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ABSTRACT

Oral administration is the most common form of drug administration, due to its good
patient acceptance. To develop good quality, safe and potent drug delivery products
requires an enormous amount of research on excipents and formulation design. The aim
of this study was to evaluate the applicability of a novel starch acetate excipient for
cxtended oral drug delivery.

Physicochemical properties of a starch acetate product having different degrees of
substitution were studied. Effects of different drying methods on particle and powder
properties and subsequent compactability were evaluated. Furthermore, release of
different drugs from starch acetate tablets was analysed by multivariate data analyses.
Finally, in vivo human studies were carried out to confirm the extended drug release
characteristics of starch acetate tablets, and an in vitro — in vivo correlation was
established using a novel direct cumulative under the curve approach.

Measured properties of the starch acetate were found to depend on the degree of
acetate substitution. Starch acetate was found to be an amorphous polymer, where
hydrophobicity increased as the degree of acetate substitution increased. The
mechanical strength of tablets increased, and extended drug release could be found as
the degree of acetate substitution increased. Using different drying methods,
characteristics of particle, powder and consequent tableting properties could be affected.
In particular, particles of different size, shape and surface properties could be produced.
Drug release mechanisms from starch acetate tablets varied from Fickian diffusion to
anomalous or even zero-order drug release, according to Power Law equation. As the
release mechanism changed toward zero-order drug release, the lamination or cracking
of the starch acetate tablet matrix became more dominant. Starch acetate was able to
control the drug release rate between tablets with a desired drug. According to
multivariate data analyses, molecule properties such as flexibility, hydrogen bonding
capacity and molecular size parameters had a great impact on drug release kinetics and
diffusional rate constants from starch acetate tablets. Factors that described tablet
structure, and especially elasticity of the matrix, were identified as predictors of drug
release rates in zero-order drug release. /n vivo human studies confirmed that starch
acetate could act as a release controlling excipient. An alternative approach was found
to establish in vitro-in vivo correlation (IVIVC) as a predictable method for deseribing
the correlation between the in vitro drug release and in vivo plasma concentration of
diltiazem.

In conclusion, the present study demonstrated that novel starch acetate as an
excipient can act as a release-controlling agent in extended oral drug delivery systems.
It can be used as a direct compression excipient, and it allows for the formulation of
drug release profiles in a simple way.

National Library of Medicine Classification: QV 800, QV 787, WB 350, QU &3
Medical Subject Headings: excipients; drug delivery systems; administration, oral;
polymers; starch / analogs & derivatives; powders; tablets; multivariate analysis;
pharmacokinetics; biological availability.
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1 INTRODUCTION

In most cases, a tablet is the most desirable dosage form for human drug
administration. The main advantages of dosing drugs in tablet form are the relatively
simple production and patient acceptance, leading to good compliance and 1mproved
therapeutic efficacy. In the treatment of chronic diseases, once-a-day products with a
constant drug release rate are desired. Many different technologies are under intensive
investigation to reach this goal. Even so, the most commonly used approaches are still
different kinds of matrix tablets, coated tablets and osmotic pumps prepared by natural
or synthetic polymers. The main disadvantage in developing new formulations is that
the preparation of a once-a-day product often demands sophisticated production
technology. The most desired production method would be direct compression
tableting, with as few excipients as possible, as it is a cheaper than complex processes.

Controlled drug delivery 1s defined as a technique or approach by which active
chemicals are made available to a specified target at a rate and duration designed to
accomplish an intended effect (Qiu and Zhang 2000). A typical controlled release
system is designed to provide stabile drug levels in plasma with reduced fluctuation via
slow drug release over an extended period of time.

Until the last decade, the optimisation of drug formulation has been accomplished
through trial and error, which is resource consuming. Today, the development and
optimisation of formulations are based on well-established scientific principles
(Gabrielsson et al. 2002). Due to this, and also due to the complex nature of
formulations and preparation technologies, traditional statistical methods have not been
able to interpret complex data very well. More recently, advanced statistical data
analysis tools have been developed to increase the understanding of subtle relationships
between factors and responses. Multivariate data analysis is often used in many fields of
industry. In pharmaceutical technology, however, it has been practically neglected,
although it has been shown to be powerful tool for modelling and predicting certain
characteristics in complicated systems.

