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Summary

1 Summary

This thesis is based on the investigation of the compression behavior of a solid model enzyme. It
was the scope of this work to characterize the behavior of the enzyme powder under pressure to
gain on the one hand information about the behavior of powder during the compression process
and on the other hand to get more knowledge about the behavior of enzyme powder in
pharmaceutical formulations. An important aspect was the influence of excipients because their
deformation character may change the properties of pharmaceutical formulations. For that reason
the physical influences of a plastic and a brittle model excipient, respectively on the enzyme
powder in binary mixtures was investigated. Critical mixture ratios should be defined where the
behavior of the binary mixtures shows sudden changes. If critical mixture ratios are known, they
can be avoided in the development of dosage forms to get robust formulations. Since the direct
compaction of powders may be difficult, the compression behavior of enzyme granulates and
enzyme coated pellets was investigated as well. For that reason powders and pellets from different
raw materials were layered with an enzyme binding agent solution. The enzyme activity of the
various granulates, pellets and compacts was detected and the preparations were judged based on
this property.

The investigated model enzyme was a solid B-galactosidase preparation from Aspergillus oryzae,
which was chosen for its stability, the molecular weight of 105 kDa, which is an average value

compared to other enzymes and the reliable and relatively simple enzyme activity assay.

Compacts were produced on a material testing machine and the activity was detected
spectophotometrically. The compression properties of the various formulations were characterized
by using Heckel equation and modified Heckel equation. Granulates and pellets as well as their

compacts were further characterized by scanning electron microscopy pictures.

The extent of activity loss in the compacted brittle enzyme powder could not be decreased by the
addition of a plastic or a brittle excipient. With the diversity of the particles even a higher number of
shearing forces was built in the compacts during compression. The shearing forces seemed to
have negative influences on the activity of the enzyme. In the binary powder mixtures of the
enzyme powder with the plastic excipient there was found a sudden change in the behavior of the
system at a mixture ratio of 20% of enzyme powder. For the brittle-brittle binary mixtures of the
enzyme powder with an excipient, differences in the behavior were difficult to detect because the
two powders showed a very similar behavior. Tendencies towards a critical concentration at a ratio
of 60% (V/V) of enzyme powder could not be proved, although a comparison with a second brittle
enzyme powder preparation in mixtures with a brittle excipient showed similar tendencies. It was
found that a plastic compression character and regularity in shape and size of the compressed
particles was important to protect the enzyme activity under pressure. These properties could be

reached with the production of granulates and the coating of pellets by enzyme layering, whereas
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Summary

especially the compacted enzyme coated pellets showed no significant activity loss under pressure
due to the very regular shape and size distribution and the fact that the pellets did not break and

only slightly changed their shape to reduce the spaces between the individual pellets.

A lot of new aspects in the field of particle compression have been discussed in this work. It was
found that the shape and the size of the various particles may have big influences on friction and
shearing forces. Shearing forces can cause a reduction of enzyme activity during the compression
of an enzyme powder. The compression character of the particles showed influences on the extent

of activity loss under pressure, whereas plastic properties are favorable to protect the enzyme.

As a further step it would be important to test the transferability of the results on other enzyme
products and to take into consideration more practical aspects like the production on a rotary press,
the investigation of economic points of view or simply the attainment of a required dosage to define

an optimal formulation for an oral application of a pharmaceutical enzyme powder.
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2 Introduction

Today there are a lot of different, partly very special dosage forms on the market. In this wide range
of possibilities of drug dispensation, tablets are still the most common used dosage form. The
importance of this quite old dosage form is evident looking at the development of tablets since the
invention of a manual tablet press in 1843. Besides the standard tablets there exists also a great
number of special tablet modifications, for example effervescent, film, matrix and chewing tablets
that are used to influence the drug absorption. The popularity of tablets can be well explained. First
of all, the application of oral dosage forms is of great importance because it is easy and safe. In

addition tablets show metering accuracy, robustness and stability and their production is economic.

Looking at the big number of tablets on the market — about 48% of all drugs sold per year are
tablets — it seems that the development and production process of a tablet is well known and easy.
But in fact it is a matter of a very complex process. The simple compression of a bulk material,
either powder or granulate, to a robust tablet is dependent on a great number of influences, mainly
force transfer, particle deformation and the formation of adhesive forces. Therefore the behavior of
powder under compression is an interesting topic of wide range. Although a lot of work has already
been done on this topic (Leuenberger et al., 1981; Leuenberger, 1982; Jetzer et al., 1983; Kuentz
and Leuenberger, 2000), it is still not known enough on it. Compression behavior and thus tablet
properties depend on the different powders used. As tablet excipients as well as drugs have very
different properties, it is quite difficult to make general statements about their compression
behavior. For pharmaceutical application there are very complex tablet ingredient mixtures and it is
still impossible to preview the properties of the end-product tablet only by knowing the exact
composition of the powder mixture. Achieving the possibility of such predictions would be economic
and time saving. For this reason the characterization of model excipients and drugs as well as

several mixtures of them is an interesting and important research field.

