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Abstract

|. Abstract:

Hydrophilic matrix tablets present a convenient method for oral modified
drug delivery. The performance of such dosage forms is affected by
multiple factors, amongst which the influence of tablet shape and
structural properties have been partially investigated in previous
literature. This work focused on investigating the influence of changing
tablet properties on the in-vitro behaviour of hydrophilic matrix tablets, in
particular, the influence of tablet face curvature on the hydration and drug
release behaviour of round and elongated Xanthan Gum tablets
containing the two model drugs Orphenadrine Citrate and Orphenadrine
Hydrochloride. The influences of tablet overall porosity and of the
formulation used on tablet behaviour were also investigated, in addition to
the investigation of any interactions between the influences of tablet and

formulation variables.

Initially the properties of the powders incorporated into the various
formulations used were characterised. The physical properties of the dry

tablets were then investigated in terms of tablet tensile strength and



Abstract

structural properties. The hydration behaviour of the various tablets was
investigated quantitatively using live in-situ swelling studies and
qualitatively using rheological and calorimetric methods. Finally the
process of drug and polymer dissolution from the tablets was

investigated.

The results of the work indicated that tablet face curvature had a
significant influence on the physical properties of the dry tablets as well
as on the hydration and dissolution patterns associated with the hydrated
tablets. The influence of tablet overall porosity was profound on the
properties of the dry tablets but became rather minor upon tablet
hydration. The type of formulation had a major influence on the properties
of dry tablets. Moreover, ionic interactions between the two drugs and
Xanthan Gum had a significant influence on the properties of hydrated
tablets. Thus, tablet face curvature, porosity of the tablets and physico-
chemical properties of the drugs need to be considered when formulating

a hydrophilic matrix tablet.
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Chapter 1

CHAPTER ONE

1. Introduction:

1.1. Hydrophilic matrix systems:

1.1.1. General features:

Matrix systems containing hydrophilic “swellable” polymers continue to
form an important part of modified release dosage forms. They are
referred to using various names, including hydrocolloid matrices (Mockel
and Lippold 1993), hydrogel matrices (Lee 1985), and swelling-controlled
release systems (Korsmeyer and Peppas 1983). However the most often
used terms are hydrophilic matrix tablets (Ford 1994), and swellable
matrix tablets (Colombo et al 2000). Such devices have been used for
many routes of drug delivery, such as buccal, ocular, rectal, and vaginal.
However, they are mainly used in the formulation of oral solid dosage
forms, and they present a variety of advantages over other delivery
systems. Most importantly the low cost of carrier polymers, availability of
equipment needed to produce them, and ease of formulation and

manufacture (Melia 1991, Collett and Moreton 2002).
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Melia (1991) also listed a few advantages related to the type of carrier
polymers used in these systems including the availability of the
polysaccharides used as carriers, which permits the manipulation of the
formulation to achieve individual needs. Moreover, the matrices produced
are bio-erodible, i.e. they erode as they descend through the Gl tract and
thus avoid any accumulation of exhausted systems (“ghosts”) inside the
body, and this is a major advantage over inert matrices that remain
undissolved in the Gl tract. One disadvantage associated with the
naturally occurring hydrophilic polymers used in the production of such

systems is the batch to batch variability in polymer properties.

1.1.2. Mechanism of action:

1.1.2.1. Hydration:

Hydrophilic matrix systems are hydration activated systems; i.e. the
action of such systems and hence drug release from them depends upon
the interaction of the polymer molecules with the hydration medium,
causing a cascade of changes that lead at the end to the release of the

drug substance into the surrounding medium.

Upon contact with an aqueous medium, water penetration into the
dosage form is initiated, causing the polymer molecules on the periphery
to hydrate. Furthermore, water decreases the glass-transition
temperature of the polymer which undergoes a process of relaxation and

swelling forming a rubbery gelatinous layer that retards further water
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penetration, and impedes the rate of drug release into the surrounding
medium. With further hydration and swelling of polymer molecules on the
surface of the gel layer, they could reach a certain concentration called
the polymer disentanglement concentration at which individual polymer
molecules undergo a process of disentanglement causing their slow
erosion from the periphery of the matrix and their subsequent transport to
the bulk medium. These two mechanisms lead to the characteristic cycle
of the gel layer formation. At the beginning of water penetration into the
matrix, this causes the relaxation and swelling of the polymer molecules
on the surface of the matrix which leads to the formation and thickening
of the gel layer. Continuous hydration of the polymer leads to the
disentanglement of fully hydrated polymer molecules from the surface of
the polymer. When the two processes of polymer swelling and erosion
are synchronised, the thickness of the gel layer remains constant for a
while. With further hydration, polymer erosion starts taking over leading to

the thinning of the gel layer (Colombo et al 1996, 1999, 2000).

