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ABSTRACT 

Tunón, Å., 2003. Preparation of Tablets from Reservoir Pellets with an Emphasis on the 
Compression Behaviour and Drug Release. Acta Universitatis Upsaliensis. Comprehensive
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The preparation of multiple unit tablets was investigated in this thesis with the intention of 
gaining a deeper understanding of some of the factors that influence the properties of such 
tablets.

Initially, three different types of pellets (drug, soft and disintegrant pellets) were 
combined as a model to investigate the ability of the mixture to form disintegrating tablets. 
The proportions of the different pellets and the type of disintegrant used were factors that 
independently influenced the tablet properties. Furthermore, the properties of tablets 
containing drug pellets barrier-coated with an aqueous polymer dispersion were also found to 
depend on the coating thickness and the compaction pressure. 

When compacting pellets barrier-coated with a solvent-based polymer solution without 
incorporating excipient particles in the tablet formulation, a high pellet porosity was 
advantageous to preserve the original drug release profile, even though highly porous pellets 
became more densified and deformed than pellets of lower porosity. 

The influence of the properties of excipient particles on the deformation of the reservoir 
pellets was also studied and, although the amount of flattening of the pellets was only slightly 
affected, changes in the pellet shape (irregularity) with alterations in the porosity and size of 
the excipient particles were more substantial. In contrast, the properties of the excipient 
particles did not affect the pellet densification. 

The solvent-based coating used was able to adapt to the changes in volume and shape that 
the pellets underwent during compaction. The coating structure appears to be changed by 
compaction and it is proposed that the final structure of the coating is the net effect of two 
parallel processes, one reducing and one prolonging the transport time of the drug across the 
coating. Thus, the drug release could be maintained or even prolonged after compaction, 
despite extensive structural changes of the reservoir pellets. 
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1. INTRODUCTION 

Already in ancient times, Papyrus Ebers (around 1550 B.C.) reported the use of solid 
oral dosage forms (e.g. pills and powder mixtures) to administer drugs (Ebell, 1937).
The pill was one of the most common dosage forms until the middle of the 20th century, 
when mass-production of tablets was introduced by the pharmaceutical industry 
following the invention of the tabletting machine, patented in 1843 by William
Brockedon. Pills were manufactured in the pharmacies in the following way (according
to Arny, 1941): First, the pill mass was prepared by thoroughly blending the powders by 
triturating in a mortar, adding the necessary quantity of excipient, and working the 
mixture with a pestle until a plastic mass resulted. The mass was then rolled into
cylinders and divided either on the pill tile or by means of the pill cutter. Finally, the cut 
segments were rolled by means of a rotating movement until spherical. 

Today, the tablet is the dominant dosage form, since it is convenient to administer and 
relatively easy to mass-produce. Moreover, it is the dosage form of first-hand choice in 
the development of new drug entities. Tablets are usually prepared by applying pressure 
to a powder bed, thereby compressing it into a coherent compact. The most
straightforward process for tabletting is direct compression (or direct compaction), i.e.
the drug and excipients are dry mixed and then compacted. For this process to be 
successful, the powder mixture requires certain properties, such as high flowability, low 
segregation tendency, and high compactability. Pharmaceutical powders often lack 
these properties and must, therefore, be pre-treated with a particle modification process
before compaction. Generally, this pre-treatment is a granulation step in which the 
primary drug and the excipient particles are agglomerated into larger secondary
particles (granules or agglomerates), usually of a higher porosity than the primary ones. 
There are different granulation techniques, both wet and dry, and a special wet 
granulation technique that yields almost spherical agglomerates (pellets) is pelletisation,
or extrusion-spheronisation. 

The combined technique of extrusion and spheronisation has similarities to the 
traditional pill-making process (Rowe, 1985): it involves a massing stage, in which the
drug and excipients are mixed with suitable binders and water to form a heavy plastic 
mass; a preforming stage, in which this mass is shaped into equal lengths; and a 
rounding stage, in which the cut cylinders are rolled into spheres. This process has been 
reviewed from a pharmaceutical point of view by Vervaet and co-workers (1995). 

1.1. Tablet properties 

There are a number of tablet properties that are important for the function of the tablet, 
both during handling and after administration. These include the dose and weight 
uniformity, the strength (i.e., the tensile strength and friability), disintegration and drug 
release. The dose uniformity is, obviously, of importance for a reproducible 
pharmacological effect and the tablet weight reflects the dose, at least in the case of high 
dose drugs, i.e. when the active drug constitutes the major part of the tablet weight. 
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Tablets must have a certain strength if they are to retain their integrity during packing,
transport, storage and further processing, such as coating. The tensile strength of a tablet 
represents the ability of the tablet to resist fracturing into two or more pieces, while the 
friability concerns the attrition or abrasion of small tablet fragments. Disintegration of 
the tablet into fragments after administration facilitates the drug release and absorption
as a larger surface area of the drug is exposed. 

There are numerous ways in which to determine these different tablet properties. In the
following description, the methods are taken from the European Pharmacopoeia (2002) 
unless otherwise noted. The test for uniformity of dose is performed on low dose tablets 
based on the assay (e.g., spectrometric analysis) of the individual content of active 
ingredient in a number of tablets, where the dose of all tablets analysed should fall 
within certain limits. The weight uniformity is determined by a similar procedure by 
weighing a number of tablets. The most common test for tensile strength is the 
diametrical compression test, in which a tablet is placed between two platens and 
fractured by applying a force. The load required to break the tablet is either recorded
directly as the breaking load, or the tensile strength is calculated from the load and the
tablet dimensions (Fell and Newton, 1970). Other methods for determining tablet 
strength include the axial tensile strength test (Nyström et al., 1978), 3- and 4-point 
beam bending, and the indentation hardness test (Davies and Newton, 1996). By 
rotating tablets in a drum at a fixed speed for a certain period of time, the friability is 
calculated as the percentage of weight lost during the test.

The disintegration time is determined by placing the tablets in a disintegrating 
apparatus, generally consisting of six tubes with a mesh in the lower end. These tubes 
are raised and lowered in water until there are no fragments of the tablets left on the 
mesh. There are different types of equipment in which to study drug release, or 
dissolution. The three methods given in the European Pharmacopoeia (2002) are the 
paddle, rotating basket and flow-through methods. In the paddle and rotating basket 
methods the tablet is placed in a fixed amount of dissolution medium (e.g. water) at a 
certain temperature (usually 37˚C) in a dissolution vessel and agitated by means of a 
rotating paddle, or held within a rotating basket, respectively. In the flow-through, or 
continuous flow, method, the dissolution medium flows through a flow cell in which the 
tablet is placed. 

In order to obtain tablets with specified properties and to facilitate the tabletting process,
excipients are normally required in the tablet formulation. Excipients are 
pharmacologically inactive substances that include fillers, binders, disintegrants,
glidants and lubricants. A filler might be needed if the dose to be administered is low, as 
the tablet must be of a certain size to be manageable. If the cohesiveness of the drug 
powder is low, a binder must be added for the tablet to obtain sufficient strength. For 
drug absorption to occur in the body, the drug substance must dissolve in the 
gastrointestinal fluids, which is facilitated by disintegration of the tablet into smaller
fragments. Thus, a disintegrant can be added. When producing tablets industrially, the 
powder to be compacted is introduced into the tablet machine through feed hoppers and 
hence the powder requires a certain flowability for reproducible filling of the die. In 
general the flowability of the powder is reduced with decreasing particle size and a 
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glidant might be utilized to increase the flowability. Lubricants, finally, are used to 
overcome friction in the formation and ejection of tablets, and thereby reduce problems
associated with powder and tablets sticking to the punches and die. 

1.2. Coating 

Coating of dosage forms such as pills, tablets, granules or pellets is performed with the
intention of improving the technical or biopharmaceutical properties of the dosage form
and various polymers are utilized for coating in accordance with the purpose. The 
polymers intended to ensure extended release are water-insoluble and the most
frequently used include ethyl cellulose and ammonio methacrylate copolymers (Hogan, 
2002). Before applying the polymer, it is either dissolved in an organic solvent or 
dispersed in water as a pseudolatex. The mechanisms by which films are formed from 
solutions and water-dispersions are fundamentally different (Porter, 1989). The 
formation of coatings from solutions involves conversion of a viscous liquid into a 
viscoelastic solid, which is accomplished in three steps of solvent removal. These are: 
1) evaporation of solvent at the surface of the coating, 2) diffusion of solvent from the 
wet coating to the surface, and 3) slow diffusion of residual solvent in the dried coating.
The quality of the final dried coating is dependent on the initial interaction between the
polymer and the solvent. 

As for the formation of coatings from aqueous dispersions, or latices, this is more
complex since the polymer is present as discrete particles in aqueous suspension. These 
particles must be brought closer together, deform and ultimately fuse together 
(coalesce). The coalescence process is dramatically affected by the glass transition 
temperature of the polymer. Normally, a plasticizer must be added to water-dispersions 
in order to lower the glass transition temperature and facilitate coalescence of the 
polymer particles. Moreover, it is generally accepted that there are two stages in the 
process of coalescence of aqueous dispersions (Onions, 1986a and b). The first one 
involves the formation of a dry, transparent, apparently continuous film, which occurs 
concurrently with the evaporation of water. The second stage, although not a totally 
separate phenomenon, may be considered to be the gradual completion of coalescence. 
This occurs on ageing of the film and during the process, the individual polymer
particles completely fuse into a homogeneous, continuous film as the water finally 
evaporates from the interstitial spaces. This process, known as curing, is dependent on 
the time and temperature of the coating and post-coating processes. 

1.3. Compression behaviour 

1.3.1. Powders (primary particles) 

The term compressibility has been defined as the ability of a powder to decrease in 
volume under pressure, and the term compactability as the ability of the powdered
material to be compressed into a tablet of specified strength (Leuenberger, 1982). 
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During compaction, a bed of particles is subjected to an uniaxial compression force by 
the punches whilst being confined in space by the die. This decreases the volume of the
powder bed and thereby brings the powder particles closer to each other. When the 
surfaces of the particles are close enough, i.e. of the order 1-100 nm (Israelachvili,
1992), inter-particulate bonds can develop, giving a compact of certain strength. The 
tablet strength has been proposed to depend primarily on two factors, the inter-
particulate bonding mechanism and the bonding surface area over which these bonds 
interact (Nyström et al., 1993). 

The process of tabletting pharmaceutical materials has been reviewed by Leuenberger 
and Rohera (1986) and by Wray (1992). According to Leuenberger and Rohera (1986), 
Seelig and Wulff were the first (in 1946) to elucidate the behaviour of a powder system 
under pressure. They suggested that powder compaction proceeds in three main stages: 
1) particle rearrangement and closer packing, 2) elastic and plastic deformation, and 
3) cold working with or without fragmentation. In 1962 Huffine and Bonilla proposed 
four similar volume reduction mechanisms: 1) rearrangement of particles without 
deformation, 2) elastic deformation at or around particle contact points, 3) plastic 
deformation, and 4) particle fracture and breakage. The characteristics of the material,
such as its crystallinity, particle size, particle shape and surface properties, dictate which 
mechanism predominates. Often a combination of two or more of the processes occurs 
either simultaneously or consecutively as a function of the applied load (Huffine and 
Bonilla, 1962). Elastic deformation implies a reversible change in the shape of the 
particles, whereas plastic deformation is irreversible.

Later, for non-porous primary powder particles, the following volume reduction 
sequence was suggested (Duberg and Nyström, 1986). Firstly, the particles are 
rearranged in a closer packing structure. Secondly, the particles deform plastically and 
elastically. In parallel with this, the particles may also fragment, i.e., fracture into
smaller units. Thirdly, these smaller particles can subsequently rearrange and may be 
further deformed. Recently, Sun and Grant (2001) proposed yet another compaction
sequence, for elastic materials: 1) particle rearrangement, 2) plastic deformation, and 
3) elastic deformation.

The deformation can also be time-dependent, in which case the material is said to be
viscous if the deformation is permanent and viscoelastic if it is recoverable. In general, 
fragmentation and plastic deformation favour bonding and thus increase the tablet 
strength, while elastic deformation decreases it. In the case of time-dependent
deformation, the tablet strength also depends on the rate of compaction, i.e., a decreased
compaction rate results in a longer contact time.

1.3.2. Agglomerates (secondary particles) 

The compaction of granulated material, such as granules or pellets, is more complicated
in the sense that there are both intergranular (between granules) and intragranular 
(inside granules) pores in the powder bed. A modified volume reduction sequence has 
been proposed for the compaction of porous secondary agglomerates consisting of 
inorganic materials (van der Zwan and Siskens, 1982). The four steps in this sequence 
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are: 1) filling of inter-particle voids, i.e. rearrangement of secondary particles,
2) fragmentation and plastic deformation of secondary particles, 3) filling of intra-
particular voids, i.e. rearrangement of primary particles rendering the agglomerates
more dense, and 4) fragmentation and plastic deformation of the primary particles. 
Thus, in the case of granulated materials, the properties of both the primary and the 
secondary particles are important. 

The compression behaviour of granulated microcrystalline cellulose (a plastic material)
has been thoroughly studied by Johansson (1999), who suggested a somewhat different 
volume reduction sequence for this material than the one proposed by van der Zwan and 
Siskens (1982). Her model contains the following four stages: 1) rearrangement of 
secondary particles to fill inter-particle voids, 2) local deformation (surface flattening of 
the secondary particles), 3) bulk deformation of secondary particles (change in 
agglomerate dimensions) in parallel with densification of secondary particles, and 
4) cessation of the volume reduction owing to low inter- and intra-granular porosity. 
During the first two stages in this sequence the strength of the compressed powder bed 
is very low, i.e., if there are any inter-granular bonds, their bonding force is extremely
low. The bulk deformation of the granules (stage 3) results in stronger inter-granular
bonding, which is further increased during stage 4, even though the volume reduction in 
this stage is minute.