The process of powder compression can be mathematically described. Celik (1992) and Hiestand
(1997) give an overview of this complex process in their work. A further approach to describe the
behavior of powder and powder mixtures under compression is the application of percolation
theory, which has a long tradition at the Institute of Pharmaceutical Technology in Basel. Different
examples illustrate the successful application of percolation theory in the field of pharmaceutical
powder technology. Percolation theory provides key tools for a more rational design of
pharmaceutical dosage forms and for the development of robust formulations. Percolation theory
defines a percolation threshold, or in other words a critical concentration of a component in a binary
or more complex powder mixture. It is evident that the critical concentration of a component in a
tablet formulation is the source of lack of robustness of a formulation. Therefore it is important for a
robust formulation that the relevant concentration of a component in a tablet formulation is not too
close to the critical concentration and thus robustness of the formulation is guaranteed also with

slight changes in the proportions of components during scale-up and large scale production of
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tablet formulations. The investigation of compression processes, behavior of powder and powder
mixtures under compaction and the application of percolation theory leads to a definition of robust
formulations which can be used as standard formulations to enable a more rational design of

pharmaceutical dosage forms.

The fact that the complexity of drug substances is increasing, can also lead to difficulties in the
development of new tablet formulations. Among other new drug substances the use of proteins and
peptides as pharmaceuticals is steadily increasing, especially with the fast development of
biotechnological processes. Isolation, purification, formulation and delivery of proteins represent
significant challenges to pharmaceutical scientists, as proteins possess unique chemical and
physical properties. These properties pose difficult stability problems, which can be influenced by
the formulation and technological factors, for example excipients, temperature, storage conditions,
compression or shearing forces. Manning et al. (1989) give an overview of the stability of protein
pharmaceuticals.

Investigation of protein pharmaceutical behavior in tablet formulations can be done by the use of
enzymes as model proteins. The enzyme activity can be quantified. It is known to decrease under

pressure and can thus be used as indicator of changes, which occur during compression.

The scope of this thesis is the investigation of enzyme powder under compression to gain on the
one hand more knowledge about powder compression and tablet formulation in general and on the
other hand to get information on behavior of enzyme powder in pharmaceutical formulations. An
important aspect is the influence of excipients, because the deformation character of an excipient
can of course determine the tablet properties. In addition possible chemical and physical interaction
between excipients and the investigated model enzyme powder B-galactosidase is an important
part of this work. It is possible to classify common tablet excipients into plastic and brittle
substances. One could imagine that the physical interaction in powder mixtures of a plastic
excipient and the enzyme powder is different to that of a powder mixture with a brittle excipient.
The classification of all powders and mixtures of them is done in this work with the application of
Heckel equation and modified Heckel equation. A protecting effect of a plastic material on the
sensitive enzyme drug is expected. Besides the investigation of the influence of plastic and brittle
excipient powders, the aim is also to find out if there is a mixture range in which the enzyme
powder is protected by the excipient in binary mixtures. Percolation theory is applied to define the
critical enzyme concentration in these binary mixtures and thus find a robust formulation that can
be used as standard formulation. A small digression is dedicated to the comparison with a second
enzyme powder preparation, which is shortly before its launch to market as a pharmaceutical
product.

In the practice of powder compression and production of tablets there can rarely be found direct
powder compaction. Thus it is a further part of investigation to produce granulates and coat pellets
to find on the one hand the influences of the granulation process and the pellet coating on the
enzyme activity and on the other hand to see if there are differences in the enzyme behavior under

compression within these enzyme preparations. A possible protecting effect of the compacted
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pellets with their smooth surface and the regularity of the particle size on the enzyme activity is
investigated. For the production of granulates and the pellet coating there is also made the
differentiation between plastic and brittle excipients.

A comparison of all that different formulation methods and their influence on enzyme activity is
done to make a proposal for an optimum robust formulation for an oral application of a

pharmaceutical enzyme powder.



Introduction




Theoretical Section

3 Theoretical Section

3.1 Compression process

The compression of particles and granules as a function of the applied pressure can be described
by two different properties of the particulate matter: | the compressibility, i.e. the consolidation
behavior of powder materials and Il the compactibility, i.e. the measure of tableting performance.
The compression process represents the concentration of free solid particles (powder) or
agglomerates (granulate) under pressure into a mostly porous solid body of defined shape and
sufficient mechanical strength.

Basic statements about the compression process are in general valid for powders and granulates
as well. The bulk material granulate is more coarse than a powder. It is a product of agglomerated
powder and has several advantages regarding the compression of tablets. The production of a
granulate from a powder results in an improvement of flowability, reduction of the specific surface
and a better dissolution of the drug and is often leading to a better compactibility. Nevertheless the

definition of powder and granulate is often arbitrary.

