major disruptions in their structures 

with disintegration.

This explanation can also be used in the discussion of the effect of the mean sphere 

size on the disintegration times. In fact, (see Figure 6.8 d) the effect of the mean sphere 

size on the disintegration time was minimal for the tablets produced in the Manesty and 

decreased for the tablets produced in the Instron. This is also unexpected as larger 

surfaces of contact (small spheres), larger number of bonds can be formed.

The results in Figure 6.8 e), experiments 3,19 and 20, indicate that the disintegration 

times decrease with the increasing punch diameter. As it was discussed before the density 

increases for smaller punch diameter suggesting the presence of larger pores in the 

structure of the tablet, therefore, it was expected that the disintegration time decreased 

when the tablets were produced with a punch with smaller diameter. The explanation must 

be found elsewhere. The external surface area of the tablets produced with a punch with 

larger diameter is larger then the surface of the tablets produced with a punch with 

smaller diameter. It may be this external surface of the tablet the important factor which 

explains the observation.
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Finally the effect of the concavity of the tablets did not affect the disintegration times 

as it can be seen in Graph 6.8 a), (Instron).

6.2.1.6 Dissolution

This part of the discussion refers only to the results of the spheres released from the 

tablets. In the previous chapter of the thesis the study of the release of indomethacin was 

carried out in more detail. The mean dissolution times (MDT), after Brockmeier and von 

Hattingberg (1982), reflect the way the drug is released from the spheres which were 

released from the tablets. In the first set of results (experiments 1 to 5) the value of the 

MDT decreases in the same fashion for tablets produced by both machines and decreases 

as the load decreases. In fact, sum of the amount of indomethacin and lactose was kept 

constant in the formulations which makes the release of indomethacin easier by increasing 

the porosity of the spheres for lower loads of indomethacin (z>., high amount of lactose) 

as the dissolution media penetrates into the spheres more easily (Figure 6.9 b).

For formulations 6 to 11 (Figure 6.9 a) the results followed the same pattern, which 

was highly dependent on the presence of glyceryl monostearate and barium sulphate 

amounts in the formulations. Formulations 9 and 10 with the highest amount of glyceryl 

monostearate showed a larger value of the MDT, especially experiment 9. The glyceryl 

monostearate, a hydrophobic material retards the penetration of the dissolution fluid and 

consequently the disintegration times are longer. On the other hand, formulations with 

higher amounts of barium sulphate (experiments 8 and 11) released the drug easily. The 

tablets produced from these formulations disintegrated immediately when in contact with 

the dissolution fluid releasing the spheres with the drug immediately. As for the 

disintegration, the dissolution of indomethacin seem unaffected by the applied pressure 

(Figure 6.9 c).

The sphere size also affected the value of the MDT in the expected way (Figure 6.9 

d), fg., increasing the sphere size increased the value of the MDT, showing that release 

was delayed.

The changes in punch diameter (Figure 6.9 e) and concavity (Figure 6.9 f) resulted
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in changes of the value of the MDT. The value of the MDT decreased when the punch 

diameter decreased to 8 mm but increased when the concavity increased to 2.8 mm, these 

presumably reflect the changes in breaking in the disruption of the spheres during 

compaction.

6.3.2 Statistical analvsis

The experimental was such that a statistical analysis of the results could be undertaken 

to qualify and quantify single and cross effects in a multivariate data material. A 

Canonical Analysis of the results was carried out, as discussed previously and the results 

are presented in Table 6.5. The analysis indicates that 7 or 9 properties, such as friability, 

disintegration time, ie.y the dependent variables, of the tablets produced by an Instron 

machine or a Manesty machine can be related to the 5 or 7 factors, such as drug content 

in the spheres or the pressure used to produce the tablets studied when the Instron or the 

Manesty F3 were used, respectively. The results provide information about the effects of 

the factors on the properties of the tablets, how important are these effects, and if they are 

due a single factor or interactions of factors. To be successful a number of tests with 

replicates were carried out and a model was built to predict from the range of the values 

of the independent variables.

The calculations were undertaken with a computer programme (SPSS or Statistical 

Package for Social Sciences, version 4.0 supplied by SPSS International BV).