In pharmaceutical development, it is very important to understand the applicability of
a product in humans as early as possible. In this way, inefficient products can be
identified and excluded, thus reducing research and development costs. Early in vivo
studies can also facilitate the creation of an in vitro — in vivo correlation (IVIVC). By
the help of predictive IVIVC, it can be estimated how the changes in in vitro properties

affect in vivo properties without biological studies.
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In the present study, a novel tablet excipent, starch acetate, was investigated as an
extended drug release agent for once-a-day tablet product. These studies included the
characterization of particle, powder and tableting properties, evaluation of in vitro drug
release properties from a simple binary mixture of starch acetate-drug in direct
compressed tablets using multivanate data analyses, adnunistration of starch acetate —
diltiazem hydrochloride tablets to the healthy human volunteers to evaluate

pharmacokinetic parameters including, bioavailability and IVIVC.
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2 BACKGROUND OF THE STUDY

In the starch acetate patent (Paronen et al. 1997), it was pointed out that starch
acetate might be a very promising polymer excipient in the formulation of extended
release products.

In this chapter, the most important factors in the pharmaceutical development of
extended drug release products are introduced and taken into account. The basics of oral
drug delivery, solubility of drug in gastrointestinal tract (Gl-tract) and drug absorption
from the Gl-tract are first outlined. The basics of drying and its effect on particle and
powder properties are also presented. The drug release mechanisms and theoretical
background of multivariate data analysis (PCA and PLS) for the evaluation of in vifro
drug release is introduced. Finally, in vivo pharmacokinetics and methods in the
creation of in vitro  in vivo correlation (1IVIVC) are discussed.

These topics form the fundamental background for the development of
pharmaceutical oral dosage forms. All these aspects must be kept in mind throughout

the development process, making it complicated, but also challenging and interesting.

2.1 Oral drug delivery

1t is estimated that even today approximately 90% of all medicines are taken in oral
dosage forms. The market share of oral controlled release systems is currently about 3.5
billion USD, which 1s about half of the total annual controlled drug delivery market
(Venkatraman et al. 2000). The often-mentioned advantage of oral delivery is good
patient compliance. The patient i1s able to administer the oral dosage form
independently, negating the need for skilled or expensive medical interventions.

The drug faces complex environmental conditions in the Gl-tract, including extremes
of pH, intestinal motility, mucus barriers, p-glycoprotein efflux systems, some
metabolic activity and the bilayer of the membranes of the epithelium. After penetrating
the gut wall, all drugs enter the systemic circulation via the liver, where a considerable
portion of the delivered drug might be metabolised. Thus, before the development of
oral drug delivery systems, the physiological and physicochemical aspects of the GI-

tract are important to keep in mind.
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2.1.1 Drug dissolution in the gastrointestinal tract

The basic assumption is that only the dissolved and neutral form of a drug is able to
pass from the lumen of Gl-tract into the systemic circulation, although there is some
evidence that the small particles can also penetrate the Gl-epithelium (Ebel 1990, Desai
et al. 1996, Hussain et al. 2001). There exist some basic factors that have great influence
on drug solubility and subsequent absorption by the Gl-tract. The Noyes-Whitney
equation (1897) (Eq. 1) is a fine rule of thumb for describing the important factors that
are involved in the kinetics of drug dissolution in the Gl-tract (Horter and Dressman
2001):

D-AY .
UR_[V./J.((,Sc) (1)

where DR is the dissolution rate, 1D the diffusion coefficient of the drug, 4 the surface
area available for dissolution, 4 the thickness of the boundary layer adjacent to the
dissolving drug surface, V' the volume of dissolution medium, C the solubility of the
drug and ¢ the concentration of dissolved drug.

Most therapeutic drugs are weak acids or bases; 1.e., their solubility depends on their
ionisation constants and the pH of the dissolution medium (Ozturk et al. 1988). The pH
varies between different parts of Gl-tract, thus the solubility of drug changes when it
travels through Gl-tract (Evans et al. 1988). It should be noted that the pH profile in the
Gl-tract can change also due to the different factors like age, diet, pathophysiological
conditions or the admimistration of certain drugs such as proton pump inhibitors
(Ovesen et al. 1986, Dressman et al. 1990, Russel et al. 1993, Sharma 1999). Fractional
amount of ionized drug can be written from Henderson-Hasselbalch relationship for
weak molecular acid as follows (Eq. 2):

100

Yolonized = 2
. (1 + antilog(pK , — pH ) @

and for weak molecular base (Eq. 3):