Powder in a die, ready for compression is in a way a special case of a solid dispersion in gaseous
state. The difference to an aerosol is founded in the fact that the particles are not isolated but keep
contact in the whole bulk material. That kind of contact is not only a consequence of gravity and the

limitation by the die wall, but especially of the force of attraction between the particles.

The tensile strengths, the shear strengths and the elastic moduli of compacted substances
influence the process of powder compression. The parameters mentioned were reduced to
dimensionless parameters by Hiestand and Smith (1984) to quantify and evaluate tableting
performance. The bonding index is the ratio of the tensile strength to the dynamic indentation
hardness and is interpreted as indicating the relative survival during decompression of the areas of
true contact that were built at maximum compression. The strain index indicates the relative strain
energy developed during the elastic recovery following the deformation. The brittle fracture index is
an indicator of the brittleness of the compact. These indices can be used for comparison of the

compression properties of powders.

In the following chapters the stages of uniaxial compression are described as well as the bonding
forces and the deformation process that result during compression. A further important aspect is
the density distribution in tablets and the porosity and relative density of compacts that are also
described mathematically by pressure porosity equations. Furthermore special aspects of

compression processes, i.e. pellet and enzyme compression are mentioned.
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3.1.1  Uniaxial compression

The compaction of tablets is in the practice of the pharmaceutical industries an uniaxial

compression process. The free particles that are filled in a die get condensed by applying force

with a lower and an upper punch. The aim of this condensation is the formation of a compressed

core with a definite shape, which has the new properties of a solid body (Sucker et al., 1991a).

The process that runs through in die during compression was explained by Train (1956). He

investigated the relationship between the applied pressure and the relative volume of the powder

accumulation in the die. Train found that there was no linear behavior in that relationship but

changes in slope of the curve of applied pressure versus relative volume. According to Train the

compression process can therefore be classified into four stages.

Stage I

Stage I

Stage Il

Stage IV:

A decrease in the relative volume is caused by interparticulate slipping of the
powder, which leads to a closer packing. With the overcoming of the friction forces
particles slide to energetically convenient positions. The process is limited by
reaching the densest packing because the particles become immobile relative to

one another.

With the immobility of the particles a formation of temporary struts, columns and
vaults results. These structures protect small voids and support generally the
imposed load.

In case of cohesive powders, this low state of consolidation may be sufficient to

create a loose compact as known from the filling of hard gelatine capsules.

A higher compact strength causes a destruction of the structure of Stage Il. The
consequence is a deformation of the particles, either by crushing or by plastic
flowing.

This behavior results because there are point and line contacts between the rough
surfaces of the particles. The applied stresses are transmitted from particle to
particle through these contacts. As the surface area in contact is small compared to
the entire surface area of the bulk, high stresses are imposed locally causing the
material to fail. With the failure of the structure, new surfaces are built and the

stress distribution is more homogeneous and new bonds are built.

When the structure formed is strong enough to support the imposed load, any
further reduction in volume of the compact involves the normal compressibility of
the solid material. Any further decrease in the voids of a still porous compact can
only be achieved either by exceeding the crushing strength of the structure or by

plastic deformation, or both.
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An elastic re-extension is resulting, when the force is taken off the system after the compression.
The degree of re-extension is depending on the character of the substance.

The four stages of the compression process are shown in Fig. 3.1.

Stage Il

Stage Il Stage IV

Fig. 3.1: Schematic illustration of stages I to IV of the compression process.

According to that description the transition between powder and tablet takes place in the third stage
of compression. Yet it is important to mention, that this classification into four stages is very
schematic and it must be considered that the different stages do not occur homogeneously in the
compressed core. Different zones in the compressed core can be in different stages at the same
time due to the inhomogeneous pressure distribution and in addition, due to the different substance
properties, if the compressed core is built of a powder mixture. Nevertheless, the four stages
postulated by Train are still considered as standard description of the uniaxial compression

process.

3.1.2 Bonding in tablets

The mechanical strength of a compact is a consequence of the augmentation of the adhesive

power resulting from the particle arrangement during the compression process. It is not only the
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number of contacts between particles that increases during the compression process but also the
deformation, which contributes to the strengthening of the adhesion.
There are three types of interparticle adhesion mechanisms that are of significance in tablet

formation (Nystrom et al., 1993):

Solid bridges

Mechanical interlocking

Intermolecular forces

Solid bridges result from recrystallisation or melting and solidification. However, these two
phenomena can only appear in very special cases. For example a partly melting on so called hot
spots caused by plastic flowing (Bowden and Tabor, 1958) or dissolution in adsorbed water. For

that reason the solid bridges do only play a small role concerning the bonding in tablets.

Mechanical interlocking is dependent on the shape and the surface of the particles and their
deformation during compression. It is possible that with very irregular surfaces interlocking between

particles is built but the relevance for bonding in tablets is small.

