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Abstract

Formation of solid dispersions is frequently used as an important strategy to improve
the dissolution properties of poorly water-soluble drugs. In addition, the carriers used to
prepare solid dispersions can help stabilise the drugs if they appear in the amorphous
form. Preparation method is a key factor affecting both dissolution and stability of a
solid dispersion due to difference in dispersivity and molecular arrangement of the drug
and carrier. The objectives of this work were to study the effect of preparation method
on the physical properties, stability and dissolution of solid dispersions containing
indometacin as the model drug. The surface energy state of the solid dispersions during
aging was studied. Molecular mobility at the surface and in the bulk of the solid
dispersions was determined and correlated to the stability and dissolution properties.
Solid dispersions with different carriers were prepared using different methods and their
stability and dissolution profiles were investigated.

Solid dispersions of polyvinylpyrrolidone (PVP) and indometacin (30%:70%) were
prepared using melt quenching or ball milling and subjected to physical aging. It was
found that the surface energy state of the samples decreased as a function of time and
this energy reduction was temperature dependent, as determined using inverse gas
chromatography (IGC). A novel method which utilises the retention volume of decane
(Vimax) to measure surface relaxation by IGC was developed. The surface relaxation of
PVP and indometacin solid dispersions prepared by ball milling, spray drying, and melt
quenching were measured using the V., method and compared to their bulk relaxation
measured using step-scan differential scanning calorimetry. The surface appeared to
have higher molecular mobility than the bulk irrelevant of which preparation method
was used. However, preparation method appeared to have an impact on both surface and
bulk molecular mobility. Relaxed samples sorbed less moisture and dissolved slower
than the initial ones as determined by dynamic vapor sorption and dissolution
experiments, and a faster bulk relaxation rate led to a more significant reduction in the
dissolution rate of the solid dispersions after aging. The glass fragilities of the systems
were obtained using the heating rate dependence of the glass transition method. The
values were found to be preparation method specific. The zero mobility temperatures
(T)), of the systems were calculated using the fragility parameter. With a similar glass
transition temperature (T}) at c.a. 64 to 67 °C, the Ty of the ball milled, spray dried and
melt quenched samples were -4.2, 16.7, and 21.6 °C, respectively. Physical stability test
showed that the ball milled sample was the least stable while the melt quenched one was
the most, which correlated well with their Tjvalues. It is suggested that 7 might be a
better indicator of stability than T,. Carriers which were miscible or immiscible with
indometacin were used to form solid dispersions with the drug prepared by ball milling
and spray drying. Improved stability and dissolution rate of indometacin were noticed.
Intermolecular interactions between the drug and carrier were found to be crucial to the
stability of the amorphous drug no matter whether the carrier was miscible or not. The
effect of preparation methods on the dissolution rate of the sample was found to be
carrier dependent.
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Chapter 1 Introduction

1.1 Introduction

Oral drug delivery is the most convenient route for drug administrations with the solid
oral dosage forms being preferred over other types of dosage forms because of their
smaller bulk size, better stability, accurate dose, and ease of preparation (Vasconcelos et
al., 2007). Drugs used in solid oral dosage forms need to have good solubility in order
to result in good bioavailability. However, based on some recent estimates, about 40%
of present drugs are poorly soluble in water, and even up to 60% of compounds coming
directly from synthesis encounter the same problem (Merisko-Liversidge, 2002).
Therefore, finding an efficient approach to increase the dissolution and solubility of the

drugs is a major challenge for pharmaceutical researchers.

Formation of solid dispersions is an efficient strategy for dissolution rate improvement
(Sekiguchi and Obi, 1961; Chiou and Riegelman, 1971; Serajuddin, 1999). The particle
size of the drugs in a solid dispersion can reach as low as molecular level which helps to
improve the dissolution rate (Vasconcelos et al., 2007). In addition, the drugs can exist
in the amorphous forms which in theory represent the most energetic solid state of a
material, and hence they should have the biggest advantage in terms of apparent
solubility (Hancock and Zografi, 1997). However, a potential risk of solid dispersions is
recrystallisation of the amorphous drug resulting in an alteration of the dissolution
properties of the products upon storage. Molecular mobility is considered to be the
governing factor affecting the crystallisation rate of the drug from the carrier matrix;
therefore, in this thesis, studies were conducted to understand molecular mobility and
some other relevant properties in relation to the physical stability and dissolution
properties of solid dispersions. Since crystallisation is surface initiated in many cases
(Wu and Yu, 2006), focus was also placed on the study of surface molecular mobility.
An efficient method for probing the surface molecular mobility is needed in the
pharmaceutical research field: hence a new method regarding the use of inverse gas
chromatography (IGC) was developed for this purpose. The surface molecular mobility
detected using this method was compared to the bulk molecular mobility measured

using differential scanning calorimetry (DSC).



Chapter 1 Introduction

Previous studies have shown that the physical properties of an amorphous material
could be greatly affected by the way it is prepared (Surana et al., 2004), but the
understanding of the effect of preparation methods on solid dispersions is limited
(Patterson et al., 2007). In this thesis, emphasis was also placed on the influence of
preparation methods on the physical properties, stability and dissolution of the solid
dispersions. Thus studies were undertaken to prepare stable solid dispersions with rapid
dissolution rate using a variety of methods and the effect of carrier type was studied.
The interaction between the drug and carrier in relation to the physical stability of the

solid dispersions was also investigated.
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Chapter 1 Introduction

The gastrointestinal tract (Figure 1.1) is the place where an oral dosage form can be
absorbed after swallowing. During this passage the dosage form will encounter great
anatomical and physiological variations. Among these variables, the two most important
ones affecting the delivery of the drug from its oral dosage form are: 1) hydrogen ion
concentration, which exhibits a 107 fold difference between the mucosal fluids of the
stomach and the intestine (pH 1 to 3 in the stomach, pH 5 to 7 in the duodenum, and pH
7 to 8 in the jejunum and ileum); and 2) available surface area for absorption, which

changes dramatically at different regions of the GIT.

The stomach acts as a barrier for protecting the intestine from extreme conditions, such
as the small difference in pH, temperature, osmolarity, or viscosity from the normal
conditions of the intestine. Thus, the stomach will delay emptying until these conditions
become normal. Due to factors such as increased membrane surface area and decreased
thickness, the intestine is a more preferable site for drug absorption than the stomach.
The rate at which the drug gets to the small intestine can significantly affect its rate of
absorption. Therefore, gastric-emptying rate may be one of the important factors
determining the absorption rate of a drug. Factors like light physical activ/ity will
stimulate stomach emptying, but strenuous exercise will delay emptying (Bachrach,
1959; Davenport, 1971). Posture, emotional state, and numerous pathological conditions
of a patient can all alter the gastric-emptying rate and hence the absorption rate of a
drug in the body. Other drugs taken together may also affect the gastric-emptying rate

by influencing gastrointestinal motility.

Absorption is not the only process that occurs along the GIT. The aqueous fluids of the
GIT can degrade and different enzymes can metabolise a drug before it reaches the
absorption site. This is especially the case for drugs that structurally resemble nutrients,
such as polypeptides, nucleotides, or fatty acids which are liable to undergo enzymatic
degradation. Conversely, the metabolic and degradative processes can also help to
increase the bioavailability of drugs in some cases. These degradative processes play an

important role for some prodrugs in aiding them to achieve their bioavailability. Hence
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Chapter 1 Introduction

drug dissolved uniformly from all surfaces of the particles, which are assumed to be
spherical and having the same size. Additionally, L is assumed to be constant while both
L and C; are taken to be independent of particle size. Based on the equation, it is
indicated that the possibilities for improving dissolution rate are to increase the surface
area available for dissolution by decreasing the particle size of the solid compound
and/or by optimising the wetting characteristics of the compound surface, to decrease
the boundary layer thickness, to ensure sink conditions for dissolution and to improve
the solubility of the drug in the gastrointestinal tract (Leuner and Dressman, 2000).
Among the methods stated above, there are two which have been widely applied to
improve the bioavailability of poorly soluble drugs: increasing the surface area, and

increasing the solubility. These approaches will be discussed in the following section.