Table 6.5 summarizes the results of the Canonical Analysis. For the 2 machines, the 

analysis of the results of the tablets produced by the Manesty was more significant, shown 

by the higher values of the Hotelling’s T  ̂ test and the approximation of T  ̂ on the F 

distribution. The results for the 3 sets of experiments are significant at p < 0.05, as can 

be seen in Table 6.5. The sets of experiments run on the Instron, increased the number 

of variables from 5 to 7 where the relationships between the dependent variables and the 

independent variables or factors, reflected in T ,̂ increased (Table 6.5).
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Table 6.5: Results of the Canonical Analysis

Properties of tablets

Manesty F3 Instron
(5indep.var.)

Instron
(7indep.var.)

Canon. Correl.
rl 0.996 0.978 0.994
t2 0.989 0.912 0.980
t3 0.917 0.538 0.913
t4 0.711 0.449 0.825
t5 0.148 0.179 0.502
t6 - - 0.182
xl - - 0.175

Test of Sig,

Hotelling f 198.3 28.0 128.5
Approx. F 2 2 0 . 1 41.9 131.8

(̂35.202,0.01) 1.98 - -
P(35J62,0.01> - 1.98 -
F(49,352,0.01) - - 1.78

Extracting
Measures

0.799 0.800 0.876
ĝ YlV 0.748 0.557 0.956

Measures of Redundance 
g\|V
ĝ YlU 0.727 0.547 0.606

0.640 0.372 0.710

Interranging
Communalities

(^ \|v )
D 0.845 0.836 0.836
B 0.936 0.976 0.976
G 0.985 0.902 0.902
P 0.978 0.255 0.255
S 0.373 0.486 0.485

Di - - 0.721
C - - 0.991

W \|u)
’R’ 0.805 - -

Ejefor 0.768 - -
Densi 0.881 0.732 0.890
Crusf 0.807 0.470 0.640
Friab 0.782 0.115 0.898
Disit 0.934 0.911 0.924
Disso 0.958 0.894 0.909
Poros 0.502 0.341 0.796
Tensi 0.773 0.327 0.815
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As expected the canonical correlations decreased as the roots are extracted. The first 

canonical correlation coefficient is higher for the Manesty machine than for the 2 sets of 

experiments run on the Instron (Table 6.5). This order remains until the fourth coefficient 

is obtained when the values obtained for the relationships obtained in the experiments run 

on the Instron (7 variables) became more important than for the other two sets of 

experiments. This means that a significant part of variance remains to be explained after 

the extraction of the fourth canonical variable. Thus, for the sets of experiments run on 

the Manesty or the Instron (5 variâtes), the variance is mainly explained by the first 3 

canonical variables, whereas 5 canonical variables have to be extracted in the case of 7 

independent variables (Instron).

Looking now to the extracting measures (g^x|u g\|v> Table 6.5), which explain 

the part of the whole variance of one set of variables that can be explained by the 

canonical variables of the same range, it can be seen that they are high. This proves that 

the studies were well designed and the analysis led to a good canonical solution, being 

better for the Instron (7 factors) than for the Manesty and finally for the Instron (5 

factors). On the other hand, the measures of redundance (g^xiv &nd g^y|u)» which describe 

the part of the variance of one set of variables that can be explained by the canonical 

variables of the other range of variables, are also high. From the two measures of 

redundance extracted g%|u reflects the ability to predict the dependent variables, ie., the 

formulation and production factors can be described by the factors studied up to 64% or 

71% (Table 6.5), for the tablets produced in the Manesty or in the Instron (7 variables) 

whereas for the Instron (5 variables) a prediction of 37% only means, that it is unlikely 

that predictions of the tablet performance can be made from the factors studied (Table

6.5). The discussion of the values for g^xjv is not relevant as the discussion of the 

predictibility of the independent variables from the results of the dosage form 

investigations is meaningless, as these factors were chosen for a special purpose and in 

this way the aim of the work is to obtain tablets with desired properties, ie., to get 

information about the dependent variables.

The interranging communalities (d%|u and d \|v ), defined as the part of variance of , 

one variable which can be explained by the canonical variables of the other range
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provided useful information. The results for d \ |v  (Table 6.5), show changes according 

to the tabletting machine used (Manesty versus Instron) and the number of independent 

variables (5 or 7), for the Instron. The results for the tablets produced by the Manesty 

indicate that, glyceryl monostearate, (d^o|v = 0.985, Table 6.5) is the factor that affects 

the properties of the tablets to the greatest extent. In fact, the structure and the production 

of the tablets were affected by this factor, and consequently the properties of the tablets. 