Several studies have examined the ingress of water into hydrophilic
matrix systems and the formation of the gel layer. They have shown the
formation of a multilayered system inside the dosage form as a result of
water penetration, and the presence of three fronts moving inside the
dosage form, starting from an erosion front on the interface with the
surrounding medium, then a diffusion front and finally a swelling front

(Colombo et al 1999, Ferrero-Rodriguez et al 2000).
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The erosion front lies on the interface between the surrounding medium
and the dosage form, and represents the boundary at which polymer and
drug molecules are released into the surrounding medium. The diffusion
front represents the boundary between the dissolved and undisolved drug
molecules in the gel layer, and this front is more apparent with less
soluble drug substances where the movement of the solvent into the
dosage form is not matched by the dissolution of the drug molecules. The
swelling front however represents the boundary between the gel layer

region containing the hydrated polymer, and the dry core of the dosage

form.
Erosion front
Diffusion front Gel layer with
dissolved drug
Dry core

Swelling
front

Gel layer with

Un-dissolved

drug particles

Figure 1.1. Schematic representation of the various layers and fronts

formed within a hydrating hydrophilic matrix dosage form.
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The movement of the previous three fronts and the resulting gel layer
they form inside the dosage form have been shown to be a principle
factor that governs the release of the drug substance from a hydrophilic

matrix system (Colombo et al 1999, Ferrero Rodriguez et al 2000).

1.1.2.2. Drug release:

The type of the gel layer formed, more precisely the thickness and the
physical and mechanical properties of the gel layer are the principle
factors affecting drug release from hydrophilic matrix systems. Drug
transport is governed by a balanced mechanism arising from the two
processes that control the gel layer formation. On one side there is the
hydration and swelling of the polymer forming the gel layer that acts as a
physical barrier hindering the free movement of the drug molecules and
forcing them to diffuse through it, and on the other side there is the
disentanglement of the polymer molecules into the surrounding medium
which reduces the thickness of the gel layer and at the same time causes
the drug molecules if still un-dissolved to erode into the surrounding
medium. The effect of each of the previous processes differs with the
differing solubility of the drug. Drugs with sufficient solubility depend
mainly on diffusion through the gel layer and hence are affected by the
rate of drug dissolution, and by polymer erosion which governs the gel
layer thickness through which drug molecules have to diffuse. Drugs with

insufficient solubility would be released mainly by the erosion of their
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particles into the surrounding medium with eroding polymer molecules

(Huber et al 1966, Colombo 1996).

1.1.3. Polymers used in the formulation of hydrophilic matrix
systems:

Many polymers of varying properties have been utilised in the preparation
of hydrophilic matrix dosage forms, all of which share a common feature
of being hydrophilic polysaccharides. However, such polymers differ a lot
in their physicochemical properties, giving rise to matrix systems with
varying properties, and with different patterns of hydration. The following
are some of the major types of hydrophilic polymers successfully

employed in the preparation of hydrophilic matrix systems:

1.1.3.1. Natural Polymers:

1.1.3.1.1. Xanthan gum:

Xanthan gum is a microbial extra-cellular anionic polysaccharide
produced by various strains of the bacteria Xanthomonas Camperisis
(Lachke 2004). This gum has wide applications in the pharmaceutical
industry due to its thickening and emulsifying effects. It was also
successfully incorporated into oral modified release solid dosage forms
like TIMERX® in which the advantageous synergistic gellation between
Xanthan Gum and Locust bean gum were exploited (Anand et al 1991,

1992a, 1992b).
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Several workers evaluated the use of xanthan gum in the formulation of
modified drug delivery systems (Fu Lu et al 1991, Dhopenshwarker and
Zats 1993, Ntawulkulilyayo et al 1996, Billa et al 2000, Andreopoulos et al
2001). Several studies reported the ability to obtain constant “zero-order”
drug release using Xanthan Gum, especially at higher gum contents

(Sujja-Areevath 1996, Talukdar et al 1996b, Munday and Cox 2000).

Comparing the efficiency of Xanthan Gum in modifying drug release with
that of other polymers has also been addressed. \When compared with
HPMC, Xanthan Gum showed higher drug sustaining ability, in addition to
other advantages such as the lack of burst effect and the possibility of
obtaining zero order drug release patterns (Talukdar et al 1996b). The
more rapid drug release from HPMC matrices was attributed to higher
drug diffusion in the gel layer of HPMC matrices compared to Xanthan
Gum matrices (Talukdar et al 1997). More insight into this difference
could be accomplished by observing earlier results reported by the same
group; they compared the rheological properties of Xanthan Gum and
HPMC solution at concentrations of 4 and 7% which are similar to
polymer concentrations in the outer gel layer. They found that the
behaviour of Xanthan Gum solutions at such concentrations is
comparable to a gel and that the dynamic behaviour of Xanthan Gum is
only weakly affected by the frequency of the shear it is subjected to.
HPMC solutions however were not able to form a gel and behaved like
normal polymer solutions; the dynamic behaviour of HPMC solutions was