1.3.3. Pellets (spherical agglomerates) 

Numerous investigations have been made into the compaction of pellets, coated as well 
as uncoated. In general the major purpose of studies on the compaction of coated pellets 
is to ensure that they retain the desired release properties after compaction and not to 
investigate the compression behaviour of the pellets. An understanding of the 
compression behaviour of uncoated pellets can, however, provide a basis for the 
formulation of multiple unit tablets from barrier-coated pellets without damaging their 
coating. Some findings on the compression behaviour of pellets will now be given. 

Pellets have been shown to react differently to compaction and consolidation than 
powders of the same material. The compression of various lactose/microcrystalline
cellulose (MCC) compositions in powder or pellet form was studied by Wang and co-
workers (1995). The compactability of lactose-rich pellets was shown to exceed that of 
MCC-rich pellets and the poor compactability of the latter was ascribed to the loss of 
plasticity of MCC during the wet granulation process. Maganti and Çelik (1993) 
compared the compaction behaviour of pellet formulations, mainly consisting of MCC,
to that of the powders from which they were formed and also found significant 
differences. The powders examined were found to compact by plastic deformation and 
produced strong compacts, while the pellets exhibited elastic deformation and brittle 
fragmentation, resulting in compacts of lower tensile strength. This can be explained by 
the fact that pellets, which are large and spherical in shape as compared to the small,
irregular powder particles they are composed of, have a low surface to volume ratio, 
which might result in a decreased area of contact between the particles as they 
consolidate.
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Investigations into the compression behaviour of pellets consisting of microcrystalline
cellulose, alone or in combination with other excipients such as polyethylene glycol and 
dicalcium phosphate, have been made by Nicklasson (2000). Deformation of the 
aggregates was found to depend on three deformation characteristics, namely, the 
capacity for, the mode of and the resistance to deformation. The mode of deformation
was found to depend on the material composition of the pellets and can be divided into 
surface and bulk oriented deformation. High surface deformation refers to the great 
ability of the pellets to conform to the surfaces of surrounding pellets. In pellets
containing a soft component, the primary particles can reposition within the 
agglomerate and hence the ability to fill the intergranular pore space is increased. For 
pellets consisting of a hard material, on the other hand, the compaction stress may give 
local failure at pellet surfaces. Thus, the material properties of the primary particles 
constituting the pellets are important for the compression behaviour of pellets. 

Schwartz and co-workers (1994) suggested that any desired compaction profile could be 
achieved by changing the components of uncoated pellets. In a number of studies (e.g. 
Iloañusi and Schwartz, 1998; Salako et al., 1998; Nicklasson and Alderborn, 1999) 
various soft materials have been incorporated in pellets to modify their deformability
and compactability. Nicklasson and Alderborn (1999) studied the modulation of the 
tabletting behaviour of pellets through the incorporation of polyethylene glycol and 
found that these soft pellets had an increased propensity to deform and an altered mode
of deformation compared to the relatively hard microcrystalline cellulose pellets.
Iloañusi and Schwartz (1998) found MCC based bead formulations incorporating wax 
to be more compressible than those made without wax. As the level of wax increased, 
plastic deformation became the predominant deformation mechanism, while compacts
made from beads without wax underwent higher elastic recovery. Salako and co-
workers (1998) found that hard pellets (consisting of theophylline and MCC) were less 
brittle and deformable than soft ones (containing glyceryl monostearate). The soft 
pellets were found to fracture under low tabletting pressures and were able to form a 
coherent network of deformable material in the tablets at higher pressures. The hard 
pellets were unable to form such a network even at high loads. In addition, the hard 
pellets were found to reduce more in volume without bond formation, i.e. by particle 
rearrangement, than the soft pellets. 

The size of the pellets can also have a bearing on their compression behaviour. Small
pellets have been found to be less affected than larger ones by the compaction process 
(e.g. Haslam et al., 1998; Johansson et al., 1998). Haslam and co-workers (1998) were 
able to correlate this directly to the individual bead strength, i.e., the smaller beads were 
significantly stronger, relative to their size, than the larger ones. Furthermore, Johansson 
and co-workers (1998) found the deformation of individual pellets to be correlated to 
their size, i.e., larger pellets were more readily deformed. This was explained by a 
reduced number of force transmission points with increasing size of the pellets and 
therefore an increased contact force on each pellet, resulting in a higher degree of 
deformation.

Furthermore, the application of a coating to the pellet cores can influence their 
compression characteristics. Maganti and Çelik (1994) added a water-based ethyl 
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cellulose coating (Surelease) to the MCC based pellets previously used (Maganti and 
Çelik, 1993) and thereby altered their deformation characteristics, introducing plasto-
elastic properties whereas previously they had been brittle and elastic. Higher amounts
of coating were found to give more time-dependent deformation characteristics, i.e.
viscoelasticity and elastic expansion. The overall ability of the pellets to deform, both 
plastically and elastically, increased with an increasing coating level. In an investigation 
by Miller and co-workers (1999), the mechanical properties of tablets compressed from 
pellets coated with Surelease were generally comparable to the corresponding properties 
of tablets compressed from uncoated ones, with the exception of the diametrical strain, 
which increased on coating. This was attributed to the flexibility of the plasticized ethyl 
cellulose, allowing greater deformation of the compact to occur prior to failure.
Moreover, the presence of a film coating applied by means of an aqueous polymeric
dispersion of polymethacrylates has been shown to influence the crushing strength and 
the elastic properties of ibuprofen pellets (Aulton et al., 1994). Hence, there was a 
tendency for increased pellet strength on coating, which is consistent with other studies 
(Beckert et al., 1996; Mount and Schwartz, 1996; Felton et al., 1997), although 
generally the differences have not been significant. 

1.4. Modified oral drug release 

Modified release can be categorized into delayed release and extended, or prolonged, 
release (e.g. Graffner, 1993). The primary aims of using delayed release are to protect 
the drug from an unfavourable environment in the gastrointestinal tract, to protect the 
gastrointestinal tract from high, local concentrations of an irritating drug compound, or 
to target a specific region of absorption or action. Delayed release products are typically
enteric-coated or targeted to the colon. Extended release products aim at releasing the 
drug continuously at a predetermined rate in order to increase the patient compliance.
This is expected since the frequency of administration is reduced and peaks are cut to 
prevent high concentrations, locally or systemically, which can cause undesirable side-
effects. Thus, the tissue concentrations are kept at a low but effective level over an 
extended time period. 

There are numerous ways of achieving prolonged drug release, including the use of ion-
exchange resins, pH-independent formulations, prodrugs, barrier-coating, embedment in 
hydrophilic, plastic or slowly eroding matrices, repeat action, polymer resin beads, drug 
complex formation, bioadhesives and local targeted systems (e.g. Ranade, 1991). Of 
these, the ones most commonly used are barrier-coating, effectively giving a reservoir 
system where a polymer membrane surrounding the dosage regulates the drug release, 
and embedment in different types of matrices, resulting in homogeneous dosage 
systems through which the drug diffuses at a controlled rate. Newer systems that are 
being investigated include dosage forms that float on the contents of the stomach (e.g. 
Streubel et al., 2003), bioadhesion to gastrointestinal mucosa (e.g. Vasir et al., 2003) 
and dosage forms giving drug release specifically in the colon (e.g. Leong et al., 2002). 

Modified release dosage forms are available as single unit dose (non-divided 
preparations, e.g. matrix tablets) or multiple unit dose systems (divided preparations, 
e.g. granules or pellets). The main advantages of using multiple unit dose systems as 
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opposed to single units are the more predictable gastric emptying and dispersion in the 
gastrointestinal tract, and the reduced risk of “dose dumping”, i.e. failure of the system
leading to immediate release of the drug (e.g. Follonier and Doelker, 1992). The 
drawbacks of multiple unit modified release dosage forms are that their manufacture is 
technically more complicated, time-consuming and expensive. 

1.4.1. Multiple unit tablets

A design principle of increasing importance for controlled release preparations is the 
compaction of barrier-coated particles into disintegrating multiple unit tablets. For 
example, the second highest selling pharmaceutical in Sweden in the year 2002 was 
Losec MUPS (Antonov et al., 2003), consisting of microencapsulated drug granules 
tabletted with excipients (Hedstrand, 2002). One challenge in the production of 
disintegrating multiple unit tablets is maintaining the modified drug release after
compaction, as the application of the compaction pressure can lead to structural changes 
in the film coating and, consequently, altered drug release, as reviewed by Bodmeier
(1997). To protect the coating from such changes, excipients with so-called cushioning, 
or protective, properties are usually incorporated in the tablet formulation. The 
compression-induced changes in the structure of a film coating may depend on 
formulation factors, such as the type and amount of coating, the properties and structure 
of the substrate pellets and the incorporation of excipient particles. In the following
literature compilation the focus lies on the compression of reservoir pellets, although 
some examples of other coated particles, such as powders and microcapsules, are also
included.

Coating
The type and amount of coating has a considerable influence on compression-induced
changes in the structure of the film coating. It has been suggested that the coating 
should be highly elastic and flexible to be able to adapt to the deformation of the pellets 
without rupturing (Chang and Rudnic, 1991; Lehmann et al., 1993; Aulton et al., 1994; 
Beckert et al., 1996). In this context, solvent-based coatings have been found to be more
flexible and have a higher degree of mechanical stability than aqueous-based ones, and 
therefore less affected by compaction (Chang and Rudnic, 1991). Both ethyl cellulose 
and methacrylate copolymers (Eudragit) were investigated in this study. Heinämäki and 
co-workers (1995) used aqueous and solvent-based Eudragit coatings (methacrylate
copolymers) and found that an aqueous dispersion was most suitable for the coating of 
pellets to be compacted. The use of aqueous dispersions of ethyl cellulose (Aquacoat 
and Surelease) for the preparation of multiple unit tablets can, however, lead to failure
of the coating through the formation of cracks and flaws, as experienced by for example 
Béchard and Leroux (1992) and Maganti and Çelik (1994). Sarisuta and Punpreuk
(1994) used organic solutions of ethyl cellulose for the compaction of reservoir pellets 
and concluded that the change in drug release upon compaction was caused neither by 
flaws nor by failures in the film, but by alterations in some physical properties of the 
film itself under pressure. 
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It has been claimed that the elongation of the coating at break should be at least 75% to 
avoid coating rupture during compaction (Lehmann et al., 1993). Moreover, Aulton and 
co-workers (1994) concluded that films exhibiting a relatively high elastic modulus and 
apparent Newtonian viscosity provide the highest protection to the pellet core and 
coating on compaction. According to Beckert and co-workers (1996), more elastic 
coatings have an enhanced ability to follow the deformation of the pellets during 
compression.

Generally, the ductility of aqueous-based coatings can be improved by the addition of 
plasticizers, but this is often accompanied by a reduction in the tensile strength (Aulton,
1982). In contrast, Felton and co-workers (1997) found the tensile strength of film-
coated beads to increase with increasing plasticizer content, and as the degree of 
plasticization of the polymer increased, the film coating became more elastic and was 
able to deform during compression. Heinämäki and co-workers (1995), however, found 
no influence of plasticizer amount on drug release from compacted reservoir pellets. 

As for the amount of coating, in general a thicker coating can withstand damage better 
than a thinner one (Flament et al., 1994; Beckert et al., 1996). Beckert and co-workers 
(1996) concluded that the elasticity improves with the coating thickness of elastic 
coatings. In a later study, however, it was found that the coating must be of at least a 
specific lowest thickness for the elasticity to have a synergistic effect on reduction of 
the coating damage during compaction (Wagner et al., 2000a). In this study it was 
concluded that thicker coatings offer better resistance to frictional forces, and 
consequently cracks that are introduced into the coating during compression do depend 
on the elasticity of the film.

Protective particles
The second and perhaps most studied formulation factor is the incorporation of 
excipient particles in the tablet formulation. It has been found that coated pellets can be 
compressed into tablets whilst retaining controlled release of the drug, provided that the 
effect of excipients and the compression force is considered and determined (Juslin
et al., 1980). When reservoir pellets are compacted without including any excipients, 
disintegration of the tablets cannot be ensured and matrix tablets often form (e.g. 
Lehmann, 1984; Lopéz-Rodríguez et al., 1993; Mount and Schwartz, 1996), thereby 
counteracting the purpose of the multiple unit formulation. Excipients that are 
incorporated in the tablet formulation can be either primary powder particles or can be 
in the form of secondary agglomerates, such as granules or pellets. The latter approach 
has been suggested to reduce the risk of segregation owing to differences in particle size 
(e.g. Aulton et al., 1994; Çelik and Maganti, 1994; Flament et al., 1994). 

The protective effect of an excipient is dependent on the particle size and the 
compaction characteristics of the material, i.e. whether fragmentation or plastic or 
elastic deformation is the predominant volume reduction mechanism. In general, 
materials that deform plastically, such as microcrystalline cellulose and polyethylene 
glycol, give the best protective effect (e.g. Béchard and Leroux, 1992; Torrado and 
Augsburger, 1994; Beckert et al., 1996; Haubitz et al., 1996). Yuasa and co-workers 
(2001) studied the protective effect of 14 different excipients and were able to correlate 
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the plastic energy percentage to the release rate, i.e. materials that deform plastically
were shown to protect the coating best. However, Stubberud and co-workers (1998) 
found that lactose, a fragmenting material, gives better protection than microcrystalline
cellulose.

The amount of excipient incorporated in the tablet formulation is also crucial for the 
protective effect, as has been revealed by several studies. For example, Lehmann and 
co-workers (1993) concluded that inclusion of approximately 30% of excipients in the 
tablet formulation filled the interspace between the coated pellets, and thus separated
the coatings, so that the tablets disintegrated rapidly with insignificant damage to the 
coatings and no notable change in the drug release. Palmieri and co-workers (1996) 
showed that tablets consisting of maximum 40% coated granules had acceptable release 
profiles, using microcrystalline cellulose (MCC) as the tablet excipient. Wan and Lai 
(1994), on the other hand, prepared multiple unit tablets containing 62.5% coated 
granules with a release profile not significantly different from the untabletted granules 
up to 80% released, when utilizing a mixture of MCC, crospovidone and colloidal 
silicon dioxide as excipient. Wagner and co-workers (2000a) concluded that a tablet 
content of 70% (w/w) of pellets, approximately 1 mm in diameter, is a critical level
resulting in pronounced damage to the coating. On reducing the pellet proportion to 
60% (w/w), tablets fulfilling the dissolution requirements of USP 23 for enteric-coated 
products could be prepared. 