Finally, the intermolecular forces are considered most important for mechanical strength in tablets.
Intermolecular forces is a collective term for all bonding forces that act between surfaces separated
by some distance. The term summarizes van der Waals forces, electrostatic forces and hydrogen
bonding (Israelachvili, 1985). The term Van der Waals forces again include three different forces
between atoms and molecules, i.e. dipole-dipole interaction (Keesom interaction), dipole-induced
dipole interaction (Debye interaction) and the dispersion forces (London interaction).

The London interaction is an electrostatic force that affects non-polar molecules and it contributes
the main part to the overall cohesivity in tablets with an amount of 75 to 100% (Wray, 1992) if the
tablet consists of a high amount of an active substance, as active substances are usually rather
hydrophobic. In case of a tablet with an extremely potent drug substance with e.g. 0.5 mg drug
substance in a formulation with e.g. 100 mg lactose as a hydrophilic diluent representing more or
less 80% (m/m), all types of van der Waal forces are contributing to the cohesive strength of the
tablet.

3.1.3 Deformation process

In Stage Il of the compression process described above, the concentration of the particles causes

a deformation. The type of deformation can be classified and is substance-dependent.
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The loading of a solid results in a first phase in an elastic deformation. The change in the shape of
the solid is reversible after relief and the solid regains his natural formation. Exceeding the linear,
elastic range by applying more compression pressure ends in an irreversible deformation. The
transition between reversible and irreversible deformation is called yield point. The irreversible

deformation can be either a plastic deformation or a destructive deformation, i.e. a brittle fracture.

stress
oq_:‘\
H ~
'
stress
O‘ 2

Eplas strain strain £,

plastic substance brittle substance

Fig. 3.2: Stress-strain diagram (Sucker et al., 1991b).

The stress-strain diagram (Fig. 3.2) shows the behavior of a substance under pressure. Plastic
materials demonstrate a plastic flowing after the yield point, which finally ends in a fracture of the
deformed particle. Brittle materials at the contrary do not have a plastic range, the elastic

deformation is directly followed by a brittle fracture.

Fig. 3.3 gives a schematic overview of the three deformation behaviors.

11
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lasti
plastic
il () 0830w
Fig. 3.3: Schematic illustration of the typical deformation behavior before, during and after

application of a compressional strength.

3.1.4 Density distribution in tablets

Normally, a tablet is considered as a homogenous body. Yet, an exact examination of the compact
exhibits heterogeneity in the density distribution (Train, 1956). Various density patterns can be
observed depending on different compression conditions, for example the use of lubricant during
compression, the shape of the tablet or the type of tablet press used. Stresses are transmitted
through the material along force chains that make up a network of particle contacts and involve
only fractions of all particles (Mueth et al., 1998). Nevertheless, in general it can be stated, that -
talking about plane tablets and the use of an excenter press - there are regions of high densities in
the center of the compact and on the upper edges. The lower edges of the tablet show

comparatively low densities (Fig. 3.4). This result is also confirmed by Aydin et al. (1996).
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Fig. 3.4: Density distribution in a tablet, cross section (Kandeil et al., 1977).

3.1.5 Relative density and porosity of compacts

Although a tablet is a heterogeneous body concerning the density distribution, the relative density
and thus porosity of a compact is considered as an averaged property.

Usually, the volume of the entire tablet Vi, (i.e. the apparent volume) is calculated from the
measured height and the area of the compact. The determination of these dimensions is normally
done when the compression process is finished and the tablet is ejected. This kind of measurement
is called zero-pressure or out-of-die determination. The so-called apparent density, p, is
determined by division of the tablet weight m by the apparent volume, Vi, The apparent density
includes pores contrary to the true density p, where voids are excluded. The relative density o, is

obtained by dividing the apparent density by the true density:

Pa _ Vi

_Vt (3.1)
Prr Vtot

Pr =

The parameter V; characterizes the true volume of the solid particles and therefore Eq. (3.1) shows
that the relative density is essentially a solid fraction. This volume fraction, which is occupied by the

solid, is linked to the volume fraction of the voids, i.e. the porosity &.

13
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The porosity is often specified in percent.

3.1.6 Heckel equation

To describe the compression characteristics of powders, the most frequently used equation was
postulated by Heckel (1961a,b) and was originally developed for metallic powders. The same
equation was independently postulated earlier by Shapiro and Kolthoff (1947). Heckel equation
describes the relationship between the porosity of a compact and the applied pressure and is
based on the assumption that the densification of the bulk powder in-die follows the first order

kinetics:

In

=Ko +A (3.3)
1_pr

where p, is the relative density of the compact at pressure o. The constants A and K are
determined analytically from the intercept and slope, respectively, of the extrapolated linear region
of a plot of In(1/(1-p,)) versus o. The intercept A is related to a starting density p, and an arbitrary

constant B that provides a measure of volume reduction by particle rearrangements:

A=In(1 L j+B (3.4)

At lower pressures, there can always be shown a curved region, resulting from particle movement
and rearrangement processes before interparticle bonding becomes appreciable (Fig. 3.5).