As discussed previously, the glyceryl monostearate affects the disintegration of the tablets 

(time increased), which is reflected in the interranging communalities (d̂ îsitiu = 0.934, 

Table 6.5), and as a consequence, the dissolution of indomethacin was delayed (d̂ D̂gĝ ju 

= 0.958, Table 6.5). The density (d̂ Dĝ siiu = 0.881, Table 6.5) and the ejection force 

(d\jçfor|u = 0.768, Table 6.5) decreased, as well as the friability (d^ îabiu = 0.782, Table

6.5). The reasons for these observations were discussed previously. The presence of 

glyceryl monostearate is relevant as a lubricant (and this is reflected in the mathematical 

analysis), when compared with the barium sulphate, formulations containing GM produce 

stronger tablets. The second factor to be discussed is the effect of the pressure (d%|v = 

0.978, Table 6.5)) on the prediction of the properties of the tablets. The properties of the 

tablets such as the density and porosity did not follow a particular trend (Table 6.3). On 

the other hand, the ejection force, the crushing force or tensile strength, the friability and 

the disintegration time seem to be very much affected by the pressure. It can be seen in 

Table 6.3 (experiments 3 and 12 to 16) that up to 67 MPa, results for friability are 

unacceptable. The effect of spheres B (d^yjv = 0.936, Table 6.5) is also relevant. Barium 

sulphate and glyceiyl monostearate interact (see later). In fact it can be said that they have 

opposite effects, ie.  ̂ when the proportion of spheres containing barium sulphate and 

microcrystalline cellulose increases, the properties of the tablets produced tend to change 

in the opposite direction to that for experiments where the percentage of spheres with 

glyceryl monostearate increases (experiments 6 to 11 in Tables 6.3 and 6.4). The effect 

of the drug content in the formulations is less relevant than the previous factors (d^^jv 

= 0.845, Table 6.5). In fact, the effect of the drug content is mostly reflected in the 

median dissolution times (experiments 1 to 5 in Tables 6.3 and 6.4). Finally, the effect 

of the size of the spheres is not an important factor in predicting the properties of the 

tablets (d^siv = 0.373, Table 6.5), therefore, this factor will be ignored in further 

discussion concerning the results of the tablets produced by the Manesty.
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Looking now to the columns of the results for the tablets produced using the Instron 

machine (5 and 7 variables), it can be seen from the values for d̂ x|u» that for the first 3 

factors (D, B and G) the results are similar to the ones presented for the Manesty 

machine. However, looking at the remaining results it can be observed that the pressure 

(d%iv = 0.255, Table 6.5) is no longer important in predicting the properties of the 

tablets, and is ignored in the discussion of the results of the tablets produced using the 

Instron. In fact, for a slower compression cycle the transformations occurring in the die 

are less dependent on the different pressures than for the higher speed of compaction, as 

can be seen from the results presented in Table 6.4, experiments 11 to 16. These suggest 

that, even for small pressures, tablets can be produced, and with increased pressure the 

systems can accommodate the extra energy, /e., tablets with similar properties can be 

produced over a large range of applied pressures. Also very relevant, is the effect of the 

punch concavity (d^c|v = 0.991, Table 6.5) which affects the properties of the tablets, 

namely the density, porosity, crushing force or tensile strength. The die diameter (d^oiiv 

= 0.721, Table 6.5) is less important in predictions than the previous factors, but still has 

some relevance.

The results of the Manesty tabletting machine (Table 6.5) show that all the results 

(d \|v ) are significant. In fact, the dissolution time (d̂ oissoiu = 0.958, Table 6.5) seems 

to be the most sensitive property which should be monitored carefully, as its results 

provide most of the information. This fact is not surprising, as the release of the drug is 

the aim of the dosage forms produced and all the factors studied affect the release of the 

indomethacin. More convenient in practical terms is the disintegration test (d^c îtiu = 

0.934, Table 6.5) which is also very relevant. In fact, the disintegration time seems to be 

the best predictor for the 3 different sets of experiments. The results have shown that 

disintegration times and the mean dissolution times are closely associated, suggesting that 

the dissolution is mostly dependent on the disintegration of the tablets and not other 

factors. Surprisingly, the porosity is the least relevant property to monitor for the tablets 

produced by the Manesty (d̂ pô sju = 0.502, Table 6.5). Moreover, the crushing force 

(d̂ crusfiu = 0.807, Table 6.5), the tensile strength (d\,nsi|u = 0.773, Table 6.5), or the 

friability (d̂ pnabiu = 0.782, Table 6.5) are not the best properties to be used in modelling. 