As for the size of the excipient particles, some studies recommend the use of small
particles, while others recommend large ones. El-Mahdi and Deasy (2000) found that 
excipient powder particles protected coated pellets better than excipient pellets, in 
which case significant damage occurred to the reservoir pellets. They also concluded 
that increasing the amount of excipient powder helped to minimize the damage to the 
pellets, but resulted in tablets that disintegrated slowly. Wagner and co-workers (2000b) 
compacted reservoir pellets (Eudragit FS 30 D coated) using microcrystalline cellulose
as the excipient, either as a powder or in the form of granules. They found the drug 
release to be less affected when using granules than powder, but recommended the use 
of powder for less flexible polymers. In a study by Yao and co-workers (1998), 
excipient particles smaller than 20 µm were found to protect the coating of theophylline 
particles irrespective of the excipient material used, while larger excipient particles
increased the dissolution rate on compaction. Yuasa and co-workers (1990) compacted
microcapsules with mixtures of excipients including MCC of various sizes. Small MCC 
particles increased the dissolution rate less, i.e., protected the microcapsules better, than 
larger ones. Haslam and co-workers (1998), on the other hand, concluded that large 
excipient particles reduced the compression-effects on coated beads. Large excipient
particles apparently resulted in increased excipient-excipient interaction and thereby 
produced an environment in which the compression forces impacted less directly upon 
the beads. 

A number of researchers have studied the possibility of preparing pellets with protective 
properties that can be mixed with the reservoir pellets prior to compaction. Hence, 
Habib and co-workers (2002) used freeze-drying to prepare protective pellets that 
exhibited both plastic deformation and brittle fracture characteristics, while others have 
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incorporated various soft materials in the pellets to modify their deformability and 
compactability and to enhance their protective effect (Mount and Schwartz, 1996; Pinto 
et al., 1997a; Iloañusi and Schwartz, 1998; Salako et al., 1998; Nicklasson and 
Alderborn, 1999). In recent studies, beads containing wax have been used as protective 
particles in the compression of coated pellets, successfully producing tablets with 
unchanged (Vergote et al., 2002) or similar drug release as the uncompacted pellets 
(Debunne et al., 2002). A different approach for protection that has been investigated is 
the spray-layering of cushioning agents as extra coating layers to the reservoir pellets
(Altaf et al., 1998 and 1999). This procedure was used to prevent segregation that might
result on mixing the pellets with finer excipient particles.

Substrate pellets
The properties and structure of the substrate pellet comprise the third formulation factor. 
As already discussed (see Section 1.3.3.), the compression behaviour of pellets can 
differ from that of powders. Furthermore, the addition of a coating to the pellet core
may alter the compression behaviour. The structure of both substrate pellet and coating 
are inter-related and it is suggested that, as a general rule, film coating and pellet core 
should have similar properties (Aulton et al., 1994; Felton et al., 1997). According to 
Aulton and co-workers (1994) the desirable mechanical properties of the pellets are that 
they are strong, not brittle and have a low elastic resilience. They should deform under 
load application and load recovery without fracture. Schwartz and co-workers (1994) 
state that the pellet core should exhibit some degree of plasticity so that it can 
accommodate a possible change in shape when the coated pellets are subjected to 
tabletting. Beckert and co-workers (1996) compacted coated pellets of two different 
crushing strengths with different excipients, and concluded that the harder pellets were 
better able to withstand compression forces as they deformed to a lesser degree and the 
film coatings were less susceptible to rupture. Ragnarsson and co-workers (1987) found 
that the compaction of small pellets had less effect on the drug release than compaction
of larger ones. However, they also concluded that the effect of pellet size was dependent 
on the choice of coating material as well as the amount and properties of the pellets and 
the excipients forming the tablet. 

1.5. Concluding remarks regarding the literature 

Although the compaction of pellets has been reported upon extensively in the literature, 
the behaviour of barrier-coated pellets as a function of compression has been 
investigated far less thoroughly. Knowledge of the compression behaviour of uncoated 
pellets can, however, provide a basis for the formulation of multiple unit tablets from
barrier-coated pellets without damaging their coating. In this context, pellets have been 
shown to behave differently during compression than the powders of which they are 
composed. In particular, pellets have a higher ability to densify owing to their 
intragranular porosity, and one possible way to modulate the deformation and 
densification of pellets during compression is to vary their intragranular porosity (Millili 
and Schwartz, 1990; Johansson et al., 1995; Nicklasson and Alderborn, 2000; Habib
et al., 2002). Hitherto, however, the influence of the porosity of reservoir pellets on the 
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compression behaviour and compression-induced changes in drug release has not been 
studied.

As for the substrate pellets to be compacted, there are indications that small pellets are
preferable to larger ones. There are, however, contradictory recommendations as to 
whether the pellets should be plastically deformable (Schwartz et al., 1994) or hard and 
non-deformable, making them better able to withstand coating rupture (Beckert et al., 
1996). This is clearly a field in which more knowledge is desirable. 

Other important factors concerning the preparation of multiple unit tablets are the
properties of the barrier-coating and the inclusion of protective excipient particles in the 
tablet formulation, and these parameters have been more extensively investigated. The
properties of the coating appears to be the most critical factor and it has been suggested 
that the coating must be able to adapt to the deformation of the substrate pellets without
rupturing for the drug release to remain unchanged on compaction (Chang and Rudnic, 
1991; Lehmann et al., 1993; Aulton et al., 1994; Beckert et al., 1996). The most
frequently encountered explanation for the loss of modified release upon compaction, in 
terms of an increased drug release rate, is the occurrence of cracks in the coating. 
However, knowledge of why and how cracks are formed in the coating – as well as how 
this could be avoided – would be highly valuable in the development of multiple unit
tablets. In conclusion, in order to better understand what happens to the coating during 
compaction, more knowledge about the compression behaviour of reservoir pellets is 
needed. The present thesis aims to contribute to this understanding. 

2. AIMS OF THE THESIS

In this thesis the preparation of multiple unit tablets was studied with the intention of 
gaining a deeper understanding of factors influencing the properties of such tablets, 
especially the compression behaviour of the pellets constituting the tablets and the 
consequent effect on the drug release. In particular, the aims were:

• To investigate and identify some of the factors that influence the preparation of 
modified release multiple unit tablets intended to disintegrate and release the drug 
pellets retaining a similar dissolution mechanism (papers I and II).

• To investigate the influence of some inter- and intra-granular factors, particularly 
the pellet porosity and the properties of excipient particles, on the compression
behaviour of pellets (papers III-V).

• To relate the drug release from compacted reservoir pellets to their compression
behaviour (papers IV and V).
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3. MATERIALS AND METHODS 

3.1. Materials 

Microcrystalline cellulose (MCC) (Avicel PH101, FMC) was used as a pellet-forming
excipient in all studies. In papers I and II, the granulation liquid was distilled water, in 
papers III-V the granulation liquid consisted of different proportions of deionised water 
and ethanol (95%) purchased from Kemetyl, Sweden (papers III and IV) or Solveco 
Chemicals AB, Sweden (paper V). All powders were used as received except for the 
salicylic acid, which was milled in a pin disc mill (Alpine 160Z, Germany) before use.

Paper I 
The materials used were riboflavin (Sigma Chemical company, St Louis, USA), 
hydrous lactose (N.F., Sheffield Products, Norwich, USA), microcrystalline cellulose 
(Avicel PH101, FMC, Philadelphia, USA), barium sulphate (XR, Sachtleben Chemie
GMBH, Duisburg-Homberg, Germany), glyceryl monostearate (Tech., Pfaltz & Bauer 
Inc., USA), precipitated heavy calcium carbonate (Sturge Chemicals, Birmingham,
UK), heavy magnesium oxide (B.P., Macarthys, Romford, UK) and precipitated 
magnetic iron oxide (BDH Chemicals Ltd., Poole, UK). 

Paper II 
Theophylline hydrous (E.P., Knoll AG, Ludwigshafen, Germany), microcrystalline
cellulose (Avicel PH101, FMC, Philadelphia, USA), lactose (E.P., Borculo Whey
Products, Saltney, UK), barium sulphate (XR, Sachtleben Chemie GmbH, Duisburg-
Homberg, Germany), glyceryl monostearate (Hüls, Witten, Germany), magnetic
precipitated iron oxide (Fisons Scientific Equipment, Loughborough, UK), precipitated 
calcium carbonate (Sturge Chemicals, Birmingham, UK), ethyl cellulose (Surelease
E-7-7050, Colorcon, Dartford, Kent, UK) and methylcellulose of viscosity grade 400 
(Methocel A4C premium, Colorcon, Dartford, Kent, UK) were used. 

Paper III 
Microcrystalline cellulose (Avicel PH101, FMC, Cork, Ireland), red dye (Saturnus AB,
Sweden) and magnesium stearate (Ph. Eur.) purchased from Kebo, Sweden were used. 

Papers IV and V 
The materials used were salicylic acid (puriss, Merck, Germany), microcrystalline
cellulose (Avicel PH101, FMC, Cork, Ireland), ethyl cellulose 10 cps (Hercules Inc., 
USA) and magnesium stearate (Ph. Eur.) purchased from Kebo, Sweden. In paper V
yellow dye (Saturnus, Sweden) was also used. 
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3.2. Methods 

3.2.1. Preparation of pellets

Pellets were generally prepared by wet granulation followed by extrusion-
spheronisation, although small cushioning pellets (paper V) were prepared by wet 
granulation followed by direct spheronisation. In papers I-II three different types of 
pellets were prepared, i.e. drug pellets, soft pellets and disintegrant pellets. In paper III
microcrystalline cellulose pellets of different porosities were prepared and in paper IV
reservoir pellets of different porosities were prepared. In paper V excipient pellets of 
different sizes and porosities and reservoir pellets were prepared. Different proportions 
of water and ethanol were used in the granulation liquid to prepare pellets of various 
porosities. The compositions of the pellets and preparation details are given in the 
respective papers.

The powders were dry mixed in a planetary mixer (Kenwood Chef, Woking, UK (I);
Model AE200, Hobart, London, UK (II) or QMM-II, Donsmark Process Technology,
Denmark (III-V)) for 1-5 min before adding the granulation liquid and for an additional 
3-10 min with the liquid. After mixing, the wet mass was immediately extruded either 
by a ram extruder fitted to a mechanical testing instrument (Lloyd, MX50, 
Southampton, UK) (I), a rotary gear extruder (G.B. Caleva, Dorset, UK) (II) or a basket 
type extruder (model E140, NICA System, Sweden) (III-V). Immediately after extrusion 
the extrudate was spheronised (G.B. Caleva Ltd., Dorset, UK) (I, II) or (model S320-
450, NICA System, Sweden) (III-V) on a 22.5 or 32 cm, respectively, diameter friction 
plate with a radial geometry plate for 3-30 min. The pellets were dried in a fluid bed 
(P.R.L. Engineering, Wrexham, UK) (I), a conventional hot-air oven (II) or under 
ambient conditions (III-V). The desired size fractions were separated by dry sieving 
with a set of standard sieves (Endecotts Ltd., London, UK). The study pellets (paper III)
and large excipient pellets (paper V) were coloured for recognition during sorting. 

3.2.2. Coating of pellets (II, IV and V)

Reservoir pellets were prepared by spray coating drug pellets with ethyl cellulose in a 
fluid bed apparatus (STREA-1, Aeromatic AG, Muttenz, Switzerland). In paper II a 
pseudolatex (Surelease, Colorcon) with added methylcellulose and the bottom-spray
technique was used as described elsewhere (Yuen et al., 1993), while in papers IV and V
an ethanol solution (5% w/w) and the Wurster technique was used. The Surelease 
coated pellets were dried and cured in a conventional hot-air oven at 60°C for 24 h. The 
different coating thicknesses were 1.17% total weight gain (twg), 4.38% twg and 8.27% 
twg in paper II, approximately 10% or 15% weight gain in paper IV and approximately
14% weight gain in paper V. This corresponds to a theoretical film thickness, h, of 
about 24 µm or 16 µm for paper IV and about 30 µm for paper V as calculated in the 
following way: 

VS
mh

VEC

EC        Eq. 1
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where mEC and EC are the mass and density of ethyl cellulose, respectively, and Sv and 
V are the volume specific external surface area and the volume of the pellets, 
respectively.

3.2.3. Preparation of tablets 

Tablets were prepared in an instrumented single punch press (type F3, Manesty, 
Liverpool, UK) (I, II) or (Korsch EK 0, Germany) (III-V).

Papers I-II 
For all pellet types the size fraction 1.00-1.40 mm was used in the tablets to avoid 
segregation. The pellets were mixed by hand in plastic bags for a few minutes before 
being compressed in an instrumented single punch press equipped with round flat-faced 
punches and die, 10.0 mm in diameter (I) or with round normal concave faced punches 
and die, 12.5 mm in diameter (II). The upper punch force was kept constant in different 
ways: In paper I the fill volume was adjusted to obtain the required constant pressure, 
but gave a different fill weight for the different mixtures. In paper II 1000 mg (±5 mg) 
of pellets was weighed and manually filled in the die for each tablet and three different 
compaction pressures were used. 

Papers III-V
The particles were mixed with 0.5-2% w/w of magnesium stearate for 100 min or 24 h 
in a tumbling mixer (Turbula, W.A. Bachofen, Switzerland) at 120 rpm. This procedure 
was used to decrease bonding between the pellets in the tablets to facilitate easy 
mechanical deaggregation of the tablets (Johansson and Alderborn, 1996). The 
lubricated pellets or mixtures were then compacted in an instrumented single punch 
press equipped with circular flat-faced punches (diameter 11.3 mm). For each tablet, the 
die was manually filled with 500 mg (±0.5 mg) of pellets and the tablets were formed at 
different upper punch pressures. Before each compaction, the punches and die were 
lubricated with a suspension of 1% of magnesium stearate in ethanol. 