more prone to variation in the rate of shear (Talukdar et al 1996a).
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Drug release from mini-matrices containing Xanthan Gum and other
gums was evaluated and it was shown that the ability of Xanthan Gum to
sustain drug release was higher than other natural gums (Sujja-Areevath
et al 1996). Further investigation revealed that Xanthan Gum had the
highest swelling ability that was also accompanied by a moderate erosion
rate. Other natural Gum like Karaya Gum however had a moderate
swellability, but also a low erosion rate (Sujja-Areevath et al 1998).
However, conflicting results were noted by Munday and Cox (2000) who
reported that Xanthan Gum matrices exhibited a higher degree of
swelling and less degree of erosion than Karaya Gum matrices. One
possible factor influencing such a difference in results may lie in the
nature of dosage forms used in both studies; both studies report using
USP basket method for erosion studies. However, Sujja-Areevath et al
(1996, 1998) used mini-matrices of smaller diameter than the ones used
by Munday and Cox (2000). The small size of the mini-matrices could
have caused faster hydration especially when the polymer used has
enhanced swelling properties. This factor when coupled with the attrition
effect of the basket could lead to more erosion of the highly hydrated

matrices.

One major determinant of the swelling ability of Xanthan Gum and hence
its efficiency in modifying drug delivery is the ionic strength of the
hydration environment. Talukdar et al (1993) reported rapid disintegration
of tablets containing small amounts of Xanthan Gum when placed in a

NaCl solution of 0.1 M or more leading to rapid drug release, and this was
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slightly overcome by increasing the polymer content and inclusion of
binders (Talukdar et al 1993). With further investigation they noted that
the swelling of Xanthan Gum tablets had a reciprocal relationship with the
ionic strength of the dissolution medium and that was not affected by the
type of ions present (Talukdar et al 1995). This phenomenon had a more
pronounced effect on the release of water soluble drugs that are released
mainly by diffusion; the release of such agents was enhanced in the
presence of salt into the dissolution medium (Talukdar et al 1997).
Dhopenshwarker and Zats (1993) found that the pH of the hydration
medium on drug release from Xanthan Gum tablets is only apparent with
the initial phase of drug release which was faster in simulated gastric fluid
than simulated intestinal fluid. However, no apparent difference was
reported for drug release in later stages and this was attributed to the
faster erosion at the surface of the tablets before sufficient polymer

hydration and swelling has taken place.

1.1.3.1.2. Galactomannans:

Guar gum is a poly-galactomannan gum in which the structural chain is
made up of D-mannose units with 1-4 linkages (Lawrence 1973). The use
of Guar Gum in the formulation of hydrophilic matrix based systems is
mentioned in the literature; Khullar et al prepared matrix tablets
containing Guar Gum with Theophylline anhydrous as a model drug.
They noted the ability of guar gum in sustaining drug release for a long

period of time which was mainly through diffusion. This was attributed to
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the steady swelling of the gum (Khullar et al 1998). The ability of Guar
gum to provide sustained release of Diltiazem, whether used alone or
mixed with smaller amounts of other hydrophilic polymers, was
comparable to that of commercial slow release Diltiazem tablets, with little
effect caused by the change of gum batch or dissolution hydrodynamics

(Altaf et al 1998).

Krishnaiah et al studied the use of Guar Gum matrix tablets in sustaining
the release of the highly water soluble model drug Metoprolol tartrate.
They reported that normal matrix tablets failed to sustain the release of
the drug. However, a developed three layered Guar Gum matrix tablet
with two drug free layers on the outer part provided sustained drug

release which was not affected by storage (Krishnaiah et al 2001).

Locust Bean Gum is another Galactomannan obtained from the fruit
seeds of the Locust or Carob tree, (Lawrence 1973). Uner et al (2004)
investigated the release of Theophylline from matrix tablets prepared with
honey locust bean gum. They showed that there was no difference in
drug release between commercial tablets and those prepared using
honey Locust Bean Gum which maintained a zero-order release process.
When compared with other gums in the preparation of mini-matrices,
locust been gum showed an ability in sustaining drug release similar to
Xanthan and Karaya gums (Sujja-Areevath et al 1996). However it had a
higher rate of erosion compared to the other gums (Sujja-Areevath et al

1998).
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1.1.3.1.3. Chitosan:

Chitosan is a de-acetylation derivative of chitin which is a natural polymer
found in crab and shrimp shells. (Bhardwaj et al 2000). Several works
have studied the combination of Chitosan with other hydrophilic polymers.
Hasan et al (2003) demonstrated the ability of a combined polymer
mixture of Chitosan with Alginate in sustaining the release of the drug
Metoclopramide both in vitro and in vivo. When comparing different
polymer mixtures, a Chitosan Alginate mixture was better in sustaining
the release of the drug Diltiazem Hydrochloride than a Chitosan

Carrageenan mixture (Tapia et al 2004).

The ability of Chitosan to form various salts has also been examined. An
acetate salt derivative of Chitosan prepared by spray drying
demonstrated its ability to sustain the release of Theophyline when used

as a binder in tablets at a concentration of 3 % w/w (Nunthaid et al 2004).