The observation is interesting as these properties provide information about the structure
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of the tablets and the fact they present lower interranging communalities (Table 6.5) 

seems to show that the number of the factors studied were unsufficient to obtain 

information about the structure of the tablets. These observations became more relevant 

when the results for the tablets produced by the Instron (5 factors) are analyzed. The same 

pattern of the results can be observed. The reduced number of factors studied were 

responsible for the poor relationships found, which were overcame when 2 other factors 

were introduced in the experimental design (Instron, 7 factors). It can be observed that the 

disintegration times (d̂ D̂ ;t|u = 0.924, Table 6.5) and the values of the mean dissolution 

times (d̂ Dissoiu = 0.909, Table 6.5) are the properties which provide a better reflection of 

the production of the tablets. The properties related to the structure of the tablets (Poros, 

Crusf and Friab) became more important (compare the values of d \ |u )  and were well 

worth monitoring them when tablets were produced on the Instron (7 factors).

A Principal Component Analysis has been used to check interactions and the results 

are shown Table 6.6 (a to c). The components extracted are significant at p<0.05: 3 

components for the Manesty, Table 6.6 a), 3 components for the Instron (5 variables). 

Table 6.6 b) and 5 components for the Instron (7 variables). Table 6.6 c). Although the 

other components are not present they were taken into consideration in the calculations. 

Table 6.6 (a to c) presents the relationships between the components and the independent 

variables. The values show the strength of the relationships. For instance. Table 6.6 (a to

c), shows the high dependence of the Principal Component 1 on the variables ’B’ and ’G’. 

It also shows that these variables interact, as they have opposite signs, therefore, they 

should be used in the multiple regression analysis. The second component and the third, 

less important than the first, show that variables D, P and S might be important, but in 

Table 6.5 only variables D and P were relevant. Therefore, variable S will not be 

considered further. The significant independent variables, selected previously can be 

presented in the form of transposed vectors (x̂ )̂. For the Manesty F3:

Xj  ̂= ( D B G P BG ) Eq. 6.1

Looking to Table 6.6 b) the same comments can be made as before, but in this case Table

6.5 shows that d^p|u=0.255 is not relevant, so the pressure was not included in the
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Table 6.6 a): Component matrix for Manesty F3 
(3 components extracted from 5)

(1) Principal component 
1

Principal component 
2

Principal component 
3

D 0.0522 0.7334 - 0.1499
B 0.9769 - 0.0052 0.0021
G - 0.9761 0.0118 - 0.0047
P - 0.0275 0.6601 0.4483
S 0.0153 - 0.2105 0.8836

Table 6.6 b): Component matrix for Instron 
(3 components extracted from 5)

(1) Principal component 
1

Principal 
component 2

Principal 
component 3

D 0.0426 0.7322 - 0.1553
B 0.9767 - 0.0043 0.0018
G - 0.9762 0.0094 - 0.0040
P - 0.0231 0.6616 0.4399
S 0.0126 - 0.2002 0.8864

Table 6.6 c): Component matrix for Instron 
(5 components extracted from 7)

(1) Principal 
compon. 1

Principal 
compon. 2

Principal 
compon. 3

Principal 
compon. 4

Principal 
compon. 5

D 0.035 0.020 0.851 0.321 - 0.087
B 0.977 0.001 0.006 -0.003 0.001
G - 0.974 -0.002 - 0.012 0.006 -0.002
P - 0.019 -0.009 - 0.189 0.923 0.223
S 0.010 0.005 0.088 - 0.174 - 0.971
Di - 0.072 0.743 0.350 -0.111 0.042
C 0.069 0.730 - 0.381 0.116 -0.043

(1) variables
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equation 6.2. For the Instron (5 variables) the transposed vector can be written

= ( D B G S BG ) Eq. 6.2

In Table 6.6 c), Instron 7 factors, some changes can be observed. The first one is that a 

higher number of principal components were extracted. Again the factors B and G are 

very important as their order of magnitude and the fact that they were extracted with the 

first component suggests. From the second principal component, variables Di and C were 

extracted as the values for d^ui|v and d^c|v (Table 6.5) justify. Also a transposed vector 

can be written for the Instron (7 variables)

X3^ = ( D B G S Di C BG DiC ) Eq. 6.3

The order in which the factors were obtained, correlates with the results presented 

with the canonical analysis. The same factors and in the same order of importance were 

relevant in explaining the properties of the tablets.