Papers III and V 
Binary pellet mixtures were prepared by mixing the study and excipient pellets (III) or 
reservoir pellets and excipient particles (V) in a tumbling mixer (Turbula, W.A. 
Bachofen, Switzerland) in the proportion 1:7 (v/v). The coordination number in a bed of 
spheres is the maximum number of spheres theoretically in contact with any single 
sphere. It has been reported that, when poured, a bed of randomly arranged and loosely 
packed spheres with a bed voidage of about 45% has a coordination number of 
approximately 7 (Cumberland and Crawford, 1987). Since the bed voidage values 
obtained for the pellets used were in the same order of magnitude as this, the relative
proportions of the two types of pellets was chosen as 1:7, to create a packing status 
before compression in which, if thoroughly mixed, each pellet would be surrounded by
and in contact with only excipient pellets. For the powder system, the same proportion 
was used.
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3.2.4. Deaggregation of tablets (III-V)

The tablets were gently deaggregated by manually shaking them in a petri dish. In the 
case of binary mixtures (III and V), the study (III) or reservoir pellets (V) were then 
separated by sieving through a sieve with 1000 µm circular openings and by manual
sorting of any remaining excipient particles by colour. The pellets retrieved were stored 
in a desiccator at 40% relative humidity and at room temperature for at least seven days 
before characterization. 

3.2.5. Characterization of tablets (I and II)

Strength (I and II)
The breaking load (n = 5) for the tablets was measured by diametrical compression test 
(CT40 Engineering systems, Nottingham, UK) at a rate of 1 mm/min.

Friability (I and II)
Five tablets were run in a Roche friabilator for two (I) or five (II) minutes and the 
proportion that did not pass the 1.40 mm sieve was weighed on an analytical balance. 
The friability was subsequently calculated as the percentage of weight lost. 

Disintegration time (I and II)
The disintegration time (n = 5) was tested in a disintegration apparatus (Copley,
Nottingham, UK) with discs. Water was used as the disintegration medium and the 
temperature was set at 37°C. The time taken until no material from any of the tablets
was left on the mesh was recorded. 

Weight uniformity (I)
Twenty tablets from each tablet formulation were weighed on an analytical balance to 
the nearest milligram, and the mean and coefficient of variation were calculated.

Content uniformity (I)
The tablets (n = 5) were placed separately in 1.00 litre of distilled water and left in a 
paddle dissolution bath (type PTWS, PharmaTest, Apparatebau, Germany) for 16 hours 
at 37.5°C and 100 rpm. The solutions were then put in an ultrasonic bath for two 
minutes before the absorbance was measured spectrophotometrically (Perkin-Elmer 554 
UV/vis. Spectrophotometer, UK) at 266 nm wavelength. A calibration curve of 
absorbance versus concentration of riboflavin was made and used to determine the 
concentration of riboflavin for each tablet. 

Drug release from tablets (II)
The drug release (n = 5) was studied in an automated paddle dissolution apparatus (type 
PTWS, PharmaTest Apparatebau, Hamburg, Germany) set at 37°C and 100 rpm for 12 
hours. One tablet was placed in 1.00 l of distilled water. The absorbance was measured
spectrophotometrically (PU8620 UV/VIS/NIR Spectrophotometer, Philips, Cambridge,
UK) at 274 nm wavelength at certain predetermined times and the percentage of 
theophylline released over time was calculated. From the release curves the mean
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dissolution time, MDT, its variance, VDT, and the relative dispersion, RD, were
calculated as previously described (Voegele et al., 1988; Pinto et al., 1997b). 

3.2.6. Characterization of pellets 

Strength (I and II)
The breaking load (n = 5) for the pellets was measured by diametrical compression test 
(CT40 Engineering Systems, Nottingham, UK) at a rate of 1 mm/min.

Size distribution (I and II)
The size distribution of the pellets was determined through 10 minutes of dry sieving 
with a set of standard sieves (opening sizes 0.710; 1.00; 1.40; 1.70; 2.00 mm) (test sieve 
shaker, Endecotts, London, UK).

Thickness (III and IV)
The pellet thickness was determined (n = 2) by ring gap sizing (F.O.A., Sweden) as 
described elsewhere (Nyström and Stanley-Wood, 1976). Suitable vibrating conditions 
for the sizing table were determined using pre-trials. About 1 g of pellets was used for 
each experiment and the results were analysed to determine the median of the number
distribution.

Surface area (III-V)
The external surface area of the pellets was assessed (n = 3) using steady-state air 
permeametry. The pellets were poured manually into a glass cylinder of 11.5 mm
diameter to an approximate bed height of 4 cm and subjected for 10 minutes to mild
vibration. The weight and height of the pellet bed were then measured. The container 
was connected to a digital differential manometer (P200 S, Digitron Instrumentation
Ltd., UK) to detect the pressure drop over the bed of pellets. Air was pumped through 
the bed at a series of controlled flow rates (Brook flow meter, Brook Instruments B.V., 
The Netherlands) and the corresponding pressure drop recorded. The permeametry
surface area was then calculated according to Eriksson et al. (1993).

Shape (I-V)
The pellet shape was assessed by image analysis. In papers I and II pellets (n = 30 or
n >40, respectively) were analysed with an image analyser (Solitaire 512, Seescan, 
Cambridge, UK) connected to a black and white camera (CDD-4 miniature video 
camera module, Rengo Co. Ltd., Toyohashi, Japan) and a zoom lens (18-108/2.5 
Olympus, Hamburg, Germany). Top light (Olympus cold light source, Hamburg,
Germany) was used to reduce the influence of shadows on the image processing, as this 
has been described previously (Podczeck and Newton, 1995). The two-dimensional
shape factor eR was calculated in accordance with the method described by Podczeck 
and Newton (1994). In papers III-V the pellets were photographed in a light microscope
(Olympus Vanox, Japan) at twofold magnification. The photos were digitalised and the 
projected area (A), the projected area circle diameter (d) and the perimeter length (P) of 
the pellets were determined (n = 31–70) by image analysis (NIH Image, version 1.61, 
USA, available on the Internet at http://rsb.info.nih.gov/nih-image/) with a pixel 
resolution of 5.1–5.5 µm/pixel. A steel sphere with a diameter of 1000 µm (SKF, 
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Sweden) and an assumed circularity of 1.00 was used as a reference on each picture. 
The circularity (C) of the pellets (a measure of the closeness of fit between the projected 
area of the pellet and the area of a circle of the same perimeter) (Cox, 1927) was 
calculated as:

2

4
P

AC        Eq. 2

The Heywood shape coefficient, , (Heywood, 1954) was calculated as: 

dSv        Eq. 3

where Sv is the volume specific external surface area of the pellets as determined by 
permeametry and d is the mean projected area of the circle diameter as determined by 
image analysis.

Appearance (III-V)
The appearance of the pellets was investigated using images obtained by scanning 
electron microscopy (Philips SEM 525, Holland). 

Intragranular porosity (III-V)
The intragranular pycnometry porosity of the pellets was calculated (n = 1–3) as one 
minus the ratio of the effective and apparent particle densities. The apparent particle 
densities of the microcrystalline cellulose and salicylic acid powders were measured
using a helium pycnometer (Accupyc 1330, Micromeritics, USA) and, in the case of 
powder mixtures, the apparent particle density of the powder mixture was calculated 
according to Jerwanska et al. (1995). The effective particle (pellet) density was 
determined by mercury pycnometry at 90 or 100 kPa (corresponding roughly to 
atmospheric pressure) using a porosimeter (Autopore III 9420, Micromeritics, USA). 
The mercury intrusion pressures used were based on earlier experiences that 
pycnometry data obtained at a similar pressure corresponded reasonably with porosity 
data obtained by mercury intrusion (Johansson et al., 1995). In paper IV the intrusion 
porosity of the reservoir pellets was also determined. The intrusion porosity was 
calculated from the volume of mercury intruded in the pellets at maximum pressure 
(414 MPa) minus a volume considered to represent the volume of mercury needed to fill 
the voids between the pellets (determined as the plateau of the graphs of cumulative 
intrusion volume versus pore radius). At this plateau, it was assumed that intergranular
voids and intragranular pores were separated. In paper V the uncoated drug pellets and 
excipient pellets were dried overnight in a conventional hot-air oven at 80°C, whereas 
the reservoir pellets were stored in a desiccator at 0% relative humidity and at room
temperature for at least 2 weeks prior to the measurement.

Bulk density (III-V)
The bulk density of the uncompacted pellets was assessed (n = 3–5) using a tap 
volumeter (J. Engelsmann A.G., Ludwigshafen, Germany, complying with DIN 
standard 53194). The pellets were poured into a 50 ml (III) or 25 ml (V) cylinder, which 
was tapped 200 times. The poured and tapped densities were determined from the 
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weight and volume of the pellet bed and the ratio of the tapped to poured bulk density, 
i.e. the Hausner ratio (Hausner, 1967), was calculated. The poured and vibrated bulk 
densities of the retrieved drug pellets was determined (n = 3) from the weight and height 
of the pellet beds held within the container used for permeametry measurements.

Drug release (II, IV and V)
Paper II 
The drug release (n = 5) was studied in the same way as the drug release from tablets 
(paper II) with 400 mg of pellets in each dissolution vessel.

Papers IV and V 
During pre-trials it was found that the reservoir pellets tended to float and agglomerate
in the dissolution vessel. To avoid this, 500 mg (IV) or 200 mg (V) of pellets were 
gently mixed, in an approximate ratio of 1:10 (IV) or 1:20 (V), with glass beads, 1 (IV)
or 2 (V) mm in diameter, in an amount sufficient to fill the dissolution basket. The drug
release (n = 4–6) from the pellets was then studied in an automated USP dissolution 
apparatus (Distek 2100B, USA) set at 37°C and 100 rpm and equipped with rotating 
baskets placed in 1000 (IV) or 500 (V) ml of deionized and de-gassed water. 
Absorbance was measured on-line by continuous pumping (through a 10 µm filter tip)
of the dissolution medium through a Shimadzu UV-1601 spectrophotometer (Shimadzu,
Japan) set at 297 nm wavelength. The data were processed with a commercial
dissolution software program (IDIS EE, Icalis Data Systems, England). The fraction of 
drug released (given as a percentage) over time was calculated from the theoretical 
amount of salicylic acid in the pellets, taking the amount of ethyl cellulose in the film
coating into consideration (IV), or from the total amount of salicylic acid released from 
uncompacted reservoir pellets over the 24-hour period studied (V).

Paper IV 
Drug release parameters were determined from the amount of salicylic acid actually 
detected during the dissolution test. The median (t50%) and upper (t75%) and lower 
quartile (t25%) values were determined by identifying the samples closest above and 
below the relative concentrations 50%, 75% and 25%, respectively. Interpolation of 
these values to 50%, 75% and 25% (Eq. 4) then gave t50%, t75% and t25%. The 
interpolations were made according to: 

t
cc

ttc
t     Eq. 4

where is the percentage (50, 75 or 25), c–  the sampled relative concentration nearest 
below , t–  the time point for that sample, c+  the sampled relative concentration
nearest above  and t+  the time point for that sample. The interquartile range (IQR)
was calculated as the difference between t75% and t25%.

The mean dissolution time (MDT) (Podczeck, 1993), the variation in the dissolution
time (VDT) and the relative dispersion coefficient (RD) were determined according to:

27



)(

)()(

max

0
maxmax

max

tc

dttctct
MDT

t

Eq. 5 

2

max

0
max

2
max

)(

)(2)(
max

MDT
tc

dttcttct
VDT

t

   Eq. 6

2MDT
VDTRD        Eq. 7

where c(t) is the concentration of salicylic acid in the dissolution medium at time t, tmax
is the time point for the last sampling (i.e. 6 h for uncoated pellets and 24 h for coated 
and retrieved pellets) and c(tmax) is the concentration at that time. For derivations of the 
equations, see paper IV. The integrations were determined numerically by applying 
Simpson’s rule (Press et al., 1992) directly to the measured values. As Simpson’s rule 
requires that sampling points should be equidistant on the abscissa, the samples of each 
dissolution profile were grouped so that each group fulfilled that requirement. The 
integration was then performed for each group, whereupon the integrals obtained were 
summed.

Paper V 
Drug release parameters (values for the median, t50%, and for the upper and lower
quartile, respectively, and the interquartile range, IQR) were determined from the drug 
release profiles as in paper IV. The initial drug release rate for reservoir pellets was 
determined as the slope, obtained by linear regression of the average drug release 
profiles, of the data for the first two hours of drug release (R2 0.991). The flux of drug, 
J, from the reservoir pellets under steady state conditions was then calculated as the 
ratio of this slope and the surface area of the pellets, i.e.:

St
mJ        Eq. 8

where m is the amount of drug released in time t and S is the surface area of the pellets 
added to the dissolution vessel.

3.2.7. Statistical analysis (I and II)

Statistical analysis of the data was undertaken using the "Statistical Package for Social 
Sciences" (SPSS 4.0.1., SPSS Inc. Ltd., UK). The combination of proportions of 
different types of pellets was such that analysis of variance (ANOVA) could be 
undertaken to establish which important factors influenced the properties of the tablets.
Canonical analysis was used to identify potential relationships between factors and the 
properties of the tablets. From the ANOVA and the canonical analysis, linear regression 
models were derived to predict the response of a given factor from the input variables. 
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4. RESULTS AND DISCUSSION

4.1. Pellet properties (I-V)

In this thesis the term pellet refers to spherical agglomerates prepared by extrusion-
spheronisation, while reservoir pellet refers to those agglomerates that have been coated 
with a barrier to modify the drug release, i.e., to prolong the release time. The term drug 
pellet is used for pellets containing a model drug substance and excipient or surrounding 
pellets refer to pellets without drug. In papers I and II three different types of pellets, 
namely drug pellets, soft pellets (for the protection of the drug pellets) and disintegrant 
pellets were combined as a model to investigate the ability of the mixture to form
disintegrating tablets, as proposed by Pinto (1994). In paper III, the pellets that were not
excipient pellets did not include any drug and these pellets are therefore referred to as
study pellets. 