14
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In(1/(1-p,)) = K-c+A
In (1/(1-ps)) LEpy= St

In(1/(1-p)) = K-o+ In(1/(1-py))

P

In(1/(1-pg)) [ —— — — — — — — = b —

compaction pressure ¢

Fig. 3.5: Schematic illustration of a Heckel plot (Heckel, 1961b).

The linear region of the Heckel plot, i.e. shown at higher pressures, indicates the plastic
deformation. Thus, K appears to be a material constant. Soft, ductile powders have higher K values
than hard, brittle powders. This descriptive property of the constant K for deformation behavior of

the material leads to the following correlation between K and the yield strength (Heckel, 1961a,b):

K

n

% (3.5)
y

where o, is the yield pressure. Although Heckel (1961a) only applied pressures between 69 and
690 MPa, he postulated that extrapolation of the values to even higher pressures are justified,
because linearity exists over nearly 80% of the pressure range. Contrary to that statement, it has
often been seen that at high pressures the curvature of the Heckel plot arises quite exponentially.
This fact is very visible with plotted data from in-die measurement. In-die or at-pressure
measurements are often made to get more data in a faster way, but results can be influenced by an
elastic deformation under pressure, which tends to lower the porosity of the powder bed. The other
method used, so called out-of-die or zero-pressure measurement therefore describes the powder
behavior more accurately. The reason of the curvature arise at high pressures is often considered
to be a strain hardening (Gabaude et al., 1999). Sun and Grant (2001) explain the curve behavior
in the last region with an elastic deformation of the powder, as already mentioned. This elastic
deformation can even lead to a negative porosity and therefore to a value for relative density higher
than 1. In addition, there is a mathematical reason for the curvature arise, which is valid for both in-
die and out-of-die measurements (Sun and Grant, 2001). A small difference in relative density (p;)
values do not cause a significant difference in the expression In(1/(1-p;)), except at very high
relative density values. Thus the proportional difference becomes much higher when p;, is high. The

value of the relative density is always influenced by measurement errors, i.e. determination of true

15



Theoretical Section

density, tablet weight, and tablet volume. In addition it has to be kept in mind that the punch and
die are elastic and compressed as well during the compaction of the powder. Therefore, data
points at relative density more than 0.95 should be used with caution, because they can cause

deviations from linearity.

Although Heckel plots are mostly used to characterize single materials, they can also be used to
describe the behavior of powder mixtures. llkka and Paronen (1993) investigated some different
binary mixtures. They found that all the mixtures behaved like intermediate materials between the
bulk mixture components. Yet, no exact linear relationship in behavior between the mixtures and
bulk components was seen. In most of the cases, one mixture component seemed to have more

effect on the densification of the powder mixtures than the other.

Physical interactions in binary powder mixtures can also be detected by the following equation (Eq.

(3.6)) developed by Leuenberger (1980) for the parameter, which describes the compressibility v:

Vmixture = X VA T (1 - X)' 7B (3.6)

with x corresponding to the percentage of the component of the binary mixture for drugs and
excipients, which have similar true densities. In the same publication the strength of the compact of
the binary powder mixture described with the deformation hardness P, (at zero porosity) was

estimated as follows:

P *P. (3.7)

maX mixtureAB - max 4 maxg

with Ppax 4, Pmax 8 describing the compactibility of the powder A, B based on the following general

equations for both powders:

Py = PmaxA (1-e 7% (3.8)
Pg = Prax, (1-€7787%) (3.9)
Pas = Prax,”  Praxy  (1- e 0721120700000 ) (3.10)

with p;, indicating the relative density and o, indicating the compression stress.
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3.1.7 Modified Heckel equation

For the description of the powder behavior under very low compression pressures, Kuentz and
Leuenberger (1999) postulated a modified Heckel equation, which allows the description of the
transition between the state of a powder and the state of a tablet. It considers that the pressure
susceptibility (), which is defined as the decrease of porosity (&) under pressure, can only be
defined below a critical porosity (&) or above the corresponding critical relative density (o),

because a rigid structure exists there. Taking this into account, the following function was defined:

C
Hp o= ——— (3.11)
Pr = Pec

where g, is the pressure susceptibility, p; is the relative density, p. is the critical relative density and
C is a constant. The new density versus pressure (o) relationship can be described in the modified

Heckel equation:

N, L, a- 1=p
G—C{pc pr—(1 pc)ln[1_pcﬂ (3.12)

According to the constant K in the Heckel equation, the constant C in the modified Heckel equation

is indicating plastic powder behavior with high values and brittle powder behavior with low values.