In the following step, the selected factors were used in the equations 6.1 to 6.3, to be 

entered as variables in the multiple regression analysis, which was used to find the 

correlation between one dependent variable (yj and the independent variables selected.

The adjusted coefficient of determination (R^dj)» the standard error (SE) and a F 

value were used as indicators of the strength of the correlations and are presented in Table

6.7.

Table 6.8 (a to c) presents the different values for the regression coefficients obtained 

for each dependent variable studied and the value for the intercept (c). Once the dependent 

variables and the regression coefficients ( ^  were selected, a linear regression equation can 

be written, for any dependent variable as a function of the independent variables selected 

for each tabletting machine:

yj = 2^^ . bj + c Eq. 6.4
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where, is any dependent variable, is the transposed vector of the independent 

variables selected (according to equations 6.1, or 6.2, or 6.3), ^  is a vector of the 

regression coefficients presented in Table 6.8 (a to c) and c a constant (presented in Table

6.8, a to c).

Values for the centre point were calculated and compared with the ones obtained from 

the experiments. Also simulations, or predictions (pj) were carried out by increasing the 

size of the independent values by 20 % compared to the values for the centre point. 

Predicted values are presented in Table 6.8 (pj.

Considering the results in Tables 6.7 and 6.8 it can be seen that the values for ’R ’ 

(ratio between the lower punch force and the upper punch force) can be predicted with 

accuracy (R^^j = 0.8107, Table 6.7). In fact, the results predicted are the same as the 

result obtained in the experiments (Table 6.3). The same comments cannot be applied for 

the ejection force. The lower regression coefficient (R\dj = 0.6219, Table 6.7) and a large 

standard error (SE = 165) justify the lower correlation although the F value is still 

significant. Comparing the predicted value with the one obtained in the experiments the 

prediction differs considerably from the experimental value. Examination of Table 6.3 

shows that the results from experiments 8,11 and 16 are different from the others. To try 

and improve the regression, the 3 results were ignored and the analysis carried out on the 

rest of the results. The regression was not however, improved.

Results for density are predicted in a better way (R\<,j = 0.7968, Table 6.7), whereas 

the results for the porosity do not correlate at all (R\jj = 0.3067, Table 6.7) and the value 

for F is not significant (p<0.05).

Results for the crushing force and the tensile strength reflect a larger correlation (R̂ adj 

= 0.7918 and R\j,j = 0.7728, respectively, Table 6.7). It might be suggested that, the 

fragmentation of the spheres without drug occurs in a random way, producing fragments 

with different sizes, which when compacted produce tablets with different porosities. 

Whereas, the number of bonds and their strength are more constant, as reflected by the 

crushing forces and tensile strengths, but still have some variation, as the regression
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Table 6.7: Summary of the results from the multiple linear regression analysis

Dependent variables Manesty Instron 
(5 factors)

Instron 
(7 factors)

R\dj 0.8107 _ _
’R’

SE 0.0559 - -
F 46.38 - -

R'adj 0.6219 - -
Ejefor

SE 83.23 - -
F 18.43 - -

R\dj 0.7968 0.5601 0.8339
Densi

SE 0.1015 0.1564 0.0960
F 42.57 17.55 41.80

R'adj 0.3067 0.1590 0.7199
Poros

SE 0.0371 0.0561 0.0324
F 5.69 3.46 21.88

R'adj 0.7918 0.1413 0.3417
Crusf

SE 1.01 4.47 3.91
F 41.32 3.14 5.22

R\dj 0.7728 0.0249 0.9608
Tensi

SE 0.0122 0.066 0.0132
F 37.05 1.42 199

R'adj 0.6857 0.0624 0.9595
Friab

SE 22.77 29.46 5.75
F 24.13 0.236 194

R'adj 0.9845 0.9583 0.9943
Disit

SE 1.80 1.25 0.462
F 674 374 1426

R'adj 0.8801 0.8466 0.8700
Disso

SE 0.1771 0.223 0.205
F 78.79 72.76 55.35

F(5,48.0.01) = 9 .29 F(5,60,0.01)=13 . 65 F{8.57.0.011=5 . 12
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Table 6.8 (a): Vectors of regression coefficients (b) to predict the dosage forms properties (y,) for the tablets produced by the Manesty.
(Pi predicted value for the centre of gravity attempt)

yi ’R’ Ejefor Densi Poros Crusf Tensi Friab Disit Disso

D 2.59x10'^ -2.66x10* -5.22x10^ 1.74x10" -2.20x10* -2.44x10-: -6.41x10° -1.76x10* 4.59x10*