As discussed in the review by Vervaet and co-workers (1995), the properties of pellets 
are influenced by the preparation process, in terms of conditions relating to the 
equipment (e.g. Newton et al., 1995; Schmidt and Kleinebudde, 1998) and the drying 
method (e.g. Dyer et al., 1994; Berggren and Alderborn, 2001) as well as the 
formulation materials (e.g. Nicklasson, 2000; Sousa et al., 2002) and granulation liquid 
used (e.g. Johansson et al., 1995; Boutell et al., 2002). The properties of the pellets 
determined in the individual studies that comprise this thesis are given in the respective
papers, here only a general description of some important properties is given. 

4.1.1. Shape (I-V)

Generally, the pellets were almost spherical, as judged visually (e.g. Fig. 1a) and from 
the shape measures. The two-dimensional shape factor, eR, of the pellets used in papers
I and II varied from 0.36 to 0.60. The iron oxide pellets in paper II were clearly not 
spherical, but were rather elongated in shape (eR of 0.36). All other pellet formulations
in papers I and II had a shape factor above 0.46, which, although not perfectly 
spherical, was acceptable sphericity for these studies. Circularity values for the drug 
pellets used in papers III-V were at least 0.96 and the Heywood shape coefficient varied 
from 6.55 to 7.45. For the excipient pellets used in papers III and V shape measurement
was not performed, but visual assessment revealed that these pellets were also almost
spherical. Visual examination of the reservoir pellets in papers IV and V (e.g. Fig. 1b)
showed that they had a smooth surface without visible flaws in the coating.

4.1.2. Strength (I and II)

The strength of the three pellet types used in papers I and II was measured in terms of 
the load required to break them. As expected, the soft pellets were of lower strength 
than the disintegrant and drug pellets, and they deformed during the strength test, while 
the other formulations did not show any deformation during testing. Thus the ability to 
deform was dependent on the incorporation of glyceryl monostearate to produce soft
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a) b)

c) d)

e) f)

Figure 1. Scanning electron microscope images of (a) uncoated study pellets (paper
III), (b) reservoir pellets of low porosity, 15% coating gain (paper IV), (c) uncoated 
pellets compacted with high porosity excipient pellets (paper III), (d)-(h) reservoir
pellets compacted with different excipient particles (paper V): (d) and (e) small low 
porosity excipient pellets at 80 and 280 MPa, respectively; (f) and (g) large high 
porosity and large low porosity excipient pellets, respectively, compacted at 280 MPa; 
(h) powder excipient particles compacted at 80 MPa, and (i) and (j) low and high 
porosity reservoir pellets (15% coating gain), respectively, compacted at 160 MPa 
without excipient particles (paper IV). The white bar denotes 1 mm.
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g) h)

i) j)

Figure 1 continued. 

pellets. The inclusion of different disintegrants had a limited effect on the breaking load 
of the pellets, while a higher proportion of disintegrant in the pellets lowered their 
strength. This can be attributed to the lower proportion of microcrystalline cellulose
(MCC) in these pellets, as MCC has been found to be a very effective binder that 
contributes significantly to the mechanical strength of pellets (Aulton et al., 1994; 
Schwartz et al., 1994; Wang et al., 1995). 

The application of a coating to the drug pellets did not change their strength, regardless
of the coating thickness. Others, however, have found a tendency for the pellet strength 
to increase on coating (Aulton et al., 1994; Beckert et al., 1996; Mount and Schwartz, 
1996; Felton et al., 1997). Obviously, this is dependent on the type of coating material
applied. The finding that the coating does not change the strength of the pellets indicates
that the core of the pellets fails before the coating breaks. This is typical for
pharmaceutical tablets and film coatings (Stanley et al., 1981) and might also apply to 
coated pellets. Thus rupture of the coating can result from deformation of the pellet core 
under confined load, which leads to defects caused by adhesion between contacting 
pellets and overstretching of the coating. Another possibility is that local damage to the 
coating results from the build-up of high local stresses during compaction at pellet-to-
pellet contact points. Hence, to prevent coating damage, different possibilities can be 
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considered (as discussed in Section 1.4.1. of the Introduction). The first possibility is to 
increase the rupture strength of the coating, usually achieved by increasing the coating 
thickness (e.g. Flament et al., 1994; Beckert et al., 1996). Secondly, pellet deformation
can be prevented by the use of protective particles, e.g. by increasing the number of soft 
pellets. Both of these constellations were incorporated as independent variables into the
statistical combination of variables studied in paper II. A third possibility is to modulate
the deformability of the substrate pellets, which is performed in paper IV.

4.1.3. Porosity (III-V)

As expected, the intragranular porosity of the pellets prepared in papers III-V was 
dependent on the granulation liquid used (Johansson et al., 1995). The porosity of the 
pellets varied from less than 10% to almost 40%, which is consistent with previous 
findings (e.g. Johansson et al., 1995; Nicklasson and Alderborn, 2000). According to 
these studies, the intragranular porosity is related to the mechanical strength of the 
pellets, in terms of both the fracture strength and the compression shear strength of the 
pellets, i.e. pellets of lower porosity have a higher strength, which is also consistent 
with the findings of Takahashi and Suzuki (1985). In the present studies, the drug 
pellets and excipient pellets prepared with the same proportion of ethanol in the 
granulation liquid were of similar intragranular porosity and coating the drug pellets had 
a limited effect on their intragranular porosity. 

4.1.4. Drug release (II, IV and V)

It is known from basic mathematics that averaging a set of individual time-dependent
probability distributions leads to a population time law, which does not necessarily 
represent the underlying time function of each individual distribution (Podczeck and 
Newton, 1996). For some distribution functions this has been shown experimentally by 
comparing individual release profiles from microspheres with those obtained from the 
population means (Hoffman et al., 1986). Moreover, the drug release from single film-
coated pellets, measured in terms of both the release rate and the amount released, has 
been shown to have a wide distribution (Borgquist et al., 2002). However, the use of 
dissolution studies on pellet dispersions in the present investigations is justified for two 
reasons. Firstly, the in vitro drug release ultimately aims to assess the pharmaceutical
bioavailability of the dosage form, which in these cases is a tablet, not a single pellet.
In vivo, the drug that can be absorbed will be a function of the multiple unit pellet
release, i.e., it is the average dissolution process that needs to be evaluated and 
described, even if the release mechanism derived does not necessarily reflect the release 
mechanism for individual pellets. Secondly, the pellets will be compacted into tablets 
that have to disintegrate before a truly individual pellet drug release can begin. Hence,
the measurement of individual pellet release profiles is not possible, besides which there 
will be an initial phase of drug release controlled by the tablet rather than by the 
individual pellets. In papers IV and V, however, the tablets were deaggregated before 
the dissolution experiments, thereby avoiding any influence of the tablet disintegration 
step on the drug release profile.
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The drug release profiles were characterized in terms of the time for half the amount of 
drug actually detected to appear in solution (t50%) and/or by statistical moment analysis, 
in terms of the mean dissolution time (MDT), the variance associated with the MDT
(VDT), and the relative dispersion coefficient (RD) (Voegele et al., 1988). It has been 
suggested that the RD is indicative of the mechanism of drug release (zero-order, first-
order, etc.) (Pinto et al., 1997b). As discussed above, for a multiple unit system, the 
measured curve summates the concurrent release of the drug from several reservoir
units so it might be difficult to interpret the RD in terms of a predominant release 
mechanism (Chopra et al., 2002). It is conceivable, however, that a change in RD
indicates a change in the structure of the coating, with a consequent change in the 
mechanism controlling the drug release. 

As for the drug release in the present studies, all uncoated pellets exhibited fast 
dissolution, with values for t50% of up to about half an hour. There was, however, a 
marked dependence on pellet porosity (paper IV), i.e. increased porosity was associated 
with an increased drug release rate, which is consistent with other findings (Millili and 
Schwartz, 1990; Mehta et al., 2000; Chopra et al., 2002). 

The lowest amount of coating (1.17% weight gain) of the aqueous ethyl cellulose 
dispersion (paper II) only resulted in a small prolongation of drug release (an 
approximately threefold increase in t50%), while the two higher coating gains (4.38 and 
8.27%) gave considerable prolongation (more than a tenfold increase in t50%) and 
resulted in almost linear drug release curves, with RD indicating zero-order release 
(Fig. 2). Neither of these two pellet types, however, reached 100% drug release within 
the 12 hours recorded. Coating the pellets with the ethanol-solution of ethyl cellulose 
(papers IV and V) at 10-15% weight gain prolonged the drug release considerably (more
than a tenfold increase in t50%) and it was, therefore, concluded that for these reservoir
pellets, the drug transport across the polymer coating was the rate-controlling step of the 
drug release process. These pellets released about 90-100% of the drug in the 24 hours 
recorded.
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Figure 2. Drug release profiles for uncoated pellets and reservoir pellets at different 
coating weight gains (twg) (paper II). The error bars represent the standard deviation 
of the mean (n = 5).
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Although the theoretical coating thickness was the same for pellets of various porosities 
(coated with a 15% weight gain) in paper IV, the drug release profiles varied (Fig. 3),
with increased porosity being associated with an increased release rate. In order to 
obtain better conformity in drug release, the low porosity pellets were coated with a 
lower amount (10% weight gain) of ethyl cellulose, giving a drug release profile similar
to that of the reservoir pellets of intermediate porosity. 

The observation that a prolonged release time may depend on the shape and structure of 
the pellets is consistent with a previous report (Chopra et al., 2002), but it may be 
explained in different ways. One possible explanation is that the more porous pellets 
were more friable (Millili and Schwartz, 1990). Drug or excipient particles could then 
be abraded from the pellet surfaces and incorporated into the film during the coating 
process, rendering the coating more permeable and increasing the drug release rate. 
Another explanation is that the coating of the more porous pellets was less evenly 
distributed on the pellet surface owing to the greater surface roughness of more porous 
pellets (Johansson and Alderborn, 2001). The change in RD with pellet porosity may
suggest that the structure of the coating, and thus its permeability, was affected by the 
structure of the pellets. 
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Figure 3. Drug release profiles for reservoir pellets of varying porosity and coating 
gain (paper IV). The error bars represent 95% confidence limits of the mean (n = 6). 
The symbols are as follows: LP = low porosity, MP = intermediate porosity, HP = high 
porosity; 10 or 15% coating weight gain. 

4.2. Multiple unit tablet properties (I and II)

Compaction of multiparticulates, such as pellets, can result in disintegrating tablets or
matrix tablets, depending on the compaction process and the materials used. When
compacting reservoir pellets, the formation of disintegrating tablets releasing the pellets
with minimal damage to the coating and unchanged drug release is generally desired. 
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The required properties of these tablets are in general terms the same as those of 
conventional tablets, i.e. they should have a certain strength, disintegration time, dose 
and weight uniformity (see Section 1.1. in the Introduction). The drug release is of 
particular importance here since damage to the coating can fundamentally change the 
rate and mechanism of drug release. 

In papers I and II a range of inorganic salts were used as disintegrants, as suggested by 
Newton (1994). To reduce the risk of particle segregation that differing particle sizes 
might induce, three different types of pellets were used in these studies, rather than 
mixing the drug pellets with smaller excipient powder particles. A statistical design was 
employed to consider the effect of the type of disintegrant (I, II), the relative amount of 
drug and disintegrant pellets (I, II), the variation in compaction pressure (II) and the 
thickness of the polymer coating applied to the pellets (II) on the tablet properties. The 
properties studied were the tablet weight and weight uniformity, the content uniformity,
the tablet strength (measured as the load necessary to break the tablets), the friability, 
the disintegration time and the drug release. Tables 1 and 2 provide information on the 
design of the experiments and give some of the results for paper I (for uncoated drug 
pellets) and II (for coated drug pellets), respectively. 

4.2.1. Effect of pellet proportions (I and II)

For tablets with uncoated drug pellets the tablet strength was highly dependent on the 
proportions of the different pellet types used in the formulation (Table 1). The breaking 
load decreased considerably as the proportion of disintegrant pellets was increased 
(Fig. 4), and there was a tendency for the strength to decrease also with increasing 
proportion of drug pellets. 

Figure 4. Influence of the concentration of drug and disintegrant pellets on the 
breaking load of tablets with magnesium oxide as the disintegrant (paper I).
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For tablets with coated drug pellets (Table 2), the breaking load generally decreased 
with increasing proportion of drug pellets, with the exception of the highest amount of 
drug pellets which gave a slightly higher breaking load (Fig. 5a), but was unaffected by 
a change in the proportion of disintegrant pellets (Fig. 5b).

Figure 5. Breaking load and disintegration time of the tablets as a function of: (a) the 
proportion of drug pellets in the tablets, (b) the proportion of disintegrant pellets in the 
tablets, (c) the coating weight gain of the drug pellets in the tablets, and (d) the upper 
punch compaction force (paper II).

As for the friability, these values varied widely (<0.5% to >80%) depending on the 
tablet formulation (Tables 1 and 2). For tablets with uncoated drug pellets, the friability
increased with increasing proportion of disintegrant or drug pellets (Fig. 6). However
for tablets with coated drug pellets there was no clear trend in the friability values when
the proportion of drug pellets was altered, and the friability was unaffected by changing 
the proportion of disintegrant pellets. As expected, the disintegration time decreased 
with increasing proportion of disintegrant pellets (Figs. 5b and 7) and also when the 
proportion of drug pellets increased (Figs. 5a and 8). However, when the proportion of 
drug or disintegrant pellets was increased, the proportion of soft pellets decreased 
accordingly. Thus, when the proportion of soft pellets was low, the disintegration time 
was short, which is an indication that the soft pellets hold the tablet together. 
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Figure 6. Influence of the concentration of drug and disintegrant pellets on the 
friability of tablets with magnesium oxide as the disintegrant (paper I).

Figure 7. Influence of the concentration of drug and disintegrant pellets on the 
disintegration time of tablets with magnesium oxide as disintegrant (paper I).