1.3.2.1 Effective surface area of the drug particles

It is generally accepted that the smaller the drug particles, the greater will be the surface
area for a given amount of drug (i.e. a greater specific surface area). Therefore, based on
the Noyes-Whitney equation, the dissolution rate will increase as particle size decreases.
This is commonly applied for drugs with poor water solubility. For example, the
therapeutic dose of griseofulvin was reduced to 50% by micronisation and it was also
found that a more constant and reliable blood level was produced (Atkinson et al.,
1962). The commercial dose of spironolactone was also decreased to half by just a
slight reduction of particle size (Levy ef al., 1963). It is shown that in many cases,
enhancement of drug absorption can be increased several fold if the particle size of the

drug is reduced (Bauer et al., 1962).

Particle-size reduction is usually achieved by: conventional grinding, ball milling, fluid
energy micronisation, controlled precipitation by change of solvents or temperature,
application of ultrasonic waves and spray drying. It should be emphasised that not all
the resultant fine particles can have faster dissolution and absorption behaviors. This is
due to the possible aggregation and agglomeration of the particles caused by their
increased surface energy and the subsequent stronger van der Waal’s attraction between

8
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nonpolar molecules. This was first demonstrated by Lin ef al. (1968), who showed that
the in vitro dissolution rates of micronised griseofulvin and glutethimide were slower

than those of their coarser particles.

1.3.2.2 Solubility of the drug

The physical and chemical properties of a drug can be modified to increase its saturation
or apparent solubility. Therefore, according to the Noyes-Whitney equation,
improvement in dissolution rate of the drug can be achieved. Some examples are

described as follow:

Salt form of drugs

In the majority of cases, the dissolution rate and solubility of the salt form of a drug is
greater than that of its nonionised form. Hence the formation of the salt form of a drug
is one of the alternatives to improve its dissolution, solubility and bioavailability. Indeed,
many studies have been done regarding this area. For example, a weakly acidic drug
p-aminosalicylic acid, having three salt forms (potassium, calcium, and sodium), was
found to exhibit much higher dissolution rates in the salt forms compared to the
nonionised drug. The bioavailability of the acid form was only about 77% of that of the
salt forms (Pentikaninen et al., 1974). In general, the solubility of the salt is related on

the counterion, and the smaller the counterion, the more soluble the salt is.

Drugs in ionised forms

The ionised form of a drug is expected to be more soluble than the nonionised form in
the aqueous fluids of the GIT. Since the pH of the gastrointestinal fluids will determine
the ionised or nonionised state of a drug, pH should be considered as a factor for

influencing the solubility of a drug. Equation 1.1 can be rewritten here as:

dW _ DA(C, -C)
dt L

Equation 1.2
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All the terms are described as before, excluding C, which is the saturation solubility of
the drug in the boundary layer, 4, at any pH. When C,=C;, the drug exists as its

nonionised form after it dissolves in the aqueous fluids. In this case, for a weak acid:

Cp=[HA] +[4]=C; (1+ K‘i J Equation 1.3
[H]

a _Db4 C,|1+ &, -C Equation 1.4

dat L [H"]

Similarly, for a weak base:

Cn=[HB"] +[B] = C; (1 +%J Equation 1.5
av _Db4 C, 1+ﬂ -C Equation 1.6
a L K,

Therefore, the dissolution rate of weak acid increases as pH increases, while that of

weak base decreases as the pH decreases.

Solvate formation
The solvate of a drug is another variable which will affect its saturation solubility. It is
known that the anhydrous, hydrated and alcoholated forms of a drug have different

solubility and dissolution rates.

Polymorphism and amorphous state of drugs

Many materials are able to exist in different crystalline forms and this is known as
polymorphism (Yu, 2001). Generally, the dissolution rate and apparent solubility of
different polymorphs are different. For example, indometacin has three different

10
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crystalline forms (y, a, and f) and each of them exhibits different dissolution behavior,
while a has the fastest dissolution rate and best apparent solubility, £ is the next and y is
the worst. Polymorphism can cause variations in melting point, stability, density and
other properties depending on the escaping tendency of the molecules from a particular
crystalline structure. The amorphous form is the least stable form of a material and it
has the highest internal energy; therefore, amorphous drug tends to exhibit better
dissolution rate compared to its corresponding crystalline forms. Detailed discussion
about the amorphous form will be given in the next section. Suffice to say, in most cases,
the more apparently soluble form has the least thermodynamical stability. Hence, the
balance between the stability and solubility of a drug is an important consideration for

pharmaceutical researchers.

Complex formation

Drug-cyclodextrin complexes can be prepared by adding the drug and excipient together,
and as a result solubility of a drug can be increased. Cyclodextrins, which exist in y, a,
and f forms, are a group of structurally-related cyclic oligosaccharides that have an
apolar cavity and hydrophilic external surface. Complexation of a drug with
cyclodextrin is purely noncovalent and occurs due to physical forces such as
electrostatic interactions, van der Waals forces, hydrophobic interactions, hydrogen
bonding and release of enthalpy rich water molecules (Loftsson and Brewster, 1996).
The complex structure protects the drug molecule from unfavorable environments in

some respects.

Solid dispersions

Preparation of solid dispersions is also a useful approach to increase the dissolution rate
and apparent solubility of poorly soluble drugs (Serajuddin, 1999). More discussion
about the use of solid dispersions for bioavailability improvement will be given in

section 1.5.

11
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1.3.3 Gastrointestinal membrane transport of drugs

Once a drug gets into the aqueous liquids at the absorption site in the GIT, it must cross
the membrane (Figure 1.3) to reach into the general circulation. It is the membrane that
keeps all of the cell contents securely inside, but which allows some materials to pass in
and out the cell via several different mechanisms. One of the main mechanisms by
which drugs are transported through the cell membrane is passive diffusion. This is
based on the difference in the concentration of the drug outside and inside of the cell.
The greater the difference is, the greater the diffusion of the drug from outside to the
inside of the cell. Since the membrane is highly lipidic in structure, the partitioning
ability of the drug is dependent on its lipophilic properties. Thus, the oil-water partition
coefficient of the drug can be used to test whether it can move through the membrane.
As mentioned above, the pH of the aqueous fluids will determine the ionised and
unionised state of the drug. Since unionised molecules are more lipid-soluble and can
diffuse across membranes more easily, the pH of the fluids will play an important role
during passive diffusion. Besides passive diffusion, facilitated diffusion is another
mechanism for transport of drugs, whereby carrier proteins will transport water soluble
drugs through the membrane. The drugs are transported from a higher concentration to a
lower one. The third mechanism is the one involving the transport of inorganic ions
such as sodium and potassium and many drugs, which are moved through the cell
membrane by active transport. In this process, a membrane pump such as
sodium/potassium ATPase pump plays a role to transport chemicals against a
concentration gradient into the cell. Unlike diffusion, this is an energy demanding
process. The fourth mechanism involves drugs crossing the membrane via pores. This
mechanism is dependent on the size of the pore and the molecular weight of the drug.
Finally, the membrane can also engulf the drug, forming a vesicle and then transport it

across the membrane into the cell. This process is called pinocytosis.

12
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Chapter | Introduction

1.4 Solids in the amorphous state

Unlike crystalline solids which have three-dimensional long range order, amorphous
solids exhibit short range order and the arrangement of molecules is more random
(Figure 1.4). Amorphous solids can be treated as a supercooled liquid in which the
molecules can vibrate and rotate as those in liquid, while in the case of crystalline solids
these movements appear to a lesser extent or are even absent due to their rigid
arrangement. Therefore, the molecules in amorphous solids have a higher internal
energy than those in the crystal forms (Imaizumi et al., 1980). In pharmaceutical
research and development, the amorphous state is commonly used to improve the
solubility and bioavailability of poorly soluble drugs because it is more energetic

compared to the corresponding crystalline forms (Hancock and Parks, 2000).
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crystalline solid amorphous solid gas

Figure 1.4: Schematic representation of the structure of an amorphous solid (adapted

Sfrom Yu, 2001).