100
Yolonized = 3
orom=e (1 + antilog(pH - pK,)) )
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In addition, drug crystallinity/polymorphism/amorphicity (Shefter and Higuchi 1963,
Haleblian and McCrone 1969, Yu 2001), the particle size of a drug (Atkinson et al.
1962, Jounela et al. 1975, Hintz and Johnsson 1989), the solubilization of a drug by
natural surfactants (like bile salts) (Bates et al. 1966, Kassem et al. 1982, Luner et al.
1994, Mithani et al. 1996), different kinds of hydrogen acceptor/donor interactions
(Rasool et al. 1991), the wetting processes of a drug (Bakatselou et al. 1991), the
content and volume of the Gl-tract (Macheras et al. 1990, Dressman et al. 1998) and the
viscosity of the GI-fluid (Reppas et al. 1991) can all have their own specific impact on
drug dissolution in Gl-tract.

2.1.2 Drug absorption from the gastrointestinal tract

A drug faces different barriers during absorption from the lumen of Gl-tract to the
blood circulation (Norris et al. 1998). Thus, there exist different routes and mechanisms
that are involved in drug permeation across these barriers.

The first physical barrier is mucus, which 1s mainly composed of water and
glycoproteins (Strous and Dekker 1992). Mucus acts as a viscoelastic lubricant and
protective layer upon the Gl-tract epithelium. A drug must diffuse through this
physiological barrier prior to reaching the absorbing surface. The diffusion rate depends
on the thickness of the mucus layer, mucus viscosity and possible interactions between
the drug and mucus.

When a drug has reached the absorbing surface, the surface of epithelium cells, 1t
encounters a hydrophobic bilayer cell membrane. The cell membrane 1s a highly
organized structure, composed of tightly packed lipid molecules with proteins, which
act as structural elements, transporters and environmental monitors (Singer and
Nicolson 1972).

In the transcellular transport, the cell membrane allows for the penetration of
nonpolar and uncharged drugs (i.e., small, neutral and lipophilic drugs), but not polar or
charged drugs (Egan and Lauri 2002). Thus, the transport of lipophilic drugs occurs
through the bilayer of the membranes of the epithelium.

The paracellular route is possible diffusional pathway for small and hydrophilic
drugs (Camenisch et al. 1996). The epithelial cells are bound together by different types
of junctions, including desmosomes, gap junctions and junctional complexes that also

serve as a route for drug absoption (Tanaka et al. 1995).
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In facilitated diffusion, cell membrane transporters are involved (Tsuji and Tamai
1996). This 1s an active transport mechanism, which can transport drugs against
diffusion gradient, as it is an energy-consuming process. These transport mechanisms
are only applicable to drugs having a small molecular weight, typically under 500 Da.
Larger molecules (even macromolecules) can be transported by endocytic prosesses, but
the efficacy of endocytosis is much lower than diffusional processes.

In addition to these physiological barriers, there is also a biochemical barrier in drug
absorption. The Gl-tract contains many degradative enzymes that form a barrier for
drug absorption (Dressman et al. 1998). The G-protein efflux system is included in this
biochemical barrier (Stouch and Gudmundsson 2002, Schinkel and Jonker 2003). The
fact 1s that the modification of drug absorption 1s very difficult, and thus the easier way

i1s to affect drug dissolution in the Gl-tract is by using different drug delivery systems.

2.2 Controlled oral drug delivery

According to Qiu and Zhang (2000) controlled release may be defined as a technique
or approach by which active chemicals are made available to a specified target at a rate
and duration designed to accomplish an intended effect. More specifically, an oral
controlled drug delivery system is, in principle, a device or dosage form that controls
drug release and absorption by the Gl-tract. A typical controlled release system is
designed to provide constant or nearly constant drug levels in plasma with reduced
fluctuation via controlled drug release over an extended period of time.

Controlled release dosage forms (equivalent to modified release dosage form)
include the following subclasses; extended release (equivalent to prolonged release),
delayed release, pulsatile release and accelerated release dosage forms (EMEA 1999a).
An extended release dosage form is defined as one with a slower release than that of the
conventional release dosage form administered by the same route. In the case of delayed
release, the release of an active substance is delayed for a predefined period after
administration or application of the dosage form. Pulsatile release 1s the release of an
active substance within predefined time intervals, which 1s achieved by an appropriate
manufacturing method. Accelerated release is a special drug delivery system, where
drug release 1s accelerated compared to conventional dosage form.