Figure 8. Influence of the concentration of drug and the type of disintegrant in pellets 
on the disintegration time of tablets with 30% disintegrant pellets (paper I).
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The mean dissolution time (MDT) of the tablets decreased as the proportion of coated 
drug pellets (Fig. 9a) or disintegrant pellets (Fig. 9b) was increased and the proportion 
of soft pellets decreased (Table 2). This indicates that the dissolution rate is linked to 
the disintegration time, as expected, since the surface area available for dissolution
increases considerably as the tablet disintegrates.

Figure 9. Mean dissolution time as a function of: (a) the proportion of drug pellets in 
the tablets, (b) the proportion of disintegrant pellets in the tablets, (c) the coating 
weight gain of the drug pellets in the tablets and (d) the upper punch compaction force 
(paper II).

Interestingly, the protective function of the soft pellets does not seem to be a linear one.
As mentioned above (Section 4.1.4.), a change in RD indicates a change in the structure
of the coating, with a consequent change in the drug release mechanism. When the 
proportion of soft pellets was highest (50%, experiment number 1), the value for the RD
indicates that the drug release was non-fickian (Table 2). This implies that the coating 
around the drug pellets had been damaged to a high extent, which could be explained by 
the fact that, during compaction, the soft pellets deform considerably so the area of 
contact between these pellets and the drug pellets increases. At the same time, the 
adhesion between the coating around the drug pellets and the surfaces of the soft pellets 
increases. As a consequence, the elastic recovery of the tablet structure that generally 
occurs after the compaction pressure has been removed can lead to a peeling effect, 
whereby parts of the coating are pulled off the surfaces of the drug pellets and adhere to 
the surfaces of the soft pellets instead. The control of the drug release by the coating is 
thus impossible.
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Table 1. Experiment design and results for tablets with uncoated drug pellets (paper I).

Disintegrant Pellet
proportions

(dis.:drug:soft)

Weight a

(mg)

Friability

(%)

Breaking load

(kg)

Disintegration
time
(s)

None 0:40:60 493 (1.8) 0.3 4.55 (10) 1765 (36)
BaSO4, low 15:40:45 527 (4.1) 24.8 2.38 (23) 886 (12)

30:40:30 548 (2.8) 45.3 1.68 (31) 707 (28)
45:40:15 565 (3.5) 64.2 0.59 (54) 306 (24)
60:40:0 596 (2.8) 85.3 0.50 (36) 6 (42)

30:20:50 515 (4.2) 10.8 3.42 (30) 1455 (12)
30:30:40 524 (2.3) 13.3 2.86 (32) 1350 (16)
30:50:20 538 (1.2) 41.5 2.17 (25) 572 (17)
30:60:10 525 (1.3) 58.6 2.10 (55) 339 (38)

BaSO4, high 15:40:45 507 (2.1) 0.4 3.89 (19) 1531 (25)
30:40:30 541 (2.8) 10.1 3.42 (28) 1166 (24)
45:40:15 556 (2.4) 53.7 2.17 (12) 301 (12)
60:40:0 604 (2.6) 77.1 1.08 (41) 5 (12)

30:20:50 555 (1.4) 0.7 4.31 (16) 879 (7.2)
30:30:40 531 (2.1) 6.2 3.81 (16) 811 (32)
30:50:20 518 (1.9) 33.7 2.49 (16) 393 (32)
30:60:10 539 (2.0) 63.4 1.76 (23) 340 (49)

CaCO3 15:40:45 477 (1.2) 1.7 4.50 (10) 1694 (17)
30:40:30 490 (1.1) 22.3 2.77 (24) 585 (33)
45:40:15 502 (1.2) 49.9 1.61 (29) 259 (16)
60:40:0 506 (1.8) 82.7 0.50 (23) 4 (34)

30:20:50 486 (1.4) 1.4 3.63 (22) 1167 (32)
30:30:40 482 (1.6) 1.3 3.73 (15) 1108 (11)
30:50:20 485 (1.2) 33.2 2.82 (25) 420 (3.6)
30:60:10 472 (0.9) 46.3 2.75 (30) 297 (21)

MgO 15:40:45 454 (1.2) 0.7 4.71 (9.0) 1069 (20)
30:40:30 467 (1.0) 7.8 3.67 (21) 807 (4.7)
45:40:15 506 (1.3) 50.7 1.75 (40) 223 (25)
60:40:0 509 (1.9) 76.6 0.90 (55) 6 (30)

30:20:50 474 (3.9) 1.7 3.29 (26) 1267 (25)
30:30:40 481 (0.9) 2.8 3.29 (11) 593 (34)
30:50:20 470 (1.6) 15.3 3.41 (20) 423 (13)
30:60:10 466 (1.2) 28.3 2.44 (22) 261 (32)

Fe3O4 15:40:45 463 (1.3) 0.4 4.22 (9.0) 1198 (11)
30:40:30 475 (1.6) 9.6 3.50 (20) 826 (22)
45:40:15 495 (1.2) 46.8 2.11 (32) 409 (24)
60:40:0 523 (1.6) 61.6 0.54 (35) 4 (32)

30:20:50 488 (1.1) 1.5 3.25 (12) 860 (23)
30:30:40 479 (1.4) 3.3 3.09 (25) 925 (25)
30:50:20 475 (1.3) 25.2 2.97 (9.9) 606 (20)
30:60:10 476 (1.3) 47.1 1.77 (38) 208 (20)

The results are mean values (n = 5) with the relative standard deviation (R.S.D.) (%) in parentheses.
dis. = disintegrant pellets, low and high refers to the proportion of barium sulphate in the disintegrant
pellets.
a n = 20
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Table 2. Experiment design and results for tablets with coated drug pellets (paper II).
Exp.
No.

Disint. Pellet prop.
(dis.:drug:

soft)

CT UPP F

(%)

BL

(kg)

DT

(s)

MDT

(h)

RD

(–)

Mech.

1 CaCO3 30:20:50 med. med. 0.2 5.95
(15)

2250
(24)

2.68
(10)

0.525 non-
fickian

2 CaCO3 30:30:40 med. med. 16.9 3.65
(27)

1399
(26)

2.22
(12)

0.966 first-
order

3 CaCO3 15:40:45 med. med. 18.6 3.04
(9.1)

2217
(26)

2.87
(4.0)

0.773 non-
fickian

4 CaCO3 30:40:30 low med. 39.3 2.58
(20)

932
(17)

1.09
(2.5)

0.412 non-
fickian

5 CaCO3 30:40:30 med. low 52.4 0.95
(31)

722
(35)

1.79
(8.8)

0.637 cube-
root

6 CaCO3 30:40:30 med. med. 15.7 3.40
(16)

1148
(19)

1.91
(3.1)

0.858 square-
root

7 CaCO3 30:40:30 med. high 0.3 4.37
(21)

1274
(20)

2.13
(7.9)

0.566 cube-
root

8 CaCO3 30:40:30 high med. 7.3 3.46
(9.2)

746
(30)

2.46
(3.4)

1.059 first-
order

9 CaCO3 45:40:15 med. med. 16.5 2.96
(14)

268
(20)

1.40
(6.1)

1.056 first-
order

10 CaCO3 30:50:20 med. med. 22.4 2.45
(15)

591
(19)

1.55
(3.0)

1.411 –

11 CaCO3 30:60:10 med. med. 7.0 3.32
(6.3)

327
(16)

1.30
(3.8)

3.024 –

12 Fe3O4 30:40:30 med. low 60.9 0.84
(36)

723
(22)

1.88
(5.1)

1.415 –

13 Fe3O4 30:40:30 med. med. 22.3 3.16
(13)

1403
(17)

2.18
(9.4)

1.035 first-
order

14 Fe3O4 30:40:30 med. high 0.1 4.35
(21)

1616
(34)

2.46
(6.4)

0.620 cube-
root

15 BaSO4 30:40:30 med. low 51.2 1.51
(15)

887
(26)

2.31
(1.8)

0.868 square-
root

16 BaSO4 30:40:30 med. med. 0.5 4.42
(9.9)

1192
(16)

2.54
(13)

0.804 square-
root

17 BaSO4 30:40:30 med. high 0.0 4.18
(17)

1425
(32)

2.69
(9.6)

0.808 square-
root

The results are mean values (n = 5) with the relative standard deviation (R.S.D.) (%) in parentheses.
Exp. No. = experiment number, Disint. = disintegrant, Pellet prop. = pellet proportions (disintegrant:
drug:soft) pellets, CT = coating thickness, UPP = upper punch pressure, F = friability, BL = breaking
load, DT = disintegration time, MDT = mean dissolution time, RD = relative dispersion, Mech. = drug 
release mechanism, med. = medium level.

The slightly lower concentration of soft pellets (40%, experiment number 2) provides an 
optimal protection of the coating. Here the release mechanism is first-order. Thus the
coating is able to control the release of the drug, although some damage occurred during 
compaction. Very low concentrations of soft pellets (10-20%, experiment number 10 
and 11) lack the protective function during compaction, as expected, since they are not
able to form a coherent network throughout the tablet (Salako et al., 1998). 
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4.2.2. Effect of different disintegrants (I and II)

The influence of the different disintegrants on the properties of the tablets was generally 
limited, and varied with the proportions of the different pellet types in the tablet 
formulations (Fig. 8, Tables 1 and 2). The tablet weight varied for the different
disintegrant pellets owing to the differing densities of the disintegrants (Table 1).
However the weight uniformity was good. With the exception of the highest compaction
pressure, the use of barium sulphate disintegrant pellets gave higher breaking loads than 
the other disintegrants for tablets with coated pellets (Table 2). This could be attributed 
to the lower amount of microcrystalline cellulose in these pellets, giving weaker pellets 
that are more extensively deformed and therefore result in stronger tablets (Aulton et al., 
1994; Schwartz et al., 1994; Wang et al., 1995). 

Exchanging the disintegrant does not change the general situation with respect to 
coating damage on compaction. All release mechanisms obtained indicate that damage
occurs to the coating to a greater or lesser extent during compaction, although the 
degree of damage obviously varies with the disintegrant used (Table 2). The barium
sulphate disintegrant pellets appear to be best, because a change in the compaction 
pressure seems not to alter the release mechanism, which can be interpreted as an 
indication that the amount of coating damage caused did not change. This again might
be explained by the lower proportion of MCC in these pellets, rendering them softer and 
hence less damaging than the other disintegrant pellets. 

4.2.3. Effect of compaction pressure (II)

As expected, increasing the upper punch force gave an increased tablet strength and 
disintegration time (Fig. 5d), while the friability decreased (Table 2). When the 
compaction pressure increased, there was a tendency for the value of the MDT to 
increase (Fig. 9d). This slight increase in MDT could be linked to the slower 
disintegration at higher compaction pressure. Decreased dissolution rates have been 
reported when pellets have been compressed without any excipient to ensure the 
disintegration of the tablets (e.g. Lehmann, 1984; Lopéz-Rodríguez et al., 1993) and 
matrix tablets have also been reported to form at high compaction pressures even with 
excipients included in the tablet formulation (Lehmann and Dreher, 1969; Wan and Lai, 
1994; Beckert et al., 1996). For an identical ratio of the pellets, a decreased compaction
pressure does not alter the release mechanism to one that is comparable to that of the 
uncompacted reservoir pellets, which indicates that there is some rupture of the coating
even at the lowest upper punch force used (Table 2). This is consistent with other 
studies (Aulton et al., 1994; Flament et al., 1994; Maganti and Çelik, 1994; Sarisuta and 
Punpreuk, 1994; Beckert et al., 1996; Palmieri et al., 1996), and the limited effect of the 
compaction pressure has been attributed to deformation or fragmentation of the pellets 
even at low pressures (Flament et al., 1994; Maganti and Çelik, 1994) or to the fact that 
it is only the pellets that are in contact with the punches or die that are affected (Aulton
et al., 1994; Beckert et al., 1996). Sarisuta and Punpreuk (1994), though, concluded that 
the changed drug release was not caused by rupture of the coating but that it was some
physical property of the coating that was altered on compaction.
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4.2.4. Effect of coating thickness (II)

There was no clear trend in the disintegration time with increasing coating thickness
while the breaking load tended to increase slightly (Fig. 5c), and the friability (Table 2)
and the dissolution rate decreased with increasing coating thickness (Fig. 9c). The 
resistance of the coating against damage during compaction increased with its thickness,
as can be seen from the increase in the value of the MDT (Table 2), which is consistent 
with other studies (Flament et al., 1994; Beckert et al., 1996). Since the release 
mechanism for the pellets with the lowest coating gain was already non-fickian before 
compaction, the effect of tabletting them was not relevant in the context of the release 
mechanism. However, the value for MDT decreased on compaction, implying some
damage to the coating. For an average coating thickness, the release mechanism from 
tablets follows the square root law. The disintegration time of these tablets is higher 
than for the reference formulations with other coating thicknesses and hence the 
alteration in dissolution mechanism could partly be an expression of a prolonged 
disintegration, and not solely an indication of improved coating stability and therefore 
of less damage to the coating during compaction. A further increase in coating thickness
alters the release mechanism from the tablets making it a first-order release. Thus, the 
coating became more resistant to damage during compaction. Although some damage
has still occurred, most likely to those reservoir pellets at the interface between the 
pellets and the punch and die (Aulton et al., 1994; Wagner et al., 2000b), the drug 
release is still controlled by the coating as a first-order process. The loss of zero-order 
release may also be associated with the more complex tablet system, where both 
disintegration and dissolution are involved. 

4.2.5. Statistical analysis (I and II)

Analysis of variance (ANOVA) was undertaken to establish which important factors 
influenced the properties of the tablets consisting of uncoated drug pellets. The 
influence of the disintegrant type, proportion of drug pellets and of disintegrant pellets
on the breaking load, disintegration time and friability of the tablets was tested, and all 
parameters were found to be statistically significant. These factors were also shown to 
influence the tablet properties independently from each other because the first order
interaction terms were all found to be not significant (P»0.05).