1.1.3.1.4. Sodium Alginate:

Alginates are hydrophilic polymers obtained from Alginic Acid which is a
phyco-colloid found in brown algae (Lawrence 1973). Guinchedi et al
(2000) studied the ability of alginate in retarding the release of
Ketoprofen. They found that matrices prepared with alginate alone, or in
combination with HPMC were able to sustain the release of the drug
Ketoprofen. However, alginate based systems are highly affected by

crosslinking agents. Incorporation of calcium gluconate into the matrices
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prepared by Guinchedi et al (2000) reduced the ability of the matrices to
retard drug release. This was attributed to the cross-linking of alginate in
the presence of the calcium ions and the effect this may have on the gel
layer. Moreover, the soluble calcium ions have the ability to act as a
channelling agent in the gel layer and thus increase the porosity of the

matrix.

When compared with Carbopol which is a highly cross linked polymer, the
linear alginate showed less ability in sustaining the release of the drug
Furosemide. This was explained by the different drug release behaviour
of the two polymers in aqueous media; drug release from alginate was
mainly through polymer erosion and polymer dissolution, whereas
Carbopol had a combined diffusion and polymer relaxation mechanism.

(Eftekanis et al 2000)

Opposing effects of the pH of the dissolution medium on the release of
water soluble and poorly soluble drugs were reported by Hodsdon et al
(1995); a faster release of Chlorpheniramine Maleate, which is a water
soluble drug, from alginate matrices occurred in simulated gastric fluid
when compared to simulated intestinal fluid. An opposing effect occurred
with the poorly soluble drug Hydrochlorthiazide. The previous effect was
attributed to the different natures of the gel layer within the different
media. Moreover, and as mentioned previously, the change in drug

solubility causes a change in the mechanism mainly responsible for its
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release. Thus, the change in the properties of the gel layer may have

varying effects on drugs with varying solubility.

1.1.3.1.5. Other natural polysaccharides:

Other natural gums and polysaccharides that have been studied as
carriers in hydrophilic matrix systems include Karaya Gum (Sujja-
Areevath et al 1996, Sujja-Areevath et al 1998, Munday and Cox 2000),
Khaya gum ( Odeko et al 2004) and tamarind seed polysaccharide

(Sumathi et al 2002).

1.1.3.2. Synthetic and modified polymers:

1.1.3.2.1. Cellulose ethers:

Cellulose ethers are widely used in the preparation of hydrophilic matrix
dosage forms, and Hydroxypropyl Methylcellulose (HPMC) could be
considered the most used matrix former for hydrophilic matrix systems. A
large amount of literature dealt with the properties of these polymers and

evaluated their ability as hydrophilic matrices.

The different types of cellulose ethers seem to differ in their hydration
behaviour upon contact with water, and hence produce matrix systems
with differing nature. Ferrero Rodriguez et al (2000) compared the
swelling and drug release properties associated with tablets containing

different cellulose ethers. They reported several differences between the
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various polymer types; for example erosion of the polymer was only high
with Hydroxyethyl Cellulose (HEC) which may contribute significantly to
drug release, whereas from Methylcellulose matrices drug release was
mainly through diffusion. Drug release from matrices containing other
cellulose ethers was due to a combination of diffusion and erosion. When
comparing Hydroxypropyl Cellulose (HPC) and Hydroxyethyl Cellulose
(HEC), Roy et al (2002) found that HEC matrices had a higher degree of
swelling and erosion than HPC matrices. The release of the water soluble
drug Chloropheniramine Maleate was through diffusion and matrix
swelling, whereas for HPC matrices it primarily occurred by diffusion

through the gel layer.

Vueba et al (2004) compared the ability of different cellulose ethers in
modifying the release of Ketoprofen from matrix tablets. They reported
that Methylcellulose and Hydroxypropyl Cellulose were not able to sustain
the release of the drug, whereas HPMC was able to do so. When
comparing the drug release mechanism and rate, they found that
changing the type of the polymer did not affect the mechanism of drug
release, but tablets formulated using HPMC gave the highest mean

dissolution time for Ketoprofen.

1.1.3.2.2. Other synthetic polymers:
Other synthetic polymers have also been studied and used successfully

in the preparation of hydrophilic matrix systems, and they include
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Carbomer (Perez-Macros et al 1991), and Polyethylene Oxides (Kim

1998, Maggi et al 2002).

1.1.3.2.3. Modified starches:

Several modified types of starch have been studied as polymers for
modified drug release. Retrograde starch was prepared by Wierik et al
and it was able to retard the release of various drugs with differing
physicochemical properties. Moreover the release of the drugs was not
influenced by inclusion of a lubricant or by the activity of a-amylase in the

dissolution medium (Te Wierik et al 1996, 1997a, 1997b).

1.1.4. Sources of variation in the behaviour of hydrophilic matrix
systems:

The behaviour of hydrophilic matrix systems, and more precisely the
process of drug release from such systems, may be easy to evaluate in
terms of the underlying structural changes leading to it, and the main
mechanisms responsible for drug release. However, the overall drug
release process is a much more complicated process in which multiple
factors are involved, and play varying roles in modulating the release
process in terms of rate and pattern. Certain trends can be associated
with some variables, but verifying specific effects for each variable is not
a clear cut matter. This could be due to several causes, mainly the

varying types of hydrophilic polymers utilised in the formulation of
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hydrophilic matrix systems; each having different physicochemical
properties from the others, and this, as will be seen shortly, is a major
determinant of the degree and nature by which several factors present

themselves.