There are some principles that must be considered in deciding whether or not a drug
is feasible in oral extended delivery systems (Qiu and Zhang 2000). A poorly water-
soluble drug with a high dose requirement may be unsuitable for the controlled delivery
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systems. The drug has to be stable to pH, enzymes and other environmental conditions
existing in the Gl-tract, and the drug must have sufficient cell membrane permeability
properties in the entire Gl-tract to become absorbed. The best result can be achieved
with a drug having a short elimination half-life, but in the case of drugs owing half-lives
above 17 hours, 1t makes no 1dea to develop a slow release formulation. Drugs having a
narrow therapeutic index might be good candidates for controlled delivery systems, as
extended drug release reduces the fluctuation of plasma concentrations. However, in the
case of very serious adverse events upon undesired dose dumping of drug, it should
never formulate an extended drug release product. The extended oral delivery system
for drugs that experience high first-pass metabolism might be inapplicable, as slow drug

release allows effective metabolism, which reduces plasma concentrations.
2.2.1 Polymers in matrix type oral drug delivery systems

Polymers are the most common excipients used to control or modify drug release
from tablet dosage forms. Polymers for controlling drug release from oral drug delivery
systems can be divided into natural polymers and their derivatives, and synthetic
polymers. The chemical nature of these polymers varies remarkably. Because of that
each polymer has its own particular drug release properties. Also, their applicability
towards different controlled delivery systems varies.

The most common hydrophilic polymers in oral controlled delivery systems are
derivatives of cellulose and starch, especially hydroxypropyl methylcellulose (HPMC)
(Colombo 1993, Te Wierik et al. 1997). Other hydrophilic polymers are xantham gum
(Talukdar and Kinget 1997), sodium alginate (Efentakis and Buckton 2002), and
poly(ethylene oxide) (Kim 1995). The most typical characteristic property of these
polymers is their high swelling capacity, which has a significant effect on drug release
kinetics (Colombo 1993, Gao et al. 1996). Many commercial grades of these polymers
are available. Hydrophobic polymers are rarely used as a matrix forming excipient.
Typical hydrophobic polymers are ethylcellulose and ammoniomethacrylate copolymers
(Eudragit").

2.2.2 Release mechanisms

The study of drug release mechanisms is an essential part of the development process

of controlled drug delivery systems. Depending the release mechanism, the factors that
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control drug release varies. The main mechanisms are diffusional, swelling, degradation
and polymer dissolution. In practice, each mechanism is involved in drug release to
some extent, which makes the understanding and mathematical modelling of the drug

release phenomenon very complicated.
2.2.2.1 Diffusion-controlled systems

Diffusion is a major phenomenon that is involved in drug release from a matrix
system, but it rarely exists alone (Narasimhan 2000). In diffusion-controlled systems, a
drug is incorporated in the polymer, either dissolved or dispersed, and the polymer
phase can be a porous or nonporous system. The main points where it appears are
during the water penetration into the matrix and the drug transport from the matrix.
Essential factors controlling drug release are the aqueous solubility of a drug, mitial
drug concentration in the matrix, porosity, tortuosity of pores and additional polymer

properties. The transport of a drug from a polymer matrix can be described by Fick’s

law of diffusion (Eq. 4).
¢
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where J is the molar flux of the drug (mol/cm” s), 1 a diffusion coefficient of drug in
the polymer (cm¥s), ¢ the concentration of the drug (mol/cm’), and & the device
thickness (cm). This equation assumes that the diffusion coefficient is constant.
However, in the case of pharmaceutical drug delivery matrices, the diffusion coefficient
is rarely constant, but depends factors such as drug concentration, temperature, pressure,
solvent properties and the chemical nature of the solute (Martin 1993). In addition, the
degree of crystallinity and swelling of the polymer, porosity, tortuosity, relaxational
behaviour, and the geometry of the device should be taking into account in modelling
drug release from diffusion based matrices.

2.2.2.2 Swelling-controlled system
Drug release from a swelling-controlled system is a very complex phenomenon, due

to the complex macromolecular changes in the polymer during drug release. HPMC 1s

the most common swelling-controlled polymer for the preparation of oral controlled
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drug release systems (Colombo 1993), and thus, it 1s a good example of a swelling-
controlled system.