1.4.1 The formation of amorphous solids

In the past, the term “glass™ has been used to refer to an amorphous solid produced by
rapid quenching of a melt. In recent times, the definition for glass has been broadened
(Zallen, 1983). A glass is now defined as an amorphous solid which displays a
short-range order and exhibits a glass transition. An amorphous solid exists in the glassy

state when below the glass transition temperature (7).
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Chapter | Introduction

change in H and V is noticed. Meanwhile, if the cooling rate is sufficiently high, 7, is
bypassed without incident and route (b) is taken to the solid state. The liquid that
manages to get below T, without crystallisation is called a supercooled liquid (or an
amorphous solid in the rubbery state). As the liquid is further cooled, its viscosity
increases and the molecules eventually rearrange so slowly that molecular
configurations can not happen in the allowed timescale depending on the cooling rate.
The H and V will begin to deviate abruptly (but continuously) from the equilibrium
value at a certain temperature and the structure of the liquid appears ‘frozen’ resulting a
glass. The temperature at which deviation happens is called the glass transition
temperature. Below 7,, H and V of the glass continue to decrease but in a lower
temperature dependence similar to the crystal state. It should be noted that the slower
the liquid is cooled, the longer the time available for molecular configurations at each
temperature, and hence the lower it can get before deviation from the equilibrium
(Debenedetti and Stillinger, 2001). In another words, 7, increases as the cooling rate

increases (Bruning and Samwer, 1992).

The critical cooling rate (g.) for glass formation from the melt to prohibit crystallisation

can be defined using the following equation (Hilden and Morris, 2004):

Equation 1.7

where 7;, is the induction time needed to form a nucleus at temperature, 7,. Therefore, a
sufficiently fast cooling rate is needed to make sure the time spent to cool from 7, to 7,
is shorter than the induction time at 7, in order to avoid crystallisation. The fastest
cooling rate for cooling a bulk sample or micronised droplets in quench cooling or spray
freeze drying is about 107 Ks™. If the sample can be made into thin film with a thickness

of less than 100 nm, the cooling rate can reach as fast as 10" Ks™ (Debenedetti, 1996).

Turnbull (1987) has used a three-step process to describe the general procedure for
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preparing amorphous solids from a crystalline material, namely: 1) energising the
material (such as melting, milling, etc.); 2) de-energising of the material, for example,
quench cooling; and 3) kinetically trapping the amorphous form which often continues
from step two. Melt Aquenching is a commonly used technique for the preparation of
amorphous solids. This technique involves melting of a solid material into liquid
followed by rapid cooling using liquid nitrogen. Other techniques for amorphous state
formation include mechanical activation of a crystalline mass (such as milling),
precipitation from solution and solvent evaporation (such as spray drying and
lyophilisation (Hancock and Zografi, 1997; Craig et al., 1999). All these techniques fall
into the three-step procedure described by Turnbull (1987).

1.4.2 Physical properties of the amorphous state

The crystalline state and the liquid state above the melting temperature of a material are
thermodynamically stable, but the amorphous state of the material is not. Since the
amorphous solid has a higher free energy compared to its crystalline state, it will tend to
crystallise into the stable form. However, the amorphous solid can be kinetically stable
if the time needed for the solid to crystallise or reach an equilibrium state is
significantly longer than the timeframe of the experiment or shelf life of the product.
Separated by the glass transition temperature, an amorphous solid can exist in two
different physical states: the glassy state and the rubbery state. The kinetic stability of
the physical states is different. During the glass transition, properties such as modulus of
elasticity, specific volume, enthalpy, heat capacity, viscosity and thermal expansion
coefficient change dramatically. In the rubbery state, these properties exhibit high
temperature dependence. The molecular mobility in the rubbery state is very high,
which helps crystallisation and hastens chemical reactions, hence it is very likely that
the amorphous solid is kinetically unstable. In contrast, in the glassy state, the
temperature dependence of the properties stated above is less extreme and the molecular
mobility of the amorphous solid is much reduced. At a sufficiently low temperature, the
crystallisation and chemical reactions would be extremely slow or sometimes absent.

Thus, under these conditions, the amorphous solid is kinetically stable.
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1.4.3 Molecular mobility and relaxation of the amorphous solids

Molecular mobility of amorphous solids can be linked with their physical instability or
crystallisation rate from the amorphous state. The temperature dependence of molecular
mobility has been found to be similar to that of the degradation rate for some
amorphous drugs (Shamblin ef al., 1999; Guo et al., 2000), therefore it could be used to
predict the onset of crystallisation of amorphous products (Aso et al., 2000, 2004). On
the other hand, in a recent study, researchers suggested a method to establish coupling
between reaction rate (i.e., crystallisation onset or growth rates) and relaxation time of
an amorphous solid at higher temperatures and extrapolate such correlations to lower
temperatures (Bhugra et al., 2006). Based on these correlations, reasonable predictions
can be made for a pharmaceutical product at temperatures where reaction rates are
greatly reduced, without actually running a long term stability experiment. A good
correlation was found between the molecular mobility measured above and below 7,
using different techniques (Bhugra et al., 2006). In another study, the same group of
researchers have further confirmed the coupling between crystallisation onset times and
molecular mobility above T, and it is possible to exploit the correlation to below T for
prediction of a crystallisation onset time of the amorphous product. The predictions
were found to be in good agreement with the experimental data (Bhugra et al., 2008b).
These examples demonstrate perfectly the important meaning of molecular mobility in

relation to the stability of an amorphous solid.

Although molecular mobility can be studied according to the viscosity of an amorphous
solid, it is usually quantified in terms of molecular relaxation time 7. The relaxation time
is defined as the time taken for a particular motion to take place (Angell, 1995).
Molecular relaxation may be classified as structural relaxation (a-relaxation) and
Johari-Goldstein relaxation (S-relaxation) according to the relaxation modes (Kawakami
and Pikal, 2005). Structural relaxation corresponds to the motion of the whole molecule
such as diffusional motion and viscous flow, while f-relaxation is related to the
intramolecular motion such as rotation of a side chain on a polymer or motion of a small
group of atoms on a large molecule that is not coupled or correlated with motion of the
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whole molecule (Kawakami and Pikal, 2005).

Since the relaxation time can be used to represent the rate at which the molecular
configuration of the amorphous solid adapts during changes of temperature, the risk of
crystallisation during glass formation is reduced if the relaxation time is longer or at
least similar to the experimental timeframe (for example, in the case of spray drying and
melt quenching). Also, relaxation times at the storage conditions can be used to predict
the shelf life (Andronis and Zografi, 1997; Bhugra et al., 2007). As discussed above in
section 1.4.1, the molecular configuration of amorphous solids changes dramatically
during the cooling process. On the top of Figure 1.5, an indication of this change is
given separately at the T,,, T, and a temperature well below the T (7-50 °C). The
relaxation time can vary from the order of 102 seconds at Ty, 10? seconds at T to 10"

years at T-50 °C.