Another cause of such complexity observed in the behaviour of
hydrophilic matrix systems arises from the interference of the effects
associated with the various factors influencing the processes of polymer
hydration and drug release. In the following section, a review of the main
variables affecting the behaviour of hydrophilic matrix dosage forms is

presented.

1.1.4.1. Formulation ingredients:

1.1.4.1.1. Drug:

The properties of the drug incorporated into hydrophilic matrix systems
have a great effect on the behaviour and properties of such systems.
Drug properties were reported to have a major effect on matrix swelling
and subsequently on the release characteristics of the drug itself.

Drug solubility, as mentioned previously, is a major determinant of the
drug release mechanism. It also has an effect on the rate by which the
drug is released from the system; the rate of drug release from
hydrophilic matrix dosage forms is reported to be higher for drugs with
higher aqueous solubility (Lapidus and Lordi 1968, Colombo et al 1995,
Yang and Fassihi 1997, Zuleger and Lippold 2001). This is probably due

to higher dissolution rate of such drugs upon contact with the penetrating
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water which causes the formation of a concentration gradient that
enhances the release of the drug out of the system. As the aqueous
solubility of the drug decreases, the release rate of the drug is also
decreased, (Colombo et al 1995) and this in turn could be due to slow
dissolution of the drug which may decrease the driving concentration
gradient. With further decrease in drug solubility, the ingress of water into
the matrix causes the hydration of the polymer with minimal drug
dissolution, causing the suspension of the un-dissolved drug particles in
the swollen gel layer which are released into the surrounding medium
when polymer erosion is initiated at the erosion front after sufficient
polymer hydration takes place. (Kim 1998). Kim studied the effect of drug
solubility on drug release from PEO tablets, and he reported slower
release of the drug Sulfathiazol compared with other drugs with higher
water solubility. The release profile of Sulfathiazole was sigmoidal in
shape indicating the presence of a lag time before drug release is
enhanced. (Kim 1998). Such results come in accordance with earlier
similar results reported by Ford et al (1985b) for the drug Indomethacine

using HPMC matrices.

Drug solubility could also lead to variation in the release behavior with
time, through affecting the properties of the formed gel layer. Bettini et al
(2001) monitored this aspect in HPMC matrices using the three model
drugs Buflomedil Pyridoxalphaosphate (BPP), Sodium Diclofenac (DCN)
and Nitrofurantion (NTF), with decreasing aqueous solubility respectively.

They reported that initial drug release rate was directly related to drug
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solubility. However they also report acceleration of the release of DCN
after full hydration of the matrix core, and this effect was also observed
and more pronounced with NTF which is the least soluble. The change in
drug release rate was also coupled with complete disintegration of the
matrices containing the less soluble drugs within the dissolution medium,
and this was justified by the process of polymer relaxation which caused
the dragging of the un-dissolved particles of the less soluble drugs
towards the outer region of the gel layer causing a reduction in their
diffusion path and at the same time weakening of the gel layer. Ferrero-
Rodriguez et al (2000) reported similar results with matrices formed using

cellulose ethers.

Another factor exerting an effect on matrix behaviour and drug release is
the content of the drug; an increase in the release rate of the drug was
reported with the increase in its content (Yang and Fassihi 1997). Similar
results were also reported for matrices in which erosion is the

predominant factor affecting drug release (Zuleger and Lippold 2001),

The reduction of drug particle size is usually associated with better
hydration and dissolution of the drug. However, various trends were
reported regarding the effect of drug particle size on drug release
patterns from hydrophilic matrix dosage forms. In HPMC matrices
containing two model drugs; Propranolol Hydrochloride and
Aminophylline, changing the particle size of the model drugs did not have

any significant effect on drug release (Ford et al 1985a). In HPMC
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matrices containing the drug Oxazepam, increasing the drug particle size
while keeping a constant drug to polymer ratio, caused a decrease in its
dissolution rate and a shift towards erosion mediated drug release (Tros
de llarduya et al 1997). However, when examining this factor in tamarind
seed matrices containing caffeine, the increase in drug release was
manifested at higher size ranges only and this was attributed to the
increase in the porosity of the matrix (Sumathi et al 2003). Such
variations in the effect associated with drug particle size could be highly
correlated with other factors such as the solubility of the drug itself, or the
properties of the hydrophilic polymer utilised in the formulation, and also

the properties of other formulation ingredients used.

Fu et al (2003) studied the influence of drug molecular properties; they
compared matrix systems containing four water soluble drugs with
different molecular volumes and they observed an exponential
relationship between the diffusion coefficients of the drugs and their
molecular volumes in which drugs with smaller molecular volumes had

higher diffusion coefficients.

1.1.4.1.2. Hydrophilic polymer:

The role of the polymer in hydrophilic matrix systems is the formation of
the gel layer on the outer surface of the dosage form upon contact with
an aqueous medium. As discussed previously, drug release is achieved

mainly by diffusion through this gel layer or through erosion of the
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hydrated polymer chains at the outer surface of the gel layer. Thus, the
properties of the polymer would have a major effect on the structure of

the gel layer and subsequently on the process of drug release.