B ^.15x10'^ -4.07x10® 1.75x10" -1.05x10"* -8.62x10" -6.23x10"* -7.23x10" -5.04x10" 7.22x10-:

G -7.60x10'^ -1.00x10* 3.27x10^ 4.76x10"* -2.92x10" -5.21x10"* -1.29x10° 7.97x10* 3.18x10"

P -5.79x10"* 5.66x10® -1.19x10^ 4.33x10"* 6.45x10" 7.69x10"* -8.10x10* 3.43x10" 7.76x10"*

EG -1,43x10"* -1.88x10* -1.17x10"* 4.04x10 3 2.33x10: 2.98x10-: -3.42x10" -1.28x10" -1.96x10"*

c 1.79 331.3 1.41 0.134 3.30 1.63x10" 195.7 -1.53 8.78x10-:

Pi 0.88 227 2.04 26.0 7.9 0.090 23.2 3.4 1.5



Table 6.8 (b): Vectors of regression coefficients (b) to predict the dosage form properties (ŷ ) for the tablets produced by the Instron (5
variables), (p; predicted value for the centre of gravity attempt)

y, Densi Poros Crusf Tensi Friab Disit Disso

D 2.75x10-^ -1.08x10’ 4.94x10' -1.91x10’ -3.94x10“ -7.96x10’ 5.84x10'

B 2.01x10-^ -3.71x10-* -3.40x10’ 3.95x10- -2.67x10' 2.81x10’ 9.82x10’

G 6.15x10’ -4.58x10- -1.17x10' -9.65x10- -3.56x10' 3.86x10' 3.61x10’

S 3.81x10' -1.38x10' -1.50x10' -4.17x10’ -7.02x10“ -1.19x10' 1.42x10“

BG -1.63x10-' 5.76x10’ -1.14x10’ -1.04x10’ 8.29x10’ -6.36x10’ -4.15x10-

c 0.842 0.303 29.23 0.166 36.51 0.615 -1.30

Pi 2.21 20 8.67 0.1050 13.7 2.26 1.58



Table 6.8 (c): Vectors of regression coefficients to predict the dosage forms properties (yj for the tablets produced by the Instron
(7 variables), (p; predicted value for the centre of gravity attempt).

y, Desit Poros Crusf Tensi Friab Disit Disso

D 7.58x10-^ -3.42x10’ 2.11x10' 6.75x10"' -7.04x10* 4.75x10’ 5.69x10*

B 2.02x10-^ -4.01x10"' -3.28x10’ 3.85x10"* -2.80x10* 2.29x10’ 9.87x10’

G 5.75x10’ -3.10x10"* -1.22x10' -9.13x10"* -2.91x10* 3.89x10* 3.58x10’

S 3.51x10' -1.27x10' -1.54x10' -3.78x10’ -2.18x10" 7.11x10’ 1.40x10"

Di 9 .83xia’ -3.62x10’ 2.85x10' 7.94x10’ -7.43x10* -1.25x10" 4.45x10’

C -9.72xl(r' 3.69x10' -2.20x10' -7.26x10* 2.77x10’ 4.51x10* -1.27x10"

BG -1.15x10"' 3.97x10’ ^.50x10"* -1.66x10’ 4.76x10"* -6.67x10’ -3.80x10"*

DiC 9.42x10' -3.58x10' 2.10x10' 8.44xl0-' -2.66x10’ -4.32x10* 1.28x10"

c -0.276 0.715 26.69 0.0627 35.39 15.19 -1.78

Pi 2.27 17 9.65 0.097 2.91 1.81 1.64
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coefficients show (see Table 6.7). Friability is a property difficult to relate to any factor 

which reflects the empirical nature of the test as shown by the low value for (0.6857, 

Table 6.7). Far better correlations were obtained for the disintegration times (R̂ adj = 

0.9845, Table 6.7) and mean dissolution times (R^ ĵ = 0.8801, Table 6.7) reflected by the 

predicted values shown in Table 6.8 and the experimental values shown in Table 6.3.