Canonical analysis was performed for tablets with uncoated drug pellets with
X = (%drug pellets, %disintegrant pellets, molar mass of disintegrant) and Y = (breaking
load, disintegration time, tablet weight). Here the friability was excluded because about
half of the experiments led to very high (>40%) friability. The relationship between X
and Y as defined above was found to be highly significant (Wilks’s multivariate test 
criterion  = 0.069, approximation onto F-distribution: F = 106.41, P<0.001). 
Canonical analysis for tablets with coated drug pellets was performed with X = (%drug
pellets, %disintegrant pellets, molar mass of disintegrant, coating thickness, upper 
punch force) and Y = (breaking load, disintegration time, friability, mean dissolution
time, variance in dissolution time) and the relationship between X and Y as defined 
above was found to be highly significant (Wilks’s multivariate test criterion  = 0.0069, 
approximation onto F-distribution: F = 31.60, P<0.001). However, the measure of 
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redundance (for tablets with uncoated pellets g2 = 0.492, for tablets with coated drug 
pellets g2 = 0.512) implies that the tablet properties can only be predicted to about 50%.

Finally, an attempt was made to model the relationships between X and Y as identified 
by the canonical analysis, using linear regression. Residual analysis has shown that 
these equations only represent an overall trend and cannot be used for predictions, as 
was already indicated by the low measure of redundance in the canonical analysis. For 
tablets with coated drug pellets, the level of performance of the regression models for 
the breaking load, disintegration time and friability was not good (Table 3). This was 
indicated by the values of the root mean square (RMS) being greater than 25%. For the
MDT, the value of RMS was better (9.7%), indicating how the factors can be used to 
predict the dissolution performance of the formulation.

Table 3. Regression models (from paper II).

Parameter Equation R2 F RMS (%)
MDT, pellets - 6.16(1/t) + 6.88 0.999 11364 1.6
BL, tablets 0.10u - 0.06y + 3.47 0.787 66.75 26.5
DT 21.27u - 46.36y - 66.09x + 4477 0.854 72.64 28.9
F 42.60(1/t) + 417.26(1/u) - 15.91 0.884 146.0 35.6
MDT, tablets 0.014u + 0.002z - 0.034y + 0.188t - 0.050x + 3.59 0.926 95.00 9.7
MDT = mean dissolution time, BL = breaking load, DT = disintegration time, F = friability, t = coating 
thickness (%), u = upper punch force (kN), x = % disintegrant pellets, y = % drug pellets, z = disintegrant
type, R2 = linear determinant, F = variance ratio, RMS = root mean square deviation (residual analysis).
Probability level <0.001 for all parameters.

In summary, although they are not totally able to predict the properties of the tablets, the 
results from the canonical analysis and regression models point in the same direction as 
the ANOVA and the results given in the text and figures of Section 4.2. 

4.2.6. Summary of findings for tablet properties 

As for the proportions of the different pellet types, on the whole the proportion of the 
soft pellets seems to have the greatest influence on the properties of the tablets, as these
pellets hold the tablet together and protect the drug pellets. The highest proportion of 
soft pellets does not correspond to the highest prevention of coating damage on 
compaction, indicating that the protective effect of these pellets is not linear. This might
however also be associated with the proportions of the other pellet types. The effect of 
the different disintegrants used is limited and hard to predict as it depends on the pellet
proportions used in the tablet formulations. The barium sulphate disintegrant pellets 
seem to be most suitable, since the MDT values for these tablets are slightly higher than 
for the other disintegrants and as changing the compaction pressure does not appear to 
alter the release mechanism for these tablets. This can be interpreted as an indication 
that the amount of coating damage caused during compaction did not change with the 
compaction pressure. The coating thickness is important for the change in drug release 
on compaction, i.e. the resistance of the coating to damage during compaction increases 
with increasing thickness.
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Comparison of the results for the MDT and RD of the tablets and the pellets from which 
they are made shows that compaction results in an increased drug release rate and 
change in the release mechanism. Examination of the equation relating the tablet 
formulation and the MDT indicates that modification of the input parameters will not 
result in a value exactly equivalent to that of the pellets. Thus, it will be necessary to 
change other parameters to ensure that there is an equivalent performance. The obvious 
choice is to change the type of coating applied. It appears that, while the currently used
water-based coating is appropriate to control the drug release of the pellets, it is not
appropriate for ensuring that the coating is free from damage during the compaction
process. Hence, in the following investigations a solvent-based ethyl cellulose coating
was used. 

4.3. Compression behaviour of pellets (III-V)

4.3.1. Compression mechanisms (III-V)

For the uncoated study pellets in paper III, a few pellet fragments were obtained during 
tablet deaggregation and cracks were noticed in some of the pellets. For reservoir pellets 
(papers IV and V) no fragmentation was observed on visual inspection, but occasional
cracks were evident in the film coating of some of the reservoir pellets of paper IV. The 
coating remained intact, as judged visually, for all reservoir pellets in paper V.

The pellets studied in papers III-V were densified (i.e., were reduced in porosity) and 
deformed (i.e., changed in shape) without fragmentation, that is, they showed the same 
compression behaviour as that of similar pellets in previous studies conducted at our 
laboratory (Johansson et al., 1995; Johansson and Alderborn, 1996; Nicklasson and 
Alderborn, 1999). After deaggregation of the tablets, the pellets retrieved were similar
in size to the original pellets. Compaction, however, decreased the pellet porosity and 
affected the shape of the individual pellets, resulting in more irregular pellets. The
coating did not seem to significantly affect the compression behaviour of the pellets, 
which is consistent with the finding in paper II that the application of a coating did not 
significantly affect the strength of the pellets or of the tablets.

One issue regarding the interaction between the coating and the pellets is whether the
coating continues to adhere firmly to the pellet core after compaction, i.e. whether it can 
adapt to the deformation and densification of the pellets. There is also the question of
whether the pellet core or the coating fails first on compaction. The compacted and 
retrieved pellets were inspected by scanning electron microscopy in an attempt to 
resolve this (Fig. 1). No tendency for the polymer film to become convoluted could be 
detected and the coating appeared generally to be unscathed by the compaction. The 
general absence of cracks in the coating indicates that it is the pellet core that fails first
for these reservoir pellet systems. Some of the uncompacted and compacted reservoir
pellets were also subjected to porosity analysis by both pycnometry and intrusion 
procedures (paper IV). The two procedures generally resulted in similar porosity values,
which could be interpreted as there being few folds or fissures in the coating into which
mercury could be intruded. It is therefore suggested that, in terms of film adherence, the
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ethanol-based coating used in these studies adapted to the densification and deformation
of the pellets and remained firmly adhered to the pellet cores after compaction.

4.3.2. Effect of excipient particles (III and V)

The deformation of the uncoated (paper III) and reservoir (paper V) pellets studied was 
dependent on the properties of the excipient particles. Compression of pellet mixtures
with excipient particles of decreasing porosity resulted in an increase in the surface area 
of the pellets obtained and while the thickness of the pellets decreased, this was less 
dependent on the porosity of the excipient particles (Fig. 10). The decreasing circularity 
values and increasing values for the Heywood shape coefficient indicate a more
irregular shape with decreasing porosity of the excipient particles. The same effect was 
obtained when using excipient particles of larger size. The finding that the deformation
of the reservoir pellets increased with increasing excipient particle size is consistent
with findings of Wagner and co-workers (2000b). Hence, to minimize the degree of 
deformation, excipient particles of small size and high porosity should be incorporated 
in the tablet formulation.
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Figure 10. Volume specific surface area (n = 3) (a) and median thickness (n = 2) (b) of 
the study pellets as a function of the compaction pressure when these pellets are 
compacted with excipient pellets of low, intermediate or high porosity (paper III). The
error bars in (a) represent the standard deviation of the mean. 

Including high porosity excipient pellets in the mixture with uncoated pellets (paper III)
resulted in relatively regularly shaped pellets of increased flakiness, i.e. they were more 
flat than before compression (Fig. 1c). The use of excipient pellets of lower porosity 
resulted in pellets with a less regular shape, i.e. the pellets studied had regularly 
positioned indentations caused by the surrounding excipient pellets rather than 
increased flattening (Fig. 1d-g). This type of irregularity was most pronounced for 
pellets that had been compacted with excipient pellets of the lowest porosity (highest 
mechanical strength). Thus, decreasing the excipient pellet porosity resulted in more
irregular pellets with deeper indents (compare, e.g., Fig. 1g with 1f). This is consistent
with the conception of different modes of deformation described previously (Nicklasson 
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and Alderborn, 1999). Two different modes of deformation (here referred to as modes I 
and II) can explain the deformation behaviour of the pellets in a generalised way. Mode 
I deformation describes a local change in the geometry of the external surface of a pellet 
making the pellet conform to the external surfaces of adjacent pellets (i.e. there is no
change in the bulk dimensions). Mode II deformation describes a change in the main
dimensions of the pellets, primarily expressed as a flattening of their bulk. The type of 
deformation obtained in the present studies can be described as extended mode I 
deformation, i.e. local deformation leading to conformation with adjacent pellet surfaces 
in such a way that indentations were formed in the pellets (Figs. 1 and 11).

Uncompacted pellet

a b c

Figure 11. Schematic representation of the mode of deformation of pellets (modified
from paper III): (a) mode I deformation, i.e. flattening of pellet surfaces, (b) extended 
mode I deformation, i.e. indentations in the pellet surfaces at points of contact, and (c)
mode II deformation, i.e. change in the pellets’ dimensions (notably a flattening of the 
pellet bulk).

The incidence and character of mode I deformation occurring in a given pellet was 
dependent on the physical properties of the adjacent pellets. The results generated in the 
investigation of uncoated pellets (paper III) indicated that it is the relative deformability
of the adjacent pellets that primarily affects the character of the mode I deformation, i.e.
whether indentations are formed in the pellets or whether the pellet surfaces only will be 
flattened. When the excipient pellets have a lower propensity to deform than the pellets 
being studied, indentation will occur; however, if the deformability of the excipient
pellets is higher than that of the studied pellets, indentation will not occur, but mode I 
deformation, expressed as flattening of the pellet surfaces may take place.
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When compacting reservoir pellets (paper V), the use of small excipient particles, i.e.
the MCC powder, resulted in regularly shaped reservoir pellets with a higher Heywood 
shape coefficient than that of the uncompacted reservoir pellets (Fig. 1h). This change 
in shape can mainly be explained by increased flattening of the reservoir pellets after
compaction, i.e. mode II deformation. The use of the excipient pellets, regardless of 
whether they were small or large, resulted in more irregularly shaped reservoir pellets
since the excipient pellets were indented in the reservoir pellets, i.e. extended mode I
deformation. The size of the indentations correlated to the size of the excipient pellets
(Fig. 1d-g) and smaller excipient pellets generally gave less irregular reservoir pellets, 
as indicated by the circularity values and the Heywood shape coefficients. Thus, the 
results in this study confirmed the findings from the previous investigation (paper III).

4.3.3. Effect of the porosity of reservoir pellets (IV)

The intragranular porosity of the reservoir pellets subsequent to being compacted was 
lower than the original porosity, and pellets with a higher original porosity were more
densified than the less porous ones. Compaction at the highest pressure resulted in 
retrieved pellets of similar porosity, irrespective of the original porosity, while the 
porosities differed for the lower pressures. The specific surface area of the pellets 
increased and their median thickness decreased as a result of compaction. Increasing the 
original pellet porosity resulted in an increased specific surface area and a reduced 
median thickness, which corresponded to diminished circularity and an increased
Heywood shape coefficient after compaction, i.e. a higher original porosity increased
the degree of pellet deformation (Fig. 1i and j) and the densification that occurred
during compaction. Since each tablet consisted of pellets of only one porosity, these
pellets did not show extended mode I deformation, but a combination of mode I and II 
deformation.

4.3.4. Effect of compaction pressure (III-V)

Increasing the compaction pressure resulted in an increased pellet surface area and a 
reduced pellet thickness (Fig. 10), corresponding to diminished circularity and an 
increased Heywood shape coefficient, which indicated that the shape was more irregular 
as the compaction pressure increased. As for the densification of the pellets, the results
imply a low reduction in porosity at the lowest compaction pressure, followed by a 
higher densification at intermediate pressure, which finally levels off. Johansson and 
Alderborn (1996) suggested that surface deformation was associated with limited
densification, which became significant during the bulk deformation phase. For the 
pellets used in papers III and V, one can propose that in the early compression phase, 
mode I deformation in the form of a local flattening of the pellet surfaces occurs. This
type of mode I deformation is associated with limited densification. However, with 
increased compaction pressure, indentation by the excipient pellets occurs and this type
of extended mode I deformation occurs in conjunction with a significant densification 
of the pellets. Consequently, an increased compaction pressure resulted in more
irregular pellets with deeper indents (compare, e.g., Fig. 1e with 1d). For reservoir 
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pellets compacted without excipient pellets (paper IV), the increased pressure led not to 
extended mode I deformation, but to mode II deformation instead. 

Thus, both the densification and the deformation of the pellets studied increased with 
increasing compaction pressure. The magnitude of the changes in the pellet dimensions
and porosity resembled that previously reported for uncoated pellets of similar original
porosity (Johansson and Alderborn, 1996). 

4.3.5. Summary of findings for compression behaviour 

The pellets studied in papers III-V densified and deformed without fragmentation. After 
deaggregation of the tablets, the pellets retrieved were similar in size to the original
ones. Compaction, however, affected the shape of the individual pellets, resulting in 
more irregular pellets, and decreased the pellet porosity.

The results illustrate that the interaction between the pellets under investigation and the 
excipient pellets was dependent on the compression mechanism studied (Fig. 12). The 
properties of the excipient pellets influenced the deformation of the pellets investigated
(Fig. 12a). Although the degree of mode II deformation (the amount of flattening) of 
the studied pellets was affected by the properties of the excipient particles to a limited
degree only, changes in the shape of the studied pellets (notably their irregularity, i.e.,
extended mode I deformation) with changes in the porosity and size of the excipient
particles were more substantial. In contrast, the properties of the excipient particles did
not affect the densification of the studied pellets during compression, despite the 
differences in deformation. The densification was, however, found to depend upon the 
compaction pressure and the original porosity of the reservoir pellets (Fig. 12b).
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Figure 12. Schematic representation on the influence of the formulation factors studied 
in this thesis on (a) the deformation and (b) the compression behaviour of the reservoir 
pellets.
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Application of a thin solvent-based coating to the pellets did not alter their compression
behaviour. Furthermore, the coating used in these studies was able to adapt to the
changes in shape and volume that the pellets underwent during compression and remain
adhering to the pellet cores even after compaction, in contrast to the water-based coating 
used in the previous investigation (paper II).