In addition to the type of polymer used in the formulation of hydrophilic
matrix systems which have been shown to be a major determinant of the
behaviour of such systems, other polymer related variables have been

examined.

Decreasing the content of the polymer in the formulation lead to an
increase in the drug release rate (Huber et al 1966). However, increasing
the polymer content in the matrix system was reported to cause the
formation of a thicker gel layer and hence decrease the release rate of
water soluble drugs due to increased diffusion pathway (Rekhi et al 1999,
Sujja-Areevath et al 1996). The release rate of water insoluble drugs was
also reported to decrease with increasing polymer content (Xu and
Sunada 1995, Talukdar et al 1998) and this could be explained by the

formation of a stronger gel layer that resists erosion.

Several studies reported the significant influence of polymer particle size
on the performance of hydrophilic matrix dosage forms; for Xanthan Gum
tablets, decreasing the particle size of the polymer resulted in a more
sustained release. This was noted with both water soluble and sparingly
soluble drugs (Dhopenshwarkar and Zats 1993). Such behaviour could

be attributed to the ability of the fine polymer particle to rapidly hydrate,
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forming a dense gel layer. On the other hand, coarse fractions of polymer
particles resulted in tablet breakage due to their inability to hydrate
quickly and form a robust gel layer upon contact with water
(Dhopenshwarkar and Zats 1993). Similar results were observed with
HPMC tablets in which drug release increased with increasing polymer
particle size (Campus-Aldrete and Villafuerte-Robles 1997, Velasco et al

1999).

Another aspect affected by polymer particle size is the very initial phase
of drug release; the lag time before drug release is decreased with
increasing polymer particle size, and for HPMC matrices no lag time was
observed for tablets made with particle size fraction of 150-250 um,
whereas smaller size fractions were able to induce lag time and decrease
the burst effect. This was attributed to the fast formation of a gel layer by
the rapidly swelling of small particles. (Campus-Aldrete and Villafuerte-

Robles 1997)

However, the effect of polymer particle size is highly correlated with the
content of the polymer in the formula; its significance is more evident at
lower polymer content. Whereas higher polymer content may obscure the
effect of particle size (Campus-Aldrete and Villafuerte-Robles 1997, Heng
et al 2001). In their study, Heng et al (2001) monitored this phenomenon
in HPMC tablets and they reported that when the polymer content was
less than 5 %, rapid drug release occurred with all size fractions. At

higher polymer content, increased drug release was only apparent with
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larger size fractions, and when the polymer content was higher than 20 %

the difference between various particle size fractions was less evident.

For polymers having several viscosity grades, as is the case with
cellulose ethers and other synthetic polymers like Polyethylene Oxides,
this variable could also influence the behaviour of the dosage form into
which they are formulated. Studies showed that increasing the viscosity
grade of the polymer resulted in an increase in the swelling ability of the
polymer molecules and hence decreased drug release rate.(Campus-
Aldrete and Villafuerte-Robles 1997, Lee et al; 1999, Katzhendler et al

2000).

1.1.4.1.3. Diluents:

Diluents or fillers are of great importance in the formulation of
pharmaceutical tablets due to the multiple advantages they present,
starting from increasing the bulk of the formula, modifying the physical
properties of the products, and modifying the behaviour of the system in
terms of drug release. A substantial amount of literature is available
about the effect of different diluents on the behaviour of hydrophilic matrix
dosage forms. Two main variables related to such materials are their
content and physicochemical nature. Various, and sometimes different,
observations have been reported about the effect of such variables on the
behaviour of hydrophilic matrix dosage forms, which proves, once more,

the complexity of such systems.
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Lapidus and Lordi reported an increase in drug dissolution rate when
replacing some of the polymer with either soluble or insoluble diluents.
They also reported that only at higher diluent content it was possible to
differentiate between the effect of water soluble and insoluble ones
(Lapidus and Lordi 1966, 1968). In a similar study Ford et al (1987)
compared the effect of two diluents on the release of Promethazine HCI
from HPMC matrices, namely soluble spray dried lactose and insoluble
calcium phosphate, and they observed that replacing part of the polymer
with either diluent increased the release rate of the drug, but diffusion
remained as the major release mechanism. Moreover, they reported that
the difference between the effects of the two diluents was only possible
when they are incorporated at high levels, where the effect of spray dried
lactose on drug release was more apparent than that of calcium

phosphate.

Sujja-Areevath et al (1996) examined the effect of diluent solubility on the
release of Diclofenac Sodium from mini-matrices containing different
natural gums. They reported that increasing the content of diluent in the
formulation resulted in an increase in drug release. Furthermore, drug
release pattern shifted more towards erosion than diffusion. They also
report that the solubility of the diluent had no significant effect on its
effect. Somewhat different results were observed by Cox et al (1999) with
Xanthan Gum mini-matrices containing the drug Ibuprofen. They
examined the effect of inclusion of various diluents, namely spray dried

lactose, microcrystalline cellulose (Avicel®) and Dibasic Calcium
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Phosphate Dihydrate (Emcompress®). They reported that the different
diluents had different effects on the release of Ibuprofen from the mini-
matrices; little difference was seen in drug release between matrices
containing spray dried lactose and Emcompress®. However, matrices
containing Avicel® exhibited higher drug release and this was attributed to
the disintegration enhancing effect of Avicel®, and its influence on the

integrity on the matrix and hence on drug release (Cox et al 1999).