Examination of the results for the tablets produced by the Instron (Table 6.7), shows 

that when 5 factors were analyzed, only the disintegration times and the mean dissolution 

times provide good correlations (R̂ adj = 0.9583 and R̂ adj = 0.8466, respectively. Table 

6.7). All the others can be ignored as Table 6.8 b), shows. The values for the predictions 

which are far from the ones obtained from the experiments (Table 6.4) except for the 

disintegration and dissolution times. The introduction of 2 variables in the design of the 

experiments for the Instron (7 variables) completely changed the pattern of the results. 

Table 6.7 shows that except for the crushing force, all the other properties of the tablets 

can be correlated with the seven factors studied. Predicted values are very close to the 

values obtained from the experiments. The comparison between the two sets of tablets 

produced by the Manesty and by the Instron (5 variables) shows that the phenomena 

occurring throughout the process of formation of the tablets changed completely when the 

compaction speeds changed, and these changes are more important in the properties which 

provide information about the structure of the tablet, such as the porosity and the tensile 

strength. The fragmentation of the spheres, the extent of the fragmentation and the 

rearrangements in the die must be the origin of the changes of the properties. This point 

can be stressed by observing the results for the Instron (7 variables) in Table 6.7. In fact, 

changing the diameter of the die and the convexity of the tips of the punches, results in 

changes in the rearrangement and sphere fragmentation. For this set of experiments, 

Instron (7 variables), the properties of the tablets are well correlated with the factors 

studied as the predictions present in Table 6.8 c) show when compared with the results 

obtained in the experiments (Table 6.4).

From the multiple Regression Analysis the factors in the equations 6.1 to 6.3 were 

found. The equations attempt to predict the properties of the tablets (dependent variables) 

from the factors under study (independent variables). It was assumed that values for R \jj
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> 0.7 would provide good prediction results. In fact this value of was found to be the 

right threshold as the predictions from the equations were the values for were less 

than 0.7, were poor, as it can be seen when the results presented in Tables 6.8 (a to c) are 

compared with the experimental results in Tables 6.3 and 6.4.

Graphical representation of results is always useful. However, in the present study as 

the number of variables is high (5 or 7) the number of axis has to be higher than the usual 

forms of representation. To overcame the problem, the so called star diagrams (Figures

5.10 to 5.12) were drawn (according to Hartung and Elpert, 1984). The diagrams reflect 

the predicitons on the dependent variables (Densi, Disso, etc.) when each independent 

variable was increased by 20%. Each axis represents a dependent variable and the length 

of the axis represents a change of 100% in the value of the dependent variable.

Figure 6.10 (a to d) presents the predictions for the Manesty F3. It can be observed 

in Figure 6.10 a) that when ’D’ increased, only small effects were observed in the density, 

tensile strength, friability, disintegration time and mean dissolution time of the tablets. On 

the other hand, when ’B’ was increased. Figure 6.10 b), the disintegration time of the 

tablet changes considerably. Friability changes less whereas the changes on the other 

properties are not significant. A similar pattern is observed when ’G ’ is increased. Figure

6.10 c). In fact, the effects of ’B’ and ’G’ are related, as discussed previously. Figure 6.10 

d), shows the predictions for ’P’, the compaction pressure. The results tend to reflect 

changes in the properties which reflect the mechanical properties of the tablets like the 

crushing force, tensile strength and friability.

Figure 6.11 (a to d) presents the results for the Instron (5 variables) which shows a 

higher influence of the independent variables *B% ’G* and ’S* on ’Disit’ and 

’Disso’,Figure (b to d), respectively. These predictions were discussed before.

Finally, Figure 6.12 (a to f) presents the results for the Instron (7 variables). The most 

relevant observations are the effect of ’B’ and G’ on ’Friab’ and ’Disit’, Figure 5.12 (b 

and c), respectively. The effect of ’Di’ and ’C*, Figure 5.12 (e and f) affect the 

mechanical structural properties of the tablets as the results for the dependent variables
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Figure 6.10

Effect on the dependent variables when the independent variables are increased
a) increase in ’D’, b) increase in ’G’, c) increase in ’B’ and d) increase in ’P’
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a) b)
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c) d)

Figure 6.11

Effect on the dependent variables when the independent variables are increased
a) increase in ’D’, b) increase in ’G’, c) increase in ’B’ and d) increase in ’S’
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a) b)
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Figure 6.12

Effect on the dependent variables when the independent variables are increased 
a) increase in ’D’, b) increase in ’G’, c) increase in ’B’, d) increase in ’S’, e) increase in

’Di’ and f) increase in ’C’
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e)
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Figure 6.12 (cont.)