4.4. Drug release from compacted reservoir pellets (IV and V)

4.4.1. Effect of the porosity of reservoir pellets (IV)

The change in drug release upon compaction was inversely related to the original 
porosity of the reservoir pellets (Fig. 13). Compaction of less porous pellets resulted in 
a considerably increased drug release rate, while the release from pellets of high original
porosity was scarcely affected by compaction (Fig. 14). The RDs after compaction
indicate that the release mechanism changed on compaction for low and intermediate
porosity pellets, but not for the high porosity ones, thereby indicating that drug release 
from the latter was less sensitive to compaction. Hence, for the combination of pellet 
core and coating used in this study, the use of high porosity pellets seems to be 
advantageous in terms of preserving the drug release profile, as assessed by the MDT
and the RD, after compaction, in spite of the considerably greater deformation and 
densification of the reservoir pellets with increasing porosity. 
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Figure 13. The change in t50% on compaction as a function of the original pellet 
porosity (paper IV). t50% denotes t50% for uncompacted reservoir pellets minus t50% for 
reservoir pellets compacted at 160 MPa. 

There may, however, be contributory factors to the finding that the less deformable
pellets were more strongly affected in terms of the compression-induced changes in drug 
release. Firstly, since the high porosity pellets also densified significantly during 
compaction, the ability of the coating to adapt both to shape and volume changes in the 
core may indicate that the coating is also compressed and thereby rendered less 
permeable during compaction. This is consistent with the suggestion by Sarisuta and 
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Punpreuk (1994) that film properties, such as the porosity, permeability or hydrophilicity 
can be altered by the application of a high compaction pressure. Secondly, for the low 
porosity pellets, a larger proportion in terms of number of pellets was in contact with the 
punches and die during compaction. It is conceivable that reservoir pellets that come
into contact with the punches and die during compaction are more affected than pellets 
in the tablet bulk as regards the pellet deformation and damage to the film coating 
(Aulton et al., 1994; Wagner et al., 2000b). Since the drug dose, and therefore weight, of 
the tablets was kept constant, the number of pellets differed from one pellet type to 
another, i.e., there were fewer low porosity pellets in each tablet than pellets of higher 
porosity and hence a greater proportion of the former came into contact with the punches 
and die. However, in view of the findings from paper V (see Section 4.4.2. below), the 
former explanation seems to be the most important one. 
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Figure 14. Drug release profiles for uncoated, coated and compacted reservoir pellets 
of (a) low porosity and (b) high porosity at 15% coating (paper IV). The fraction
released is calculated from the theoretical amount of salicylic acid in the pellets. The 
error bars represent 95% confidence limits of the mean (n = 6).
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4.4.2. Effect of excipient particles (V)

or the combination of drug containing pellet core and coating used in this study, 
essed

time

he

a)

b)

Figure 15. Drug release profiles for uncompacted reservoir pellets and reservoir 
d

porosity excipient pellets, respectively, and MCC = powder particles. 

F
compaction sometimes shortened and sometimes prolonged the release time, as ass
by the median drug release time (t50%) and the flux of drug across the barrier, although 
the structure of the pellets was markedly changed during compression (Fig. 15). The 
properties of the excipient particles and the compaction pressure were variables that 
affected the compression-induced changes in drug release. As for the effect of the 
excipient particles, the tendency was for a reduced size and an increased porosity to
have a limited or a positive effect, i.e., to prolong the release time, compared to 
uncompacted reservoir pellets. The most negative effect, i.e. the shortest release
and the greatest flux, was obtained for the combination of reservoir pellets with large
low porosity pellets (Fig. 15). These findings can be correlated to the deformation of t
reservoir pellets, i.e. increasing the deformation generally results in an increased drug
release rate.
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pellets that have been compacted with various excipient particles at 80 MPa (a) an
280 MPa (b) (paper V). The error bars represent 95% confidence limits of the mean
(n = 4–6). The symbols refer to the excipient particles as follows: SHP = small high 
porosity, LHP = large high porosity, SLP = small low porosity, LLP = large low 
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4.4.3. Effect of compaction pressure (IV and V)
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Sarisuta and Punpreuk, 1994; Beckert et al., 1996; Palmieri et al., 1996; Vergote et al., 
2002). The fact that the drug release from reservoir pellets of the respective intragran
porosities (paper IV) compacted at intermediate and high pressure was similar (Fig. 14)
may be explained in the following way. In the lower pressure range (i.e. below 80 MPa 
in this case), pellet deformation was limited, especially for low porosity pellets
(Johansson and Alderborn, 1996). With increasing compaction pressure, relatively high 
local stresses build up at points of pellet-to-pellet contact, and may cause damag
structural changes in the coating. At higher applied pressures (i.e. above 80 MPa in this 
case), the pellets start to deform markedly (mode II deformation) and the forces
transmitted from pellet to pellet are spread out over larger contact areas. Hence, the 
stresses at these contact areas will level out. Thus no further damage of the coatin
occurs above the compaction pressure at which pellet bulk deformation (mode II) 
commences and therefore the drug release will not be more affected by further incre
in pressure.

The results in
d
deformation without significant structural change. It is therefore suggested tha
mechanism responsible for the increased drug release rate obtained after compaction i
local damage to the coating attributable to crack formation, followed by shedding of
small flakes of coating during dissolution experiments, judging by the appearance of the
pellets after dissolution studies. Hence the formulation strategy for this type of reserv
pellet should be to avoid locally high stresses. 

When compacting high porosity reservoir pelle
h
observed for the lower pressure (Fig. 15). Surprisingly, an increased compaction
pressure tended to prolong the release time and reduce the initial flux of drug from the
pellets, with one exception: the combination of reservoir pellets with large low po
pellets. The most positive effect, i.e. the longest release time and the lowest flux, was 
obtained for the combination of reservoir pellets and small highly porous excipient 
pellets compacted at the higher compaction pressure. There was a tendency for the 
respective compaction pressures that an increased shape coefficient for the compacte
pellets was related to an increased release rate (Fig. 16). However, although the pell
generally deformed more markedly at the higher compaction pressure, this did not resul
in a corresponding change in the initial flux. 

The initial flux can be considered to be an ind
c
controlling step. Thus, the compression-induced change in the release rate can be 
explained by a compression-induced change in the structure of the coating. Sin
coating in general seems to be able to adapt to the change in volume and shape of
pellets without rupturing, the effect of compaction on the drug release may be explain
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by the hypothesis that the final structure of the coating is the net effect of two parallel 
processes, one reducing and one prolonging the transport time of the drug across the 
coating. The deformation of the substrate pellet may stretch out the coating, making it 
thinner or more permeable, which has a negative effect on the drug release. This wou
explain the finding that the release rate increased with increasing irregularity of the 
compacted reservoir pellets. The densification of the substrate pellet may compress the 
coating, making it thicker or less permeable, and consequently prolong the drug rele
(Sarisuta and Punpreuk, 1994). This could be why compression generally had a limited
effect and why increasing the compaction pressure prolonged the release time in some
cases.
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reduces the transport time of the drug across the coating and the effective pellet density
is assumed to reflect the process that prolongs the transport time of the drug across the 
coating. In general terms, an increased ratio corresponds to an increased flux. However, 
even at a relatively high degree of deformation and densification, the flux is only 
slightly affected, indicating that the coating still controls the drug release.
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4.4.4. Summary of findings for drug release 

porosity of the reservoir pellets, the
roperties of the excipient particles and the compaction pressure. When compacting 

for
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igure 18. Schematic representation on the formulation factors studied in this thesis
iving a maintained or prolonged drug release time of the reservoir pellets on 

The drug release depended on the intragranular
p
reservoir pellets without excipient particles, a high pellet porosity was advantageous
preserving the drug release profile on compaction, even though highly porous pellets
became densified and deformed to a higher degree than pellets of lower porosity. This
was attributed to the formation of cracks in the coating of low porosity pellets as a resu
of high local stresses. The protective effect of the excipient particles increased with 
increasing porosity and decreasing size. Surprisingly enough, an increased compaction
pressure tended to increase the drug release time. Since the coating seems to be able
adapt to the changes in volume and shape of the pellets, the effect of compaction on the
drug release may be explained by the hypothesis that the final structure of the coating is
the net effect of two parallel processes, one reducing and one prolonging the transport 
time of the drug across the coating. Thus, the drug release could be maintained or even 
prolonged after compaction. The relationship between the formulation factors 
investigated in this thesis and the maintenance or prolongation of the drug release is 
presented in a schematic way in Figure 18.
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5. SUMMARY AND CONCLUSIONS 

One way to design oral modified release systems is to coat spherical granules (pellets) 
with a polymer that regulates their drug release rate. Such reservoir pellets can be filled 
in hard gelatine capsules or compacted into multiple unit tablets. The tablets are 
normally intended to disintegrate into discrete pellets in the gastrointestinal tract and the
drug should subsequently be released in a controlled manner from the individual pellets. 
One challenge in the production of such tablets is maintaining the desired drug release
after compaction, as the application of a compaction pressure can lead to structural 
changes in the film coating and, consequently, altered drug release. The compression-
induced changes in the structure of a film coating may depend on formulation factors, 
such as the type and the thickness of the coating, the properties and the structure of the 
substrate pellets and the incorporation of excipient particles. To protect the coating from 
such changes, excipients with so-called cushioning or protective properties can be 
incorporated in the tablet formulation. Furthermore, when reservoir pellets are 
compacted without including any excipients, disintegration of the tablets cannot be 
ensured and matrix tablets often form. One potential problem with the incorporation of
excipient particles in powder form is segregation, owing to differences in particle size.
The inclusion of excipient particles of similar size to that of the reservoir pellets, e.g. in 
the form of excipient pellets, represents a possibility for reduced segregation.

In this thesis the preparation of disintegrating multiple unit tablets has been investigated
with the intention of gaining a deeper understanding of some of the formulation factors 
that influence the properties of such tablets. In particular, the compression behaviour of 
the pellets constituting the tablets and the consequent effect on the drug release was 
studied.

When combining three different types of pellets (drug, soft and disintegrant pellets), the 
pellet proportions and the type of disintegrant used in the tablet formulation were 
factors found to independently influence the properties of the disintegrating multiple
unit tablets. Additionally, the properties of tablets containing reservoir pellets (coated 
with an aqueous ethyl cellulose dispersion) were also dependent on the coating 
thickness and the compaction pressure. This implies that the properties of multiple unit
tablets can be modified by intentionally varying the tablet formulation. Moreover, the 
protective mechanism for the coating proposed in this thesis, the utilization of different 
pellet types, can be regarded as a potential procedure for the compaction of reservoir 
pellets and the control of drug release. 

In terms of an optimal tablet formulation for controlled drug release incorporating the 
three pellet types, the level of disintegrant pellets required to ensure adequate
disintegration was found to be 30%, the maximum level of drug pellets that gave tablets 
of sufficient strength was found to be 40%, and the drug pellets should have a coating 
weight gain of at least 8% for minimal alteration in the drug release to occur during 
compaction. The disintegrant pellets that seemed to be best suited for compaction with 
the reservoir pellets were those containing barium sulphate. However even under 
optimal conditions, the drug release was changed on compaction, implying that some
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damage occurred to the coating. Hence, the water-based coating used did not appear to 
be satisfactory for compaction of pellets without coating damage, and the further 
investigations were undertaken with a solvent-based coating.

When compacting reservoir pellets (with a solvent-based coating) without excipient
particles, a high pellet porosity was advantageous to preserve the drug release profile, 
even though the high porosity pellets were more densified and deformed than pellets 
with a lower porosity. This was attributed to the formation of cracks in the coating of 
low porosity pellets as a result of high local stresses.

The compression behaviour of the microcrystalline cellulose based pellets investigated 
was found to depend on the intragranular porosity of the reservoir pellets and on the 
properties of the excipient particles. Thus, it was discovered that by varying the 
excipient particle properties, the deformation of the reservoir pellets could be 
controlled. In contrast, the densification of the reservoir pellets was independent of the 
properties of the excipient particles, but could be controlled by changing the 
intragranular porosity of the reservoir pellets and the compaction pressure. This opens 
up the way for production of tablets where the densification and deformation of the 
reservoir pellets can be controlled independently of one another. 

The inclusion of excipient pellets gave rise to indentations in the reservoir pellets,
resulting in irregular pellets with regularly positioned cavities. The size of these 
indentations correlated with the size of the excipient pellets and excipient pellets of
lower porosity caused deeper indentations. Changes in the dimensions of the pellets 
under investigation were less dependent on the porosity of the excipient pellets, while 
the use of excipient powder particles had a greater influence on the pellet dimensions
than the use of excipient pellets. The powder particles, however, did not indent the 
reservoir pellets, thereby resulting in pellets that were more regular in shape after 
compaction.

The application of a solvent-based ethyl cellulose coating did not change the 
compression behaviour of the drug pellets, and this coating was able to adapt to the
changes in volume and shape that the pellets underwent during compaction without 
damage being incurred. Hence, the solvent-based coating was better suited for 
compaction than the water-based one. However, the structure of the solvent-based
coating seems to change during compaction, with the final coating structure being the 
net effect of two parallel processes, one reducing and one prolonging the transport time
of the drug across the coating. Thus, the drug release could be maintained or even 
prolonged, despite the fact that the reservoir pellets underwent extensive structural 
changes, in terms of deformation and densification, during compaction. 

To conclude, the physical characteristics of the substrate pellets, the coating and 
protective excipient particles can affect the compression behaviour of reservoir pellets 
and represent important formulation factors for controlled drug release in multiple unit
tablets. The findings in this thesis contribute to the knowledge of the factors influencing 
the properties of such disintegrating multiple unit tablets.
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