According to Siepmann and Peppas (2001) and Siepmann et al. (2002), the following
simplified phenomena are involved in drug release from HPMC matrix tablets; initially,
water penetrates into the HPMC matnx due, to the high water concentration gradient at
the polymer/water interface. This process is taken into account as; (I) the exact
geometry of the tablet, (11) the axial and radial direction of the mass transport and (111)
the significant dependence of the water diffusion coefficient on the matrix-swelling
ratio. In addition, water acts as a plasticizer, which decreases the glass transition
temperature of HPMC, thus allowing phase transition from the glassy to the rubbery
state. The rubbery state allows for much greater mobility of the polymer chain than the
glassy state, leading to higher mass transfer rates of water and drug. Water affects the
swelling of HPMC, which increases the dimensions of a device, and subsequently the
concentrations of both polymer and drug. Penetrating water dissolves the drug, which
starts to diffuse out of the device due to a concentration gradient between the device and
the surrounding dissolution medium. At the same time, increased water content in the
system increases the diffusion coefficient of a drug. In the case of poor water-solubility,
both dissolved and undissolved drug co-exist within the polymer matrix. Undissolved
drug is not available for diffusion. In the case of high initial drug loadings, the inner
structure of the matrix changes significantly during drug release, becoming more porous
and less restrictive for diffusion upon drug depletion. Depending on the chain length
and degree of substitution of the hydrophilic polymer, the polymer itself dissolves more
or less rapidly. In addition of swelling and diffusion, the erosion of gelled polymer
might be also occurred that has to be taken into account as an one of the determining
factors in drug release.

Since the 1960s, the development of a valid mathematical model has been based on
different theories to describe drug release from HPMC matrices (e.g. Hubert et al. 1966,
Lapidus and Lordi 1966 and 1968, Peppas et al. 1980, Lee 1980, Peppas and Franson
1983, Lee and Peppas 1987, Harland et al. 1988, Lee and Kim 1991, Méckel and
Lippold 1993, Tahara et al. 1995 and 1996, Ju et al. 1995a, 1995b, 1997). Because of
this, it 1s quite impossible to describe in detail the entire development process in this
context, but the most recent examples will be discussed briefly.

The “sequential layer” model was recently developed to describe drug release from
HPMC-matrix tablets by Siepmann et al. (Siepmann et al. 1999a, Siepmann et al.
1999b, Siepmann et al. 2000a, Siepmann et al. 2000b, Siepmann et al. 2002). This
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mathematical model is able to take into account the polymer dissolution, the effect of
HPMC grade, type of drug, the initial drug loading, the effect of tablet dimensions,
diffusion of water and drug, non-constant diffusitivies, moving boundaries and the
swelling of a system. This model is based on many theories, such as the reptation theory
in polymer dissolution (Narasimhan and Peppas 1996a, 1996b, 1997a, 1997b), Fick’s
second law in the diffusion of water and drug (Crank 1975), the free volume theory of
diffusion in the water content of a system (Fujita 1961) and both axial and radial mass
transport, and concentration-dependent diffusivities. However, the correct use of this
model demands a very deep understanding of different theories and well-established
research methodologies. This might hinder the utilization of this model, although it
might be the most applicable and predictive model that is currently available to model

drug release from controlled delivery systems.

2.2.2.3 Erosion and (bio)degradation controlled systems

Chemically controlled delivery systems are related to polymeric matrices, where
drug diffusion is controlled by bicerosion or biodegradation. Chemical reactions that
trigger drug release may include hydrolysis, enzymatic or biochemical mechanisms.
According to Narasimhan (2000), bioerosion is a process where physiological fluids
simply dissolve the polymer, rather than break it down. In the case of biodegradation,
the polymer will break down, via chemical reactions, into small molecular weight
fragments. In addition, the erosion can be divided into subcategories of surface and bulk
erosions (Tamada and Langer 1993, Gopferich 1996). As the names of surface erosion
implies out, erosion occurs on the surface of the polymer matrix. In bulk erosion,

polymers degrade or erode throughout the matrix.

2.2.2.4 Polymer dissolution controlled systems

According to Narasimhan (2001), two processes are involved in the dissolution of a
polymer. There are both solvent diffusion into the polymer and polymer chain
disentanglement. To examine this, two cases are presented; namely amorphous
polymers and semicrystalline polymers.

With amorphous polymers, a drug 1s molecularly dispersed into an amorphous
polymer phase, which is usually in the glassy state (Narasimhan 2001). When a soluble

polymer — drug matrix is placed into the dissolution medium, the solvent penetrates into
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the matrix, causing a reduction in the glass transition temperature (7,) of a polymer.
Once the 7, equals the temperature of the system, the polymer starts to change from the
glassy to the rubbery state and, consequently, it swells and forms a gel-like layer on the
surface of the matrix. In semicrystalline polymer dissolution, it is assumed that
dissolution follows the same mechanism as that of amorphous polymers but, at the
beginning, the crystalline chains unfold and join to the amorphous state (Mallapragada
and Peppas 1997).