3.1.8 Special cases

3.1.8.1 Pellet compression

The compression of pellets is a special case of powder compression. In the recent years a lot of
work has been done on that special research field, obviously because pellet compaction has some
advantages in the preparation of modern dosage forms. Oral controlled release multiple dosage
forms are becoming more and more important due to their improved bioavailability and safety of
drug release. After disintegration of the tablets in the stomach, pellets with a particle size below 2
mm behave like liquids and have a short transit time through the stomach. The spreading of the
multiparticulates across large sections of the intestine results in less variations in drug release.
Pellets as multiple unit dosage forms are often filled into hard gelatine capsules. Less frequently
they are compressed into tablets. Advantages of tablets compared to capsules comprise cost
effectiveness and dividability (Wagner et al. 1999). In addition, the content uniformity of solid low-
dosage forms is a major challenge in the pharmaceutical industry. With the compaction of drug-
coated pellets, content uniformity can be reached quite easily (Martinez et al, 2001).
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Pellets are a special form of granules, characterized by a very regular, round shape, a low porosity
and a smooth surface (Leuenberger and Martin, 2002). Synonyms for pellets are spheres, cores
and beads.

In general, powder compression principles are valid for pellet compression. The special character
of pellets (round shape, low porosity and smooth surface) though, is responsible for some special

compression behavior.

Some authors studied the compression behavior of pellets and it is possible to make statements
about deformation behavior of pellets and the influence of various parameters like original pellet
material, porosity, size, coating, fillers and cushioning substances.

Johansson et al. (1995) found that generally, discrete pellets can clearly be distinguished within a
compact although the separation distances between the pellets are very low. The size and
appearance of the pellets in the compact are similar to the original characteristic of the pellets.
Thus, pellets tend to keep their integrity when compacted and do not fragment into smaller units.
Therefore, the dominating mechanism of compression seems to be deformation in combination
with a densification. A deformation of a pellet during compression is probably caused by
repositioning of the primary particles, which constitute the pellet (Johansson et al., 1995). An
increased tensile strength with augmentation of compaction pressure and initial pellet porosity was
explained by Nicklasson et al. (1999a) with an increased degree of deformation during compaction.
The occurrence of extensive deformation of the pellets facilitates the development of intergranular

bonding forces.

The porosity of a tablet is generally independent on the porosity of the pellets before compaction.
But increasing the pellet porosity increases the compressibility and compactibility of the pellets, i.e.
the degree of deformation and densification of individual pellets can increase with pellet porosity
(Nicklasson et al., 1999a). According to Johansson et al. (1995), Nicklasson et al. (1999a) and
Martinez et al. (2001) the compression behavior of pellets is always rather plastic than brittle,
fragmentation does not occur. Even with typical brittle pellet building substances like sugar
(Martinez et al., 2001) or a 4 to 1 mixture of dicalcium phosphate dihydrate and microcrystalline
cellulose (Nicklasson et al., 1999b). Nevertheless, Nicklasson et al. (1999a) found a difference in
behavior of pellets derived from microcrystalline cellulose to the behavior of pellets derived from a
4 to 1 mixture of dicalcium phosphate dihydrate and microcrystalline cellulose. The degree of
compression and compaction was higher for the former pellets than for the latter. The cause for
that behavior is probably the difference in the hardness or deformability between the primary
particles of the two substances. It is therefore easier for ductile particles to change their relative
positions than it is for particles of a hard, less deformable material.

Johansson et al. (1998) studied the effect of pellet size on the compaction behavior. They found
that the degree of pellet densification during compression was controlled only by the pressure
applied while the degree of deformation was controlled by both, the applied pressure and the size

of the pellets. The reason is probably that during uniaxial compression of an assembly of particles,
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the force applied to the powder is transmitted through the powder bed at points of interparticulate
contact. Increasing the size of the particles will reduce the number of force transmission points.
Thus, the contact force at each interparticulate contact point will increase, which leads to increased

pellet deformation.

The comparison between the compaction behavior of pellets and the compaction behavior of more
irregular granules with higher porosity by Johansson and Alderborn (2001) showed that more
irregular granules are more compressible. Obviously, the degree of granule deformation occurring
during compression depends on the combined effects of the intragranular porosity and the granule
shape. A more irregular shape increases the bed voidage, which allows an increased degree of

deformation to which the granules can undergo during compression.