Relaxation time can be characterised according to many properties which include
macrostructural, or bulk properties such as free volume, enthalpy, mechanical and
dielectric response, as well as microstructural or molecular scale properties that can be
measured using spectroscopic and scattering techniques (Hutchinson, 1995). There are
many techniques available for measuring these properties for the determination of the
molecular mobility below the T,. They include enthalpy recovery experiments, which
are determined by differential scanning calorimetry (Hancock et al., 1995; Matsumoto
and Zografi, 1999), isothermal microcalorimatry (Liu et al., 2002), thermally stimulated
depolarisation current spectroscopy (Shmeis et al., 2004), dielectric relaxation (Bhugra
et al., 2008a), nuclear magnetic resonance (Aso and Yoshioka, 2006), and dynamic
mechanical analysis (Andronis and Zografi, 1997). Some surface properties can be used
to reflect the surface molecular mobility, such as the surface roughness and deformation
which can be probed by atomic force microscopy (AFM) (Kerle et al., 2001). Apart
from AFM, in polymer science, some other probing techniques which focus on the
surface properties can be used to detect the surface molecular mobility as well. For

instance, friction force microscopy can be used to study surface viscoelastic relaxation
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(Hammerschmidt ef al, 1999) and near-edge X-ray absorption fine structure
spectroscopy can also be applied (Liu ef al., 1997). Relaxation is always accompanied
with the loss of energy, it will be interesting to study the change of surface free energy
in order to acquire molecular mobility information on the surface. The use of inverse
gas chromatography to study the surface energy change during relaxation is shown and

discussed in the result chapters.

A commonly used approach for the study of relaxation is through physical aging of the
amorphous solids. During physical aging, the properties of an amorphous solid can
change as a function of storage time. The degree and rate of the property change can be
measured to obtain information on molecular mobility. An example was shown in
Figure 1.5, which provides a representative scheme of the change of specific volume
and enthalpy stored at an aging temperature 7, below T,. When the glass is stored at 7y,
there will be a driving force for the excess thermodynamic quantities (i.e. specific
volume and enthalpy) to reduce towards equilibrium as shown by arrow A. By
measuring the decreasing rate of the specific volume or enthalpy, the molecular mobility
of the glass at 7, can be estimated. As the aging temperature is reduced, a longer
time-scale would be needed for the glass to reach the equilibrium state. After reheating
the aged glassy solid, the volume or enthalpy losses can be recovered at or near 7,
(Petrie, 1972). DSC is a useful technique for the measurement of the relaxation enthalpy.
The relaxation enthalpy of the glass measured after aging for different period of time
can be fitted to the Kohlraush-Williams-Watts (KWW) equation to obtain the relaxation
time 7 and the distribution of the relaxation time constant £ (the use of KWW equation
for fitting of the DSC data will be explained in Chapter 3) The enthalpy recovery
experiment by DSC is one of the most commonly used methods for detecting the

molecular mobility of an amorphous solid in the non-equilibrium state (Six et al., 2001).

Based on the behaviour of the molecular relaxation time and the viscosity above the
glass transition temperature, Angell (1991) classified the amorphous solids into two
types: strong glasses and fragile glasses. The strong glasses show Arrhenius behaviour
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while the fragile ones exhibit significant deviation from the exponential Arrhenius
relaxation in the viscosity/relaxation versus temperature plot. A study has shown that the
fragile amorphous solid at temperature just above Ty would have a relaxation time
decrease by one magnitude for every 3 °C temperature rise while for strong amorphous
solid, 33 °C temperature rise is needed to achieve the same kind of effect (Slade and
Levine, 1991). It is worth pointing out that most pharmaceutical amorphous compounds

exhibit moderately fragile to fragile behaviour (Crowley and Zografi, 2001).

The non-Arrhenius temperature dependence of properties of the fragile glasses above T,

can be described by the Vogel-Tammann-Fulcher (VTF) equation:

7 =7, exp( ) Equation 1.8

T-T.

where relaxation time 7 can also be replaced by viscosity #, 7y represent the shortest
possible relaxation time, B is a material parameter related to its fragility, and T, is the
temperature of infinite relaxation time. The empirical William-Landel-Ferry (WLF)
equation is usually used to describe relaxation times or viscosity in polymers and it is

mathematically equivalent to the VTF equation:

log( 72y = - T —74)

—_— Equation 1.9
y, C+(T-Tp)

where 7¢and 7, are related to the viscosity of the glass at the experimental and glass
transition temperatures. For polymers with 7,/T, = 3/2, the constants C; and C, are
17.44 and 51.6 respectively, which are usually referred to as “universal” constants

(Slade and Levine, 1991).

A representative scheme indicating the relaxation time and viscosity for the strong and
fragile glasses is shown in Figure 1.6. It shows the significant meaning of T, to the
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molecular mobility of a glass solid because it acts as a dividing line for high and low
mobility of the glass. According to this, some studies proposed that a temperature at
T¢-50 °C would be an ideal storage condition for most fragile glasses because their
molecular mobility will be greatly reduce at this point. Therefore, a high 7, will be
always preferred for the stability of an amorphous solid. Another thermodynamic
temperature for the storage of an amorphous solid is the Kauzmann temperature which
is also defined as the zero mobility temperature 7. At this temperature, the
configurational entropy of the amorphous solid would reach zero and its total entropy
would approach that of a crystal. Theoretically, it should be the most ideal storage

temperature for amorphous solids.
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Figure 1.6: Relaxation time and viscosity of fragile or strong glasses as a function of

temperature relative to T, (adapted from van Drooge, 2006).
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Chapter 1 Introduction

(w/w). In contrast, if the amorphous solid is mixed with another component which has a
higher 7, (usually a polymer with high molecular weight), the T, of the solid is
increased and this phenomenon is called anti-plasticisation. Figure 1.7b shows the effect
of high molecular weight polymer, polyvinylpyrrolidone (PVP), on the T, of a
disaccharide, trehalose (Taylor and Zografi, 1998).

The Gordon-Taylor equation, which is based on free volume theory, was proposed to

predict the Tgnix value of a binary mixture (Gordon and Taylor, 1952):

T, =0T, +o.T, Equation 1.10

&2

where T,; and T, are the glass transition of the two components individually ¢; and ¢;
are their volume fractions. The Gordon-Taylor equation is based on the assumption that
no interaction between the two components exists and it can be modified into the

following equation:

(T, +(Ew,T,)

T, T Kw) Equation 1.11
" wl w2
where:
T,
K=* ad Equation 1.12
& p2

The constant K is related to the free volume of the two components, which can be
calculated basing on the Simha Boyer rule (Simha and Boyer, 1962). The parameter p is
the density of each component and it is in the unit of kg/m>. It is deemed that any
deviation of the experimental data from the line predicted by the Gordon-Taylor

equation is a sign of non-ideal mixing between the two components (Craig et al., 1999).
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In a study conducted by Taylor and Zografi (1998), it was found that a negative
deviation in 7T, occurred because the intramolecular hydrogen bond among the
individual component was more favoured than the intermolecular one between the two
components. In another study (Patterson et al., 2007), a positive deviation of 7, was
observed when two components form strong intermolecular hydrogen bonding, while

the individual component did not have enough intramolecular interaction tendency.

1.4.5 Crystal nucleation and growth

As long as stable crystalline forms exist, all amorphous solids would eventually
crystallise when cooled below the melting temperature because of the thermodynamic
metastability of the amorphous state. The first step in crystallisation involves nucleation.
The formation of nuclei is not well understood but could be related to dust, impurities or
small agglomerates of molecules of the compound normally a few nanometers in size
(Byrn et al., 1999). The onset of crystallisation is governed by the formation of nuclei
and once the nucleation barrier is crossed, the amorphous system is physically unstable
since the system is on its direction to the more stable crystalline state, which is
recognised as crystal growth. During crystal growth, small crystals are formed followed
by gradual incorporation of nuclei to form larger crystals. Both nucleation and crystal
growth together govern the physical stability of the amorphous solids (Bhugra and Pikal,
2008).