2.3 Drying of solids

Most starting materials in pharmaceutical solids undergo drying at some production
stage. The drying stage is the final step where the physical properties of solids can be
modified. It has been pointed out that the drying conditions are of significant
importance for both friability and bulk density (Remon and Schwartz 1987), surface
structure and mechanical strength (Bataille et al. 1993, Dryer et al. 1994), porosity
(Bataille et al. 1993, Kleinebudde 1994, Habib and Shangraw 1997), compaction
properties (Chatrath and Staniforth 1990, Habib and Shangraw 1997) and drug release
properties (Dryer et al. 1994). Although these studies have been carried out with

granular systems, the results can be generalized to all bulk pharmaceuticals.
2.3.1 Mechanisms of drying

In drying, the basic goal is the removal of water from bulk solids. Evaporation of
moisture occurs when the vapour pressure of the moisture on the solid surface is equal
to the atmospheric pressure (Menon and Mujumdar 1987). 1t can be achieved by raising
the temperature and/or lowering the pressure inside the dryer. If the pressure i1s lowered
below the triple point and the temperature is correctly adjusted, the water directly
sublimates from ice to water vapour, which is the case in freeze-drying. According to
Menon and Mujumdar (1987), there are four methods of drying and these are based on
methods of heat transfer; 1.e. conduction, convection, radiant and dielectric heating.

Conduction 1s a suitable method for very wet solids (Menon and Mujumdar 1987).
Heat for evaporation, usually hot water steam or hot oil, is supplied through a heated
surface, where 1t 1s conducted to the solid. Often, appropriate mixing 1s added for the

smooth distribution of heat. Evaporated moisture is carried away under vacuum. A more
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powerful vacuum can be used for heat-sensitive solids. Typical conduction dryers are
described as tray, rotary and drum dryers.

Convection is the most common way of drying solids (Menon and Mujumdar 1987).
In convection, heat is supplied by a heated gas (normally air, but nitrogen is also
possible), which causes the vaporization of water. The heat 1s effectively transferred
from gas to solid by convection, which makes it a fast and powerful drying method.
Typical convection dryers are fluid bed and spray dryers.

In the radiation method of drying, electromagnetic radiation at wavelengths between
0.2m — 0.2um 1s exposed to the product, which causes warming (Menon and Mujumdar
1987). By selecting suitable wavelengths (e.g. microwaves), radiation penetrates to the
water molecules, which causes the boiling and eventual evaporation of moisture. This 1s
commonly used in modern household kitchens with the microwave oven. The radiation
method 1s often connected with other drying methods.

Dielectric heating 1s a rarely seen method in drying (Chatrath and Staniforth 1990).
In this concept, product is placed between two electrodes and a radio frequency
radiation (27 MHz) is applied to the drying chamber.

It should be noted that the moisture content of a product is an equilibrium reaction.
Thus, a product tends to be at equilibrium with the ambient humudity during storage,

which consequently changes the properties of a solid.

2.4 Multivariate methods in controlled drug delivery

Until the last decade, optimizing formulation was primarily done through trial and
error, which is very resource consuming. Today, the development and optimisation of
formulation 1s accomplished through experimental desing (Gabrielsson et al. 2002). In
addition, advanced statistical data analysis tools enhance the understanding of
relationships between factors and responses (Karnachi and Khan 1996, Sastry et al.
1997, Takayama et al. 2000, Hamed and Sakr 2001).

As pointed out earlier, drug release from matrix tablets 1s a very complicated
phenomenon to model and predict, due to the many factors affecting the release
phenomenon. Thus, traditional data analysis methods are not able to cope with this task.
Multi- and megavariate data analysis tools have been developed to manage large data
matrices and complex relationships between variables and responses (Geladi and
Kowalski 1986, Wold et al. 1987a and 1987b, Wold et al. 2001).
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Multivariate data analyses, Principal Component Analysis (PCA) and Partial Least
squares to latent Structures (PLS) have been successfully applied in many fields of
research. For example, in the prediction of drug solubility and permeability through
different biological membranes (Lindberg and Lundstedt 1995, Osterberg and Norinder
2001, Weber et al. 2001, Bergstrom et al. 2002)