A further interesting point of research is the coating of pellets. On the one hand there are known
drug pellets coated with a polymer film for protection or to influence the drug release. On the other
hand there are cores layered with an active drug substance. For both kinds of pellets it is important
to know if there is an influence of the coating on the behavior of the pellets under compression.
Maganti and Celik (1994) found that coated pellets have better plastic properties than uncoated
pellets of the same nature. An increase in the amount of coating applied caused a reduction in the
yield pressure of the pellets. Tunon et al. (2003) also investigated the compression behavior of
coated pellets and showed that the coated pellets behaved like the uncoated pellets. The coating
did not significantly influence the compression behavior of the pellets. After deaggregation of the
tablets the retrieved pellets were similar to the original pellets and there was no tendency for the
polymer film to become convoluted. Therefore the film continued to coat the deformed pellets even
after compaction, i.e. the coating is able to adapt to the densification and deformation of the pellets.
Martinez et al. (2001) confirmed that statement. Pellet coating with a ductile polymer did not cause
any changes in the compression characteristics of the uncoated pellets, moreover, the small value
for the yield stress of the uncoated pellets, indicating plastic behavior could even be decreased by

coating the pellets with the ductile polymer.

Conclusively it can be stated that pellets under pressure show on the one hand deformation, i.e. a
change in shape and on the other hand a densification, i.e. a decrease in volume. Compressibility
and compactibility can be influenced by the porosity of the pellets and the material of the primary
particles. Nevertheless, fragmentation of pellets under compaction could not be found. The coating

of pellets does not significantly influence the compression/compaction behavior.

3.1.8.2 Enzyme compression

Proteins and polypeptides are getting more and more important in the field of new drugs. As a

consequence it is necessary to gain information on the stability of these substances, mainly
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regarding the application of pressure. Enzymes as a special group of proteins have an activity that
can be measured and quantified. Investigation of pressure-induced effects on the activity of
enzymes dissolved in water showed that denaturation occurred, but was mainly reversible when
the stress was released (Teng and Groves, 1988). That fact suggested a possible influence of
compaction pressure on enzymes in dry state and is therefore of interest in different research

groups for the last few years.

Teng and Groves (1988), Zarrintan et al. (1990), Wurster and Ternik (1994), Schulz et al. (1997)
and Nirnberg and Scheler (2000) found that different enzymes investigated showed activity loss
under compression. It was suspicious that between a compaction pressure of 100 and 250 MPa a
sudden activity loss of 10 to 50% depending on the enzyme investigated was found. Consistently it
was found that the apparent density of the compacts correlated with the enzyme activity. Thus, the
sudden activity loss can be explained by a disappearance of voids in the compact and a
consequent mechanical damage of the protein molecules. Volume reduction forces the molecule to
change its shape, structural changes are necessary and cause a denaturation of the protein.
Obviously this denaturation in dry state of the enzyme is irreversible. It is stated that the irreversible
inactivation may involve the formation of incorrect enzyme conformations upon association or the
loss of the ability of subunits to associate due to substantial structural changes probably because in
solid state compression there is created a heterogeneous pressure distribution (Wurster and
Ternik, 1994). The creation of new bonding within the enzyme molecule during compression is a
further possible explanation (Schulz et al., 1997). These bonds could hinder the recreation of the

native structure of the enzyme during dissolution.

A further explanation for the induced activity loss is a possible heating during compression.
Enzymes are known to be heat-labile. Although several authors mentioned that possibility of
thermal inactivation there is no evidence on that statement. Teng and Groves (1988) and Zarrintan
et al. (1990) could show that the tableting speed had no effect on the activity loss, though it could
be expected, that heat development in the compact would be dependant on the compression
speed. Schulz et al. (1997) compared the activity loss after compression at 14°C and room
temperature and did not find significant differences. Nirnberg and Hamperl (1986) compared the
influence of compaction pressure, temperature and shearing forces and found that the compaction
pressure is mainly responsible for the activity loss of compacted enzymes. Selective heat
development in the compact during compression is of course possible and denaturation by hot
spots is imaginable, since Weichert and Schoénert (1976) found very high temperatures at the
fractured surface of particles, e.g. the maximum temperature in the fracture zone in glass was
2927°C.

The compression characteristics of enzyme powders can of course be determined. Niirnberg and
Scheler (2000) found a plastic behavior of their enzyme powders investigated. Heindmaki (1991) at
the contrary could show that the enzyme he investigated showed a brittle compression behavior.

Therefore there is no general statement possible concerning the compression character of an
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enzyme powder. The compression behavior of these powders is probably dependent on the origin
and production of the powder product. The enzyme powders used for compression, i.e. solid
enzymes, are rarely pure enzymes. Mostly they are produced by lyophilisation, which requires an
addition of excipients.

The influence of tableting excipients on the enzyme activity loss was also investigated. Graf et al.
(1980) showed that microcrystalline cellulose caused a higher activity loss than dicalcium
phosphate dihydrate. Unfortunately it is not stated if the enzyme powder used can be characterized
with plastic or brittle compression behavior. Heinamaki (1991) stated that microcrystalline cellulose
could have a negative influence on the enzyme activity because of its high compressibility. The big
range of volume reduction causes friction during the compression process, which can be
responsible for heat transformation and the creation of shearing forces. Yet, Heinamaki (1991) did

not measure the activity loss to confirm his statement.