The tendency for an amorphous solid to crystallise in an experimental time scale is
determined by the characteristic time 7; which is related to the time required for a given
volume fraction of amorphous state to crystallise at a constant temperature after a rapid
cooling. If the effect of viscosity is neglected, when 7; increases, the probability of a
critical nucleus formation decreases, and 7; decreases exponentially with decreasing
temperature. However, in reality, viscosity would slow down nucleation because high
viscosity would make the aggregation of nuclei become difficult. Hence, 7; is also
dependant on 7, the average time needed for molecules to rearrange in the glass state
and it is a representative of the molecular mobility. The schematic relationship between
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diffraction peaks. There are conventional, small-angle and wide angle X-ray
powder diffraction (XRPD) techniques available depending on the purpose of the
measurements (Hancock and Zografi, 1997).

Spectroscopic techniques such as nuclear magnetic resonance, Raman, infrared,
near infrared and electron spin resonance are useful for the characterisation of
amorphous systems because of their high structural resolution.

Differential scanning calorimetry is a very powerful technique for amorphous state
characterisation (Kerc and Srcic, 1995). During a DSC measurement, samples are
heated using a constant heating rate, and thermal events can be detected. These
thermal events include glass to rubber transition, crystallisation, melting or
degradation. In recent years, the development of Hyper-DSC (Saunders et al., 2004)
and modulated-temperature DSC (Craig et al., 2000) have helped to make the
determination and quantification of amorphous contents more sensitive and
accurate.

Isothermal microcalorimetry is useful to measure the crystallisation energy of
amorphous materials as well as some other phase transitions and thermal
decompositions. In an isothermal microcalorimetry experiment, samples are held at
a constant temperature and any heat produced or absorbed by them is measured as a
function of time (Gaisford and Buckton, 2001). It is different to the other
calorimetry method, DSC, which measures the heat-flow as a function of
temperature

Solution calorimetry works on the basis that the heat of solution is different for the
crystalline and the amorphous states of a sample (Buckton and Darcy, 1999). The
dissolution of crystalline materials is usually endothermic while that of the
amorphous ones is exothermic.

Water vapour sorption is also a useful technique for amorphous content
determination. The amorphous and crystalline materials usually have different
water uptake patterns. Many amorphous materials are able to crystallise after
sorbing a criticial amount of water because the sorbed water can help to lower their
T, and facilitate the crystallisation (Buckton and Darcy, 1999). If it is necessary,
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organic solvents such as methanol, ethanol etc. can be used instead of water to
trigger the crystallisation.

7. Specific volumes of the rubber and glass states are different, which could be
reflected by the density values. Though accurate measurements of volume or
density are difficult, gas or liquid displacement pycnometry can be used to measure
the density of materials and quantify the amorphous contents (Salekigerhardt et al.,

1994).

In some cases, bulk analytical techniques such as DSC, XRPD or Isothermal
microcalorimetry might not be useful if the amorphous content is mainly located at the
surface of a solid. Therefore, techniques such as inverse gas chromatography (Newell et
al., 2001), microthermal anaylsis (Craig ef al., 2002), atomic force microscopy (Ward et
al., 2005) and Raman mapping (Patterson et al., 2007) are all very useful for surface

amorphous contents qualification or quantification.
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1.5 Solid dispersions for drug delivery

As mentioned previously in section 1.3, formation of salts, particle size reduction and
other methods are able to improve the bioavailability of poorly soluble drugs, but there
are practical limitations for these techniques. Salt formation is only possible for some
weakly acidic or weakly basic drugs (Serajuddin, 1999; Karavas et al., 2006). In some
cases, the salts can not increase the dissolution rate because of the reconversion into the
respective acid or base forms due to hydrolysis. A major disadvantage of the salt
formation method is that the newly formed salt might represent a new chemical entity
which requires additional clinical trials. As far as particle size reduction is concerned,
there is a practical limit to the size that can be achieved. Moreover, if the particle size is
too small, the powders might become tacky and form agglomerates, which might

jeopardise the dissolution property of the drug in some cases.

Solid dispersions, first developed and prepared by Sekiguchi and Obi (1961), are a
useful method which can overcome the above-mentioned limitations. they are currently
one of the most promising strategies for the enhancement of the oral bioavailability of
poorly water-soluble drugs. Chiou and Riegelman (1971) defined a solid dispersion as a
solid matrix consisting of at least two components: generally a hydrophilic carrier and a
hydrophobic drug. The carrier can be either crystalline or amorphous and the drug can

be dispersed molecularly, in amorphous particles (clusters) or in crystalline particles.

The dissolution advantages of solid dispersions include: 1) reduced particle size which
could be as small as molecular level giving rise to a high surface area; 2) improved
wettability by the use of a hydrophilic carrier; 3) higher porosity which favours a rapid
drug release; and 4) drugs in amorphous state which have a higher apparent solubility
compared to their crystalline forms. Moreover, the use of solid dispersions can help to
prevent recrystallisation of the amorphous drugs. The stability advantages of solid

dispersions will be explained in section 1.5.3.
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1.5.1 Classifications of solid dispersions

After nearly 50 years of continuing research and development, many solid dispersion
formulations have been prepared. According to the type of the carriers used, molecular
arrangements and addition of surfactants or not, there are three generations of solid

dispersions classified (Figure 1.9).

Solid dispersions

Second generation

ixture of surfactants
and polymers
Mixture of polymers

Figure 1.9: Classification of three generations of solid dispersions (adapted from

Third generation

First generation
Crystalline carriers Polymeric carriers

Vasconcelos et al., 2007).

The first generation of solid dispersions is the ones prepared using crystalline carriers,
and in the solid dispersions, at least one of the components (drug and carrier) exists in
crystalline form. The crystalline carriers used here include urea (Sekiguchi et al., 1964)
and sugars (Kanig, 1964). The best example of the first generation solid dispersion is
the eutectic mixture prepared by Sekiguchi and Obi (1961), the first solid dispersion
prepared in the literature. In the study, sulphathiazole and urea were melted together at a
temperature above the eutectic point and then cooled in an ice bath. The dispersed drugs
were trapped within the carrier matrix in the resultant solid eutectic, which was then
milled to reduce the particle size. A eutectic mixture usually contains two crystalline

materials and it has a melting point lower than that for any other ratio of mixtures of the
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same materials. Later, some other solid dispersion systems were developed by preparing
solid solutions through molecular dispersions instead of eutectic mixtures (Kanig, 1964;
Chiou and Riegelman, 1969). These solid dispersions also fall into the first generation

category because they appeared in crystalline states.

The disadvantage of forming crystalline solid dispersions is that it makes the dissolution
of drug slower than when in the amorphous state. Therefore, the second generation of
solid dispersions appeared, which contain amorphous drugs and carriers. These kinds of
solid dispersions are the most commonly used nowadays. The carriers used here are
mostly polymeric, such as ethyl cellulose, polyvinylpyrrolidone, polyethyleneglycols,
hydroxypropylmethyl cellulose and so forth. Depending on the molecular arrangement
between the drug and carriers, the second generation solid dispersions could be divided
into solid solution, solid suspension or a mixture of both. The differences among the

three sub-groups are detailed here below:

1. In a solid solution, the drug and carrier are totally miscible (soluble) resulting as a
homogeneous one phase system, which means that the crystalline drug is
completely dissolved into the carriers.

2. In a solid suspension, the carrier and drug have very limited solubility. The system
is still amorphous but the drug and carrier do not form a homogeneous structure,
which means it is a two-phase system.

3. The third type system is a mixture of solid solution and solid suspension. A
heterogeneous structure occurs as the drug is both dissolved and suspended in the

carrier.

Compared to the first generation of solid dispersion, the second generation provides a
better dissolution of drug since the drug particle size can be reduced to nearly a

molecular level and the drug can exist in its amorphous form.

Recently, a third generation of solid dispersions has been developed by using a carrier
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which has surface activity or self-emulsifying properties. The solid dispersions contain
either a surfactant cafrier or both polymeric and surfactant carriers. It was found that
these types of systems could help to improve the bioavailability of poorly-soluble drug
significantly and at the same time help to improve the stability of the drug for a long

period of time (Dannenfelser ef al., 2004).