To date, PCA and PLS have only been utilized in a very few studies (12 papers
according to Gabrielsson et al. 2002) in the field of pharmaceutical technology (e.g.:
Zackrisson et al. 1995, Jover et al. 1996, Pinto et al. 1997, Westerhuis et al. 1997,
Dyrstad et al. 1999, Adams et al. 2001, Tarvainen et al. 2001, Adams et al. 2002). In
these few studies, the multivariate methods proved to be a very useful tool for

modelling and predicting different pharmaceutical properties.
2.4.1 Basics of multivariate data analysis

Data always contains both systematic information about the system and noise
(variability) (Wold et al. 2001). By using an appropriate analysis method, the systematic
information can be extracted from the system. This noise is a mixture of measurement,
experimental, sampling, modelling and some other errors, which are involved in all
measurements and experiments. The noise affects the variability of data. Also, when the
amount of variables increase, the complexity of data also increases, making the data
multivariate. Subsequently, evaluation of the data by classical methods is difficult.

As the amount of variables increase, the independency of variables might be reduced
(Eriksson et al. 2001). In classical data analysis (e.g.; regression analysis), the basic
assumption is that all variables are totally independent, which means that one of two
correlating variable has to be removed from the analysis, while multivariate data
analyses are able to manage multiple correlating variables.

Individual measurements may contain large variability (noise), while important
effects might be obscured (Eriksson et al. 2001). Multivariate projection methods are
robust to noise in both the X data matrix and the Y response matrix, and they are able to
filter data to highlight the real effects.

Multivariate projection methods are also able to handle data matrices that include
missing data (Eriksson et al. 2001). If the resulting matrix contains around 50-100

observations, multivariate projection methods allow for 10-20 % of the missing data.
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Based on the many advantages of multivariate data analyses, multivariate methods,
especially PCA and PLS, are a promising tools for modeling and predicting drug release

from matrix tablets.

2.4.2 Principal component analysis (PCA)

Principal component analysis (PCA) forms the basis for multivariate analysis (Wold
et al. 1987a, Wold et al. 1987b). The PCA data matrix consists of observations in rows
with variables in columns. The observations can be analytical samples and/or chemical
compounds. The variables can be measurements that describe a system. The results may
reveal groups of observations, trends and outliers. Prior to PCA, data is often pre-
treated, as the numerical values of variables may have substantially different scales.
This means that variables having different ranges also have different variances. In the
pre-treatment, variances are normalized and, thus, the vanables are given an equal
weight in subseqvent calculations. The most common pre-treatment protocol includes

unit-variance scaling and mean-centering (Fig. 1).

Measured values

& “length
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m unit variance Mean —
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Figure 1. After unit-variance scaling and mean-centering all varables have the same
length and the mean value 1s zero

According to Eriksson et al. (2001), the first principal component is a line in the
variable space, which best approximates data in the least squares sense (Fig. 2). This
line 1s the average point, which goes through the origin. After that, all observations can
be projected onto this line, in order to get a co-ordinate value along the principal

component line. This new co-ordinate value 1s known as a score (t).
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Figure 2. First principal component (PC1) is the line, which best describes the shape of
the point swarm.

The second principal component is also a line, which is orthogonal to the first
component and also passes through the ongin (Fig. 3) (Eriksson et al. 2001). Together,
these two components define a plane in the variable space. By projecting all
observations onto this plane and plotting the co-ordinate values (score plot}), it becomes
possible to visualize the structure of the studied data set (Fig. 4). Observations that are
close to each other in the PCA score plot (Group 1 in Figure 4) have similar properties,
whereas observations far from each other are dissimilar, with respect to the studied

properties.
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Figure 3. The second principal component (PC2) 15 orthogonal to PC1. It reflects the
second largest amount of variation in the data.
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Figure 4. PCA score plot. Dots are observations, which are projected onto the PCI
versus PC2 score plot.

The meaning of scores 1s given by their loading (Eriksson et al. 2001). The loadings

define the orientation of the principal component plane with respect to the original X-



33

variables. Algebraically, the loadings inform how the variables are linearly combined to
form the scores. The loadings also tell about the magnitude (large or small correlation)
and the manner (positive or negative correlation) in which the measured variables
contribute to the scores. Thus, variables contributing similar information are grouped
together (e.g ; vanables 1, 2 and 3 in group A or vanables 4 and 5 in group B) (Fig 5),
and they are positively correlated; e.g., as the numerical value of variable 1 increases or
decreases, the numerical value of variable 2 and 3 tend to change in the same way.
Inversely, variables between group A and B are negatively correlated, for example,
when the numerical value of variable 1 in group A increases as the numerical value of
variable 4 in the group B decreases.