The effect of manipulating the polymer to diluent ratio was also examined,
and studies were undertaken on Carbopol matrices using lactose,
microcrystalline cellulose (MCC) and starch as diluents. Results
demonstrated that all diluents enhanced the release of Ibuprofen when
incorporated into the matrices. However, the effect of the different
diluents varied in its degree; it was highest for starch, which was reported
to exert an “explosion effect”, followed by MCC and then lactose.
Moreover, increasing the polymer content seemed to have a more drastic
effect on the ability of lactose to enhance drug release than that of the

two other diluents. (Khan et al 1998, 1999).

Upon comparison of the results reported by various studies, it becomes
evident that careful deductions should be made. This is due to the high
complexity and correlation between the variables associated with the
various diluents, and those associated with other formulation ingredients,

such as the solubility of the drug. Moreover, the chemical and
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hydrodynamic properties associated with the dissolution environment

could have significant effects on matrix hydration and drug dissolution.

1.1.4.1.4. Lubricants and glidants:

Several workers examined the effect of adding various lubricants and
glidants on the behaviour of hydrophilic matrix tablets and especially on
the process of drug release. Once again, varying results were reported;
Sheskey et al (1995) reported that changing the level of Magnesium
Stearate from 2.0 % to 0.2% in HPMC 2208 tablets resulted in the
production of tablets with higher crushing strength. However, neither the
level of the Magnesium Stearate, nor the mixing time had a significant
effect on drug release. Similar results were reported by Gupta et al (2001)
with Carrageenan matrices. They reported that Magnesium Stearate
(0.5%) and Stearic Acid (1%) had no significant effect on the release rate
of Theophylline from the tablets. However, Magnesium Stearate at a level

of 1% significantly slowed down the release of Theophylline after 4.5 h.

The effect of added lubricants is in turn influenced by the type of polymer
used; Lee et al (1999) reported opposing results of the effect of the
hydrophobic lubricant, Magnesium Stearate on drug release from tablets

containing HPMC of different grades.

From this, and other previously mentioned examples, one could see that

the overall formulation rather than a single ingredient is the most

significant factor in determining the behaviour of the system.
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1.1.4.1.5. Interactions between formulation ingredients:

Potential ionic interactions between the various formulation ingredients,
incorporated into hydrophilic as well as other matrix systems, could have
a profound effect on the behaviour of such systems and on the

dissolution patterns associated with them.

The occurrence of ionic interactions between formulation ingredients has
been utilised to manipulate the dissolution of drugs from matrix systems.
One of the reported methods depends on the incorporation of ionic
surfactants into the formulation. Such surfactants have the ability to
interact with oppositely charged drugs and thus retard the process of drug
release from the matrix systems. Several workers have focused on this
technique and among the surfactants investigated is the anionic
surfactant Sodium Lauryl Sulfate (SLS) which was shown to retard the
release of the cationic drug Chlorpheniramine Maleate from HPMC
matrices (Feely and Davis 1988, Daly et al 1984). The release of the
cationic drug Propranolol Hydrochloride from HPMC-Eudragit matrices
was also reduced by the addition of the anionic Sodium Lauryl Sulphate,
with little effect noted with the addition of the cationic surfactant Cetyl
Trimethyl Ammonium Bromide (CTAB). However, incorporation of the
cationic CTAB into matrices containing the anionic SLS resulted in faster
drug release and this was explained by the interaction of the two

oppositely charged surfactants (Nokhodchi et al 2002).
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However, some of the most studied interactions are those occurring
between ionic polymers and oppositely charged drugs. Such interactions
occur between oppositely charged moieties in the structure of the
polymer and drug. Such ionic interactions have been studied and
attempts have been made to employ their occurrence in modifying the
behaviour of matrix systems, more precisely the process of drug release
from them. Several ionic polymers have been investigated. The ionic
interaction of the anionic Lambda Carrageenen with cationic drugs,
mainly Diltiazem Hydrochloride has been examined and compared with
other drugs. Moreover, the physicochemical, tabletting, and dissolution
properties of the resulting ionic complex between the drug and polymer
were examined (Bonferroni et al, 2000a, 2000b, 2004, Aguzzi et al 2002).
This polymer was able to modify the release of other cationic drugs from
its matrices including Salbutamol Sulfate and Chlorpheniramine Maleate

(Bonferoni et al 1993, 1994, 1998).