There is also another way to classify solid dispersions based on the miscibility between
the drug and carrier. Accordingly, Augsburger and Hoag (2008) have broadly divided
solid dispersions into two categories: solid dispersion and solid solution. Despite the
general meaning of solid dispersion described above, herein, solid dispersion also refers
to the system that amorphous drug is dispersed (immiscible) in the carrier matrix and
the system is usually distinguished by two separate 7, values of the drug and the carrier
respectively. Meanwhile, solid solution refers to the system that the amorphous drug is
miscible with the carrier and only one 7, exists for the system. Hence forth, this
classification of solid dispersions is applied in order to better distinguish the

molecularly dispersed solid dispersions to the others.

1.5.2 Preparation methods for solid dispersions
There are generally two main methods for the preparation of solid dispersions, one is
through the use of liquid phase such as melting and solvent methods (Serajuddin, 1999)

and the other one is through the solid phase such as milling (Patterson et al., 2007).

1.5.2.1 Melting method

The melting method is widely used for preparing solid dispersions and some of the first
developed solid dispersions for pharmaceutical applications were prepared by this
method. Generally, in a melting process, drug and carrier are melted together and the
high molecular mobility of the components allows them to be incorporated into each
other. Cooling is usually followed to solidify the melted mixtures and the processes
include ice bath agitation, immersion in liquid nitrogen, stainless steel thin layer

spreading followed by a cold draught, spreading on plates with dry ice and so forth.
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Pulverisation is often needed to break down the cake into small particles after cooling.

However, there are some significant drawbacks which might limit the application of the
melting method. Firstly, degradation can happen to some drugs and carriers during
heating to temperatures needed to melt them. Secondly, incomplete miscibility between
drug and carrier may occur because of the high viscosity of some carriers in the molten
state. Therefore, some modified melting methods such as hot-stage extrusion, have been
developed in order to avoid these problems (Chokshi et al., 2005). In this approach, the
carrier and drug used are firstly heated together to the melting temperature or a
temperature lower than that for a short period of time, and then extrusion at high
rotational speed is followed. Finally, the resulting materials are cooled at room
temperature and milled. In some cases, the use of carbon dioxide as a plasticiser can
greatly reduce the heating temperature which makes this method even more useful to

thermosensitive compounds.

1.5.2.2 Solvent method

In the solvent method, drug and carrier are dissolved in a solvent (usually volatile
organic solvents) and then the solvent is removed leading to the production of solid
dispersions. Solvent methods are very useful for thermosensitive compounds because
the solvent evaporation usually occurs at a low temperature. There are many different
types of solvent methods which are determined by the solvent removal process, such as
vacuum drying, heating on a hot plate, slow evaporation of the solvent at low
temperature, the use of a rotary evaporator, use of nitrogen, spray drying, freeze drying
and the use of supercritical fluids. Among these methods, spray drying and freeze
drying are probably the most commonly used. In a spray drying process, the carrier and
drug are dissolved or suspended in a certain solvent and then through an atomiser, the
solution is sprayed into very small droplets which can be dried easily using a stream of
heated air flow (van Drooge et al., 2006). During freeze drying, the drug and carrier are
dissolved in a common solvent followed by immersion in liquid nitrogen for freezing.
Then the frozen samples are lyophilised. Vacuum drying is normally needed in order to
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remove the solvent thoroughly. The use of super critical fluids, usually carbon dioxide,
has been receiving more and more attention recently (Won et al., 2005). Its advantages
include reduced particle size and residual solvent content, disappearance of any
degradation and high product yield (Majerik et al., 2007). The co-precipitation method
(Huang et al., 2006) and spin-coated films (Konno and Taylor, 2006) are also two very
useful solvent methods for preparation of solid dispersions. The limitation regarding the
solvent methods is the use of organic solvents which increases the preparation cost and

leads to great risk to the environment.

1.5.2.3 Ball milling method

Ball milling differs to the melting and solvent methods in that solid dispersions of drug
and carrier are prepared in the solid state. This method has been widely used to make
the amorphous phase (Willart and Descamps, 2008). During milling, strong mechanical
forces occur which can help to facilitate the incorporation of drug and carrier (Gupta et
al., 2003). Heat might be generated in the local collision region between the balls and
the wall of the pot, which could help to dissolve the drug into a carrier with good
miscibility (Patterson et al., 2007). Studies have shown that solid solutions can be made
by using high energy milling approaches such as planetary ball milling (Patterson et al.,
2007). Advantages of ball milling to prepare solid dispersions include its suitability for
thermosensitive materials and its ease in handling avoiding the use of large amount of
solvents. However, compared to melting and solvent methods, ball milling might be
difficult to scale up. Prolonged milling might also lead to potential degradation of the

materials.

1.5.3 Stability of solid dispersions

A critical factor to maintaining the dissolution properties of a solid dispersion after
storage is to prevent the recrystallisation of the amorphous drug. As explained above,
the amorphous drug is thermodynamically unstable and it has the tendency to
recrystallise into the stable form. One important reason for the preparation of a solid
dispersion is to reduce the crystallisation rate of the amorphous drug by compounding it
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the molecular motions of the drug because the free volume of the solid dispersion is
smaller (Kaushal et al., 2004). Also, a high carrier ratio is important because the
diffusion distance for separate drug molecules getting back together is larger.
Furthermore, when the T, of the carrier is higher than that of the drug, a higher carrier
content can help to increase the 7, of the solid dispersion further according to the
Gordon-Taylor equation. Higher carrier content increases the chance of interaction
between the drug and carrier molecules and also minimise the risk of the drug exceeding
the solid solubility (Vasanthavada et al., 2004). Carriers which can help to reduce the
water uptake are also favored because plasticisation of 7, by water can be avoided or at

least minimised (Augsburger and Hoag, 2008).

Compared to other types of solid dispersions in which clusters of drug molecules exist,
solid solutions can be considered superior in terms of stability. This is because for this
type of solid dispersions, an extra step of diffusion is needed before nucleation happens
(Figure 1.10). Therefore, a good miscibility between a drug and a carrier can, in many
respects, help to increase the stability of the solid dispersion. However, sometimes, high
T, and good miscibility might not be enough to guarantee a good stability (Al-Obaidi,
2007). A strong drug-carrier intermolecular interaction is also needed (Matsumoto and
Zografi, 1999). There are many examples relating the drug-carrier interaction to the
stability of a solid dispersion (Broman et al., 2001; Forster et al., 2001). The extent and
type of interactions can control the dissolution, phase separation and miscibility of the
solid dispersion. Furthermore, strong interactions can help to increase the T of the solid

dispersion (Khougaz and Clas, 2000), which as a result leads to an increased stability.
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1.6 Surface properties of solids

The surface properties of solids can be affected by a consequence of physical
manipulation as well as the chemical structure (Buckton, 1995). The change of size,
crystal habit, polymorphic form, hydrate or solvate form, degree of crystallinity and
introduction of impurities can all alter the surface of a solid. The extent of crystallinity
at the surface of a solid is probably the most important factor as far as variability in

solid surface properties is concerned.