Summarizing the actual standard of knowledge it could be proved that enzyme activity decreases
under pressure, obviously depending on the apparent density of the tablets produced. A lot of
possible explanations for that behavior exist, but yet no real proof of processes happening within
the compact is given. A further investigation of influences of tableting excipients seems to be

helpful to get more information for the description of the compression behavior of enzymes.
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3.2 Percolation theory

Percolation theory is used to explain certain regularities of critical phenomena in disordered
systems. Disordered systems can be found anywhere in nature and thus, percolation theory has a
broad field of application. It can be used for example to explain the fire propagation in forests as
well as the gelation during egg boiling.

The description of a system is based on its classification into an (infinite) number of subunits, which
are in geometrical order. In addition, each subunit needs to have the possibility to assume two
different properties of condition. With an increasing probability of the one or the other condition, the
physical properties of the whole system do change. In the area of a certain, so-called critical
probability sudden changes occur. Percolation theory is a tool to confirm and pre calculate these

critical probabilities as well as the behavior of the physical properties of a system.

Flory (1941) and Stockmayer (1943) were the first to use such concepts to describe polymers and
gelation. The terminology of percolation is based on investigations on the flow of fluids through
porous material by Broadbent and Hammersley (1957). The application of percolation theory in the
field of pharmaceutical technology was introduced by Leuenberger in the late eighties

(Leuenberger et al., 1987).

The basic concepts of percolation theory are presented in the following, more detailed introductions
are given by Stauffer and Aharony (1995) and Sahimi (1994).

3.21 Principles of percolation theory

Percolation theory can be applied on systems, which can be characterized as a lattice. A lattice
consists of an infinite number of lattice sites arranged in a certain geometrical structure. One-, two-

and three-dimensional lattices can be described (Fig. 3.6).
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Fig. 3.6: Examples for different lattice types (Stauffer and Aharony, 1995, Sahimi, 1994).

In the group of two-dimensional lattices there are for example the square lattice, the honeycomb
lattice or the triangular lattice. In the three-dimensional space there are described the diamond
lattice, the simple cubic lattice, the body centered and the face centered cubic lattice. In addition

the Bethe lattice can be mentioned as a special case because its dimensionality is infinite.

The sites of the lattice can either be occupied with the probability ps or remain unoccupied with the
probability (7-ps) That randomly occupation is independent on the occupation condition of the
neighboring sites. In the case of ps=1, every site is occupied and no empty spaces are remaining.
Looking at one occupied site, a differentiation between direct and indirect neighbors is possible
(Fig. 3.7). Direct or so-called nearest neighbors are sites, which share one face with the neighbor.

Indirect or so-called next nearest neighbors though, touch on the edges.
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Fig. 3.7: Illustration of some principles of percolation theory (Stauffer and Aharony, 1995).

An isolated group of directly neighboring occupied sites is termed cluster (Fig. 3.7). The number

and properties of these clusters is the main topic of percolation theory.

The type of percolation described so far is called site-percolation. The other known percolation type
is the bond-percolation. With this kind of percolation every site of the lattice is occupied, i.e. the
occupation probability ps is one. Bonding between these directly neighboring occupied sites is built
with the bonding probability p, or bonding does not exist with the probability (7-p,). In the case of
bond-percolation a group of occupied sites connected with bonds is called a cluster.

The combination of these two types of percolation is termed site-bond-percolation. In the case of
this site-bond-percolation the sites are occupied with the occupation probability ps and the building
of bonds between two directly neighboring occupied sites results with the bonding probability p,. A

cluster is therefore a group of directly neighboring occupied sites connected with bonds.

If the occupation of the sites is not randomized but in dependence on the occupation of the
neighbors, the percolation is correlated. The neighboring sites of occupied sites are either
preferably occupied or avoided.

A directed system consists of a lattice in which the bonding has a special direction. This type of
percolation is therefore called directed percolation.

In the special case of lack of lattice type definition where the sites are distributed randomly, the

percolation type is called continuum percolation.

Fig. 3.8 gives an overview of the different types of percolation described above.
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Fig. 3.8: Schematic overview of different types of percolation.

3.2.2 Percolation threshold

As already mentioned, percolation theory describes the number and properties of clusters.
Depending on the occupation probability and the bonding probability, respectively clusters of
different sizes and numbers can appear in a lattice. With a small occupation probability ps and
bonding probability p,, respectively a lot of small clusters exist. These clusters are limited in their
size. With an increasing probability ps and p,, respectively the size of the clusters also increases. At
a certain probability p.s and p.,, respectively there exists for the first time a cluster which penetrates
the lattice in the whole dimension describing an “infinite” cluster (see the two-dimensional case of a

square lattice in Fig. 3.9).

Fig. 3.9: Square lattice with an occupation probability ps below the percolation threshold with
two finite clusters (left side) and an occupation proba