Effect on the dependent variables when the independent variables are increased 
a) increase in ’D’, b) increase in ’G’, c) increase in ’B’, d) increase in ’S’, e) increase in

’Di’ and f) increase in ’C’
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show.

6.3 Conclusions

Tablets made from different types of spheres which released the intact spheres with 

drug hav^ being produced. Experiments based on a centre of gravity design were run and 

produced evidence about the properties of the tablets. The statistical techniques employed 

helped to provide more information which complemented the observations and discussion 

of the results made in the first part of this study. The analysis presented can be accepted 

as close representation of the systems produced as possible.

The Canonical Analysis has shown relationships between factors which were not 

expected but further analysis confirmed that they were relevant to provide a better 

explanation of the properties of the tablets. The Principal Component Analysis has shown 

interactions among the factors which were not obvious when one factor was studied at a 

time. Based on the information selected from the previous analysis a Multiple Linear 

Regression Analysis was carried out and models predicted for the systems studied.

From the results of the experiments it was possible to obtain a large amount of 

information as a result of the right combination of a good experimental design and the 

resultant Multivariate Statistical Techniques.
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There are various possibilities to extend the work presented in the Thesis. The work 

can be carried on by using alternative model drugs (eg. theophylline), as indomethacin, 

a weak acid and poorly soluble in water media, affected the findings, namely the 

dissolution studies. Theophylline, as a drug with different properties, can be used to 

replace the indomethacin.

Regarding the first step of the production of the spheres, the extrusion of different 

materials will present new problems which require different solutions. The introduction 

of a binder, such as polyvinylpirrolidone in the formulations of spheres with the model 

drug, either in the water or mixed with the other ingredients will change the mechanical 

properties of the spheres. Another aspect to consider relates to the use of materials such 

as polyethyleneglycol which may produce a system with the properties of a solid 

dispersion. However, difficulties can be anticipated, as polyethyleneglycols present 

problems when used in formulations for extrusion. The use of different extruders should 

be considered as the properties of the extradâtes produced will be different, namely due 

to the differences in the compaction pressures used.

The correlation of the surface properties of a raw material with the properties of the 

dosage form produced presents a large potential as predictions can be made before starting 

the experimental part, therefore time and money can be saved. More work must be done 

regarding the use of solubility parameters, but the fact that only a small number of 

compounds are characterized, this presents a major limitation. Combination of the 

principles mentioned previously (chapter 4) with microcalorimetry studies may provide 

interesting observations. The study can be carried on, and predictions of interactions 

between ingredients in formulations, in different proportions, be made. In fact, the 

calculations presented in Chapter 4 referred to interactions of 2 materials in the same 

proportion and qualitative extrapolations were made. The quantification of these 

interactions for different proportions of the ingredients should be the object of further 

studies.

The analysis of the results of dissolution studies using different models requires more 

work. The use of the percolation theory should be expanded, not only in dissolution, but
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also for tabletting or extrusion of different materials. The original work by Leuenberger 

was based in a system with two components. However, the practice shows that systems 

are more complex and often 3, 4 or more components must be included in the 

formulation, meaning that the porosity and the diffusion coefficients calculated for the 

system may not be equivalent to an arithmetic mean, as presented in Chapter 5. Studies 

in-vivo may complement the studies in-vitro and in-vitro!in-vivo correlations may be made, 

using the concepts of mean dissolution or residence times. Also pharmacokinetic studies 

may provide new evidence showing the advantages of the dosage form presented in this 

Thesis.

Tabletting of spheres should be carried out with new formulations and in a rotary 

machine. New problems will appear requiring new solutions and probably new 

approaches.

The use of statistical methods showed interactions between variables which would not 

be shown without using the techniques. Therefore, the use of statistical techniques should 

always be considered. Factorial design is an useful method, but tedious and time 

consuming, especially when several variables are to be considered and the levels must be 

higher then 2. Centre of gravity designs, on the other hand, can be handled easily 

providing a large amount of information plus they can be expanded easily including new 

variables or levels for the variables.
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