When the surface of a solid changes, the way the solid interacts with other phases
(mostly liquid or solid phase in pharmaceutical areas) changes as a result. These
interactions include sorption of moisture, wetting and spreading of a liquid over the
solids, dissolution, film coating, suspension formation, tabletting, flowability,
solid-solid blending, and so forth. For example, by changing the surface of the materials
used in a dry powder inhaler system, the inter-particulate interactions (both cohesion
and adhesion) of the materials can be altered and, thus, the performance of the system
can be adjusted (Tong et al., 2006). In another example, since the cohesive strength of
interaction of colloidal silicon dioxide (silica, 311.5 MPa) is lower than that of
microcrystalline cellulose (MCC, 386.1 MPa), the surface of MCC can be manipulated
by adding silica on it to obstruct MCC-MCC bonding and lower the tablet strength
during compaction (van Veen et al., 2005). The dissolution improvement of many
poorly soluble drugs in solid dispersions can be partly attributed to the increase of
surface area after size reduction and increase of wettability on the surface after
compounding with a hydrophilic carrier. Therefore, in many cases, the study of the
surface behaviour of a solid is important for pharmaceutical scientists to produce an

efficient formulation.
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1.7 Aims of thesis

The main aim of this thesis was to study the effect of different preparation methods on
the physical properties, stability and dissolution of solid dispersions. The specific
objectives were to investigate: 1) the effect of aging on the surface energy of the solid
dispersions; 2) differences between the surface and bulk molecular mobility of the solid
dispersions; 3) correlating physical stability of the solid dispersions and their molecular
mobility, fragility and zero mobility temperature; 4) the effect of aging on the water
sorption and dissolution characteristics of solid dispersions; 5) approaches to prepare
stable solid dispersions with rapid dissolution rate and finding the most suitable

preparation method depending on the miscibility of carriers used.

The following hypotheses were established and tested:

1. Relaxation is usually accompanied by a decrease of energy; therefore, the surface
energy of the solid dispersions decreases during physical aging. Furthermore, solid
dispersions prepared by different methods exhibit differences in surface energy
relaxation because the solid dispersions have different surface morphologies.

2. Since crystallisation is often initiated at the surface, the molecular mobility at the
surface of the solid dispersions is greater than that of the bulk.

3. Crystallisation rates below T, are orders of magnitude lower than those found above,
but still very significant over the time scales employed during storage. Therefore,
zero mobility temperature, 7 can be a better indicator for prediction of the physical
stability compared to T,. When the T, are similar, the solid dispersion with a lower
Ty tends to crystallise first.

4. Interaction between the drug and carrier is vital for the physical stability of a solid
dispersion. The drug and carrier interaction happens more easily in the liquid state
than the solid state. The drug and carrier of the solid dispersions which prepared
through liquid state have a better interaction tendency than the ones prepared in the

solid state.
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Chapter 2 Materials and methods

2.1.1 Model drug: indometacin

HyC —0O o

OH

—

CH,

Figure 2.1: Chemical structure of indometacin.

Indometacin (Figure 2.1) belongs to the non-steroidal anti-inflammatory drug (NSAIDs)
family which can be used to reduce inflammation, pain, and temperature. Indometacin is
usually applied in the treatment of osteoarthritis, acute gouty arthritis, rheumatoid
arthritis, and ankylosing spondylitis. Because of its action as a prostaglandin synthase
inhibitor, indometacin has also been used to delay premature labor. Indometacin is
classified as a class II drug because of its poor solubility (a water solubility of ~5 pg/L,
Hancock and Parks, 2000) and high permeability. Due to these characteristics, the
bioavailability of a class II drug can be improved by increasing its solubility or
dissolution rate using many formulation approaches such as: co-grinding with fine
porous silica particles (Watanabe et al., 2001); preparation of solid dispersion with PVP
by spray drying (Matsumoto and Zografi, 1999); mechanical mixing with crospovidone
followed by heating to temperatures below the melting point to form a solid dispersion
(Fujii et al., 2005); and coprecipitating with PVP by solvent-free supercritical fluid

processing (Gong et al., 2005).

Indometacin was chosen as a model drug for these studies because of its excellent glass
forming ability with a relatively low T, and its well characterised crystallisation

tendency above or below its T (Telang et al., 2009). Indometacin can exist in different
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polymorphic forms, the major two of which, y- and - forms have been systematically
studied (Andronis and Zografi, 2000). It can also exist as solvates and an amorphous
form. The amorphous properties of indometacin have been extensively studied with

much literature available (Andronis and Zografi, 1998; Tong and Zografi, 1999).

2.1.2 Carriers

2.1.2.1 Polyvinylpyrrolidone (PVP)

0w,
h@

Figure 2.2: Chemical structure of PVP.

PVP is a hydrophilic polymer made from the monomer N-vinyl pyrrolidone and it is
soluble in many polar solvents. Unlike its monomer which is toxic and carcinogenic, the
pure polymer PVP is safe to be used by humans. In the pharmaceutical sciences, PVP is
widely applied in the preparation of many dosage forms. In some solid formulations,
PVP can be used as a binder in wet granulation, a solubilising agent for increasing
dissolution rate of poorly soluble drugs or a coating substance for tablets. In
suspensions, PVP can be used as a suspending agent, stabilising agent or a
viscosity-increasing agent. Moreover, PVP can also be used in some injections or eye
drops. Because of the tertiary amide group, PVP is known to be a strong hydrogen bond
accepter, and it has been widely used in the preparation of solid dispersions. Over 60
drugs have been reported to be dispersed in this polymer according to a statistic in 1986
(Ford, 1986), and this figure is expected to be more currently. For example, PVP has
been commonly used with indometacin to form solid dispersions because the amide
group of PVP as a proton acceptor could interact with the hydroxyl group of

indometacin as a proton donor. With this interaction, the recrystallisation of amorphous
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indometacin could be inhibited. Sekikawa et al. (1978) have shown that the
crystallisation inhibition mechanism is related to the drug and polymer interaction level.
Because of its relative high T, PVP can act as an anti-plasticiser when compounding
with many compounds with a low 7. In the case of indometacin which has a T}, at 42 °C,
its Ty can be greatly increased when compounded with PVP, hence reducing its
molecular mobility as well as the tendency to crystallise. The hydrophilic nature of the
polymer could also help to increase the wettability of a poorly soluble drug in a solid

dispersion.

2.1.2.2 Magnesium aluminum silicate (Neusilin)

Si Mgt AIR*

Figure 2.3: Chemical structure of Neusilin.

Magnesium aluminum silicate has a commercial name Neusilin and it is derived from
refined and purified natural clay. In the pharmaceutical area, Neusilin is used in tablets,
ointments and creams. When used alone or with other materials, Neusilin can act as a
suspending agent or stabiliser in some oral or external dosage forms. In cosmetics,
Neusilin can be used to thicken, emulsify and color cosmetics. Gupta et al. (2002) have
tried to use three-component solid dispersion granules prepared by hot-melt granulation
including Neusilin as a surface adsorbent to enhance drug dissolution. It was found that
the drug dissolution rate of these solid dispersions increased on storage, accompanied
by evidence of hydrogen bonding between the drug and the surface of Neusilin, which
could act as a proton donor as well as an acceptor because of the surface silanol groups.
A later study has shown that after compounding with Neusilin, the conversion from

crystalline to amorphous states of four drugs was greatly reduced (Gupta et al., 2003).
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Chapter 2 Materials and methods

E,A = Z—mv : Equation 2.2

where v;is the relative velocity between two colliding balls or a ball colliding against
the wall, m is a ball’s mass, » is the number of collisions between a ball and other balls
or the wall per second, and W is the weight of the filling sample. E, could be related

with the size reduction and the rates of conversion to amorphous state.

During milling, the temperature and the atmosphere inside the pot can be controlled.
While 100% of conversion of indometacin into the amorphous state could not be
achieved at room temperature, indometacin became completely amorphous when being
milled at 4 °C in 4 hours (Otsuka et al., 1986) or cryogenic impact milling for 1 hour
(Crowley and Zografi, 2002). Adding some solvents to the powders during milling
might be able to make the size reduction more efficient due to the decrease of particles’

surface energy (Oguchi et al., 1995).

2.2.2.2 Experimental

A Fritsch pulverisette 5 planetary mill was used for preparing ball milled solid
dispersions. 5 g of powders with different drug to carrier ratios (by mass) were weighed
and loaded into a 250 mL ZrO, jar. The sample was then milled under different milling
conditions. Depending on the purpose of different experiments, the milling conditions
were altered by adjusting the milling time, the number of milling balls and/or the
rotation speed of the pot. These conditions including the sample compositions used will

be listed in the following relevant chapters.