In addition, the distance of variable to the plot origin indicates the magnitude of that
variable. The further away a variable position lies from the origin, the stronger the
impact that variable has on the model. Inversely, variable 6 lies near the origin and,
thus, 1t has no effect on the model. Furthermore, loadings can be used to interpret the
meaning of the scores. Group 1 (Fig. 4), for example, can as characterized as having
high values for variables 1, 2 and 3, but low values for variables 4 and 5 (Fig. 4 and 5).
So, from the PCA score and loading, groups of observations, trends, outliers and

relationships can be seen between observations and variables.
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Figure 5. PCA loading plot. Dots are weights, which define the orientation of the plane
in the variable space.



2.4.3 Partial least squares to latent structures (PLS)

PLS 1s a regression extension of PCA, which connects information in two blocks of
variables; X and Y, (Wold et al. 2001, Eriksson et al. 2001). The main difference
between PCA and PLS 1s that in PLS each row of a data table corresponds to two points

rather than one; one in the X-space and one in the Y-space (response) (Fig. 6).

Same observation

Y 3

Figure 6. Observations are divided into two point-swarms; one in the predictor (X)
space and one in the response (Y) space.

The first PLS component is a line an the X- and Y-coordinates that approximates the
point-swarms, passing through the origins of each plot, and provides a good correlation
with the score vector uy. All observations are projected onto these lines in order to get
the score vectors t; and uy, for X and Y, respectively (Fig 7A and 7B). The X-score
vector can be considered as a new variable, which reflects the information from the
original X-variables. A correlation between X- and Y-space is achieved when the score

vectors 1, and u; are connected through inner relation (Eq. 5) (Fig. 7C):

“/] :IJI *h (5)

where wu;; 15 the score value of observation /7 in Y-space, /; the score value of
observation i in X-space and /4, is a residual. Number /7 indicates the component

number.
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Figure 7. The first component of a PLS-model forms two lines, one in the X-space (A)
and other in the Y-space (B). Information between X- and Y- spaces is connected and
correlated through the inner relation (uy — 1, 1 4,) (O).

The second component finds the orthogonal directions in the X- and Y-spaces, which
improves the description of these spaces as much as possible (Fig. 8A and 8B). These
two lines form planes; scores /; and 7, in X-space and u; and »> in Y-space. Equivalent
with plot w,versus 7, (Fig. 7C), scores vectors ¢, and #; also indicate a correlative
structure between X- and Y-spaces (Fig. 8C). As the first component explains most of
the data variation, the correlation between (> and w» i1s weaker than the correlation
between #; and u;. Simultaneously, as the data variation is explained more completely,

residuals become smaller. Additional components are treated with the same logic.
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Figure 8. The second component is a line located orthogonal against the first
component. First and second component lines form planes in the X- (A) and Y-spaces
(B). Score vectors £, and u, (C) correlate weaker that the first pair of score vectors,
which 1s found as a boarder point swarm compared to Fig. 7C.

The meaning of variables 1s given by weights, which 1s illustrated by the PLS loading
plot in the same way as the PCA loadings (Fig. 9). The PLS weights describe the
relationships among variables at the same time, and 1dentifies which are associated and
which contributed unique information. So, PLS tells what X gives Y and/or how to
adjust X to get a desired Y. For example, as one increases the value of response variable
A (Fig. 9), it has to increase the numerical values of X variables | and 2, as they are
projected on the same side of the plot as response variable A, and/or decreases the
numerical values of X variables 4 and 5, as they are projected on the other side of plot

as response variable A. X variable 3 has no effect on response variable A, as it has been
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projected on the plot origin. So, the decreasing magnitude of variables into the response
1s 5 >4 > 1> 2, which is actually the projecting length of variable from the plot origin.
PLS can also be used to predict unknown responses after a valid PLS model has been
established. A new observation, which was not used in PLS model building, is located
in the X-space (Fig. 10). Next, 1ts projection on the X-model (f) is entered into the inner
relation equation, which produces a # —value. This v —value defines a position on the Y-

space model, which, in turn, corresponds to a predicted value for a response variable.
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Figure 9. PLS weight plot, which tells the effect of X variables on Y responses.
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Figure 10. PLS prediction procedure. Open circles are observations used in model
building and the star represents the predicted observation.

2.5 Pharmacokinetics

In vivo studies must be done in order to get a confirmation of whether or not a new
agent 1s able to work as a release controlling excipient in humans. According to
standardized procedures (EMEA 1999b), it should be demonstrated that the controlled
release formulation has the claimed pharmacckinetic