Other anionic polymers were also shown to be able to retard the release
of oppositely charged drugs from their matrices including the retarding
influence of Carbopol 934P on the release of Verapamil Hydrochloride
through the ionic interaction between the carboxylic groups of the
polymer and the tertiary amine groups of the drug (Elkheshen 2001), The
cationic polymer Chitosan was also investigated, and it was shown to be
able to retard the release of the anionic drug Salicylic Acid when
incorporated into its films, through ionic interaction (Puttipipatkhachorn et

al 2001).
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Takka et al (2001) Showed that changing the type of the anionic polymer
incorporated into HPMC matrices had a marked effect on the release of
the cationic drug Propranolol Hydrochloride in different dissolution media.
In a later study Takka (2003) explained that the previously noted change
in drug release behaviour with the change in the type of the anionic
polymer resulted from the change in the ionic interaction potential

between the drug and the various polymers.

It could thus be seen that the occurrence of ionic interactions between the
different materials incorporated into hydrophilic matrix systems, mainly
between the ionic polymers and oppositely charged drugs, could actually
be regarded as an advantageous point in the development and

manipulation of hydrophilic matrix dosage forms.

1.1.4.2. Dosage form:

The shape properties of dosage forms based on hydrophilic matrix
systems is one of the major factors affecting the behaviour of such
dosage forms. This will be discussed in detail in the next section.
However, other variables associated with the nature and with the
production of such dosage forms have been examined in terms of their

effect on the behaviour of hydrophilic matrix systems.

The compression force used in the production of tablets seems to exert

an effect on the initial phase of drug release; Huber et al (1968) reported
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that tablets made at various compression force levels did not exhibit
significantly different release patterns. HPMC tablets produced at lower
compression force values exhibit a more apparent burst effect in terms of
drug release. However, after swelling of the tablet, the reported results
show no difference between tablets made at different compression force
values (Kabanda et al 1994). Similar results were demonstrated by Rizk
et al (1994) for matrix tablets formulated with the polymer Scleroglucan.
They reported that the compression force which decreases tablet porosity

has little effect on drug release.

The storage conditions of matrix tablets seem to have minor effect on
their ability to sustain drug release. For Carrageenan tablets, their ability
to sustain the release of Theophylline was not affected by three months

storage at 37°C and a humidity of 75% (Gupta et al 2001).

1.1.5. Importance of the dosage form shape in matrix systems:
Properties associated with the shape of dosage forms based on
hydrophilic matrix systems seem to have a significant effect on the

behaviour of such dosage forms, mainly on the process of drug release.

Several studies examined the effect of the geometric shape of the dosage
form on drug release. Cobby et al (1974a, 1974b) made some
investigation into the effect of varying tablet shape on drug release from

insoluble matrices. They developed an equation describing the
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dissolution kinetics of drugs from slow release matrix systems based on
previous work by Higuchi (1963), taking into account what they called

“shape factors” of the tablets (Equation 1.1.).

f = Gy Kt"?— Go(Kt"?)? + G3(Kt"?)? Equation 1.1.

where f;is the fraction of drug released from the matrix at time ¢, G4, G,
and G; are factors based on the shape of the tablet undergoing
dissolution, and K; is a rate constant describing the process of drug

release from such tablets, which is calculated using equation 1.2.

)
K = —\/—8(2/1 —&C,)C Equation 1.2.
Arg \ 7

where A is the total weight of drug in the tablets, ryis the initial radius of
the tablet, D is the drug diffusion coefficient in the dissolution medium, ¢
and r are the porosity and turtuosity of the matrix, respectively, and Cs is

the solubility of the drug in the dissolution medium.

The values of the three shape factors were reported for spherical,
cylindrical and biconvex tablets, and it was noted that for the spherical
and cylindrical tablets the values of the three shape factors are constant
and could be obtained from the initial dimensions of the dry tablets prior
to dissolution. On the other hand, there is time dependent variation in the

values of the three shape factors for biconvex tablets.
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Subsequent experimental results showed that actual experimental drug
release rates varied clearly with varying tablet shapes between cylindrical
and biconvex, with the lower release being for biconvex tablets. However,
no significant differences were noted between tablets with different
shapes with regards to the drug release constants obtained from fitting

the data to the proposed equation (Cobby et al 1974a, 1974b).

The actual implementation of such equations for the investigation of the
drug release process from matrix tablets, including hydrophilic ones,
should always take into account the influence of other hydration-
associated phenomenon on the overall drug release process; processes
affecting the integrity of the system during its dissolution like crack
formation due to the relaxation of stresses formed within the tablets
during the manufacturing process could enhance the drug release rate

and cause considerable deviations from the theoretical outcomes.

Karasulu et al (2000, 2002) studied the release of Theophylline from
HPMC tablets of different geometric shapes namely triangular, cylindrical
and half spherical tablets and they compared the rate of drug release
from the various tablets using the Higuchi model. They reported that the
highest drug release rate was observed with the triangular tablets

followed by the cylindrical ones and then the half-spherical.

The effect of tablet surface area on drug release has also been

examined, and results obtained with flat HPMC tablets of varying radius
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and convex tablets demonstrated that drug release rate was directly
proportional to tablet surface area, and it was concluded that maximum
control of drug release could be obtained when tablets are nearest to the
spherical shape (Ford et al 1987). Siepmann et al (2000) studied several
variables associated with cylindrical matrix table