2.2.3 Preparation of solid dispersions using melt quenching

2.2.3.1 Introduction

Melt quenching is one of the most widely used methods for the preparation of glassy
materials (Hancock and Zografi, 1997; Yu, 2001). When a crystalline material is heated,

the energy given by the heat will make the solid melt into liquid (if it doesn’t degrade)
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and then if the liquid is cooled below its melting point (7,,), its molecular mobility
would slow down. There is a balance between the tendency to crystallise and the
decrease of the molecular mobility. When the cooling rate is sufficiently fast, the time is
insufficient for the molecules to rearrange within the timescale and the liquid’s structure
would be frozen: the liquid turns into a glass as a result (Debenedetti and Stillinger,
2001). This liquid to solid transformation can only be observed if the nucleation of
supercritical clusters is suppressed during cooling and the nucleation is controlled by a
thermodynamic barrier. The most rapid crystallisation rate is related to the competition
between the thermodynamic driving force for the transformation and the molecular
mobility, therefore the effective critical cooling rate of the vitrification process is
decided by the necessity to quickly pass it (Willart and Descamps, 2008). Figure 2.7

shows a time-temperature-transformation (TTT) diagram about this process.
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Figure 2.7: Time-temperature-transformation (TTT) diagram (adapted from Willart and
Descamps, 2008).

Melt quenching is a useful method for preparing glasses; the drawback of it is its

potential for chemical degradation of thermosensitive compounds. Therefore, the melt
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quenching conditions need to be carefully considered, because the longer the duration of
heating or the higher the heating temperature the greater the risk for a material to
degrade. There are only a few limited ways to prevent degradation happen such as:
introducing an inert gas to the heating process; the use of a twin-screw extruder to lower
the heating temperature because the shear force applied could make a drug and carrier to
form a solid dispersion at a lower temperature than the drug’s melting point (Nakamichi
et al., 2002); Hasegawa ef al. (2005) used a closed melting method for the preparation
of a troglitazone and PVP solid dispersion by adding a plasticiser (water) to the physical
mixture, the T, of PVP can be lowered and the solid dispersion can be prepared without

heating the sample over the melting point of the drug (Hasegawa et al., 2005).

2.2.3.2 Experimental

For melt quenching, 3 g of indometacin and PVP (70%:30%) physical mixtures were
weighed into a crucible and then placed in an oven which was preheated to 175 °C and
stabilised. The physical mixtures were heated for 15 minutes to allow complete melting
of the ingredients. In the time points of 5 and 10 minutes, the crucible was taken out and
the melted liquid was stirred using a small spatula. This was to help the components to
mix well and prevent phase separation. After heating, the crucible was immediately
placed on liquid N for quench cooling. Direct contact between liquid N, and the sample
was avoided to reduce the possibility of moisture sorption. A glassy amorphous solid
(appeared as a hard cake) was formed and it was kept in a vacuumed desiccator over
P,Os at room temperature for one hour for drying and to allow the cooled sample to
recover to room temperature (samples would tend to sorb more moisture at a lower
temperature). Grinding of the sample was followed using a pestle and mortar. The
ground powders were sieved through a 90 micron sieve and the powders was dried in
the desiccator (0% RH and room temperature) for another one hour to allow the same
total drying time as the ball milled and spray dried sample to ensure that thermal history

were the same.
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2.2.4 Preparation of solid dispersions using spray drying

2.2.4.1 Introduction

Spray drying has been a commonly used technique in many industrial and laboratory
applications since the late 19™ century (Marshall and Seltzer, 1950). By definition,
spray drying is a process of drying a liquid feed by a hot drying medium, which is a one
step rapid process for the production of a dried product. The product can be powder,
granules or agglomerates depending on the physical and chemical properties of the feed
and the design of the spray dryer. The feed here can be a solution, colloid or suspension

(Masters, 1972).

Figure 2.8 shows a scheme of four different steps included in a spray drying operation: a)
atomisation of feed into a spray; b) spray-drying medium contact; ¢) drying of the spray
and d) removal of the dried product from the drying medium (Masters, 1972). Firstly,
the suitable feed (sludge, slurries or clear liquids with different viscosity) was prepared
by mixing and agitation, and then pumped through an atomiser device for atomisation
into a spray. The atomisers can be a rotary, single fluid, two-fluid or ultrasonic nozzle
design. Secondly, the spray and hot drying air make contact which includes mixing the
flow depending on the designs of the chamber. The spray and hot air can enter the
chamber in a co-current or counter-current flow: a co-current flow enables a lower
residence time of the particles and higher particle separation efficiency in the cyclone; a
counter-current flow enables a longer residence time of the particles in the chamber
giving them a better drying effect. Thirdly, drying of droplets happens immediately after
the contact of spray and dry medium. It contains two periods: in the first period of
drying, evaporation of moisture is at a constant rate because of diffusion of moisture
from the core of the droplet maintaining surface saturation; in the second period of
drying, critical point is reached when there is insufficient moisture to maintain saturated
conditions, hence a dried shell starts to form at the surface of the droplet. The
evaporation rate decreases because diffusion slows down caused by the increased
thickness of the surface dried shell. Finally, dried particles are removed from the drying
medium. There are two systems for this purpose. In system one, primary separation of
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particles takes place at the base of the drying chamber (usually the coarser particles) and
then the residual particles (the finer particles) are collected in a separation equipment,

sometimes with bag filters. In system two, total removal of dried particles happens in

Separation of dried
productlfrom air

[ ]
product collected product collected
from the chamber  from a separation unit

the separation equipment (Masters, 1972).

Atomization

|

| 1

rotary atomizer pressure nozzle
design

Spray-air contact

[ ] 1
co- counter- .
current mixed

current

Drying of spray

Figure 2.8: Different process stages included in a spray drying operation.

Spray drying is a complicated process in that there are many variables that need to be
carefully considered. A higher atomiser speed and nozzle pressure usually produce a
smaller spray droplet size; a higher feed viscosity and feeding rate produce a coarser
spray at fixed atomisation conditions; the drying rate and different feed properties
exhibit different final products, some will expand, some will collapse, fracture or
disintegrate while others retain a spherical shape or contract leading to denser particles
(Chidavaenzi et al., 1997). The yield of spray drying increases with higher inlet
temperature, and as the inlet temperature increases, a maximum powder yield is reached
followed by a sharp decrease as the temperature of the chamber, or cyclone wall, go

over the sticky point causing powder to deposit on it. Decreasing the liquid pumping
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rate, increasing the atomising air flow rate and the dry air flow rate can all help to

increase the yield (Maury et al., 2005).

The spray drying technique can be utilised in food productions (such as instant coffee,
milk, and soups), household commodities and pharmaceuticals. The advantages of spray
drying are the effective control of certain product properties and quality values,
suitability for drying of some thermosensitive materials, capability of large-scale
production in a relatively economic cost and higher efficiency over other types of dryers.
While at the same time, there are some drawbacks of spray drying which need to be
borne in mind: products with low bulk densities are frequently obtained while often the
opposite property is required; a coarse product is required while the spray dryer is
designed for producing fine particles; and the materials to be spray dried need to be in a

form that can be pumped to the atomiser (Marshall and Seltzer, 1950).

Figure 2.9 shows the Niro SD MICRO™ spray drying unit that was used in this work.
The spray drying unit comprises of an air compressor, a nitrogen generator, an operating
control panel and a spray dryer. The nitrogen generator connected to the spray dryer can
provide nitrogen flow as the drying medium which allows the use of flammable feeds
for spray drying and this is an important feature of this system. Another advantage of
the spray dryer is that the fluid dynamics of the system mimics those of an industrial
scale plant; therefore it makes scale-up studies easier. Furthermore, the spray dryer
contains a two-fluid nozzle atomiser (pneumatic nozzle) which can be used for
production of fine particles with a size of 5-20 um. This pneumatic nozzle can also

produce a liquid film of spray with a high velocity gas (Khalid, 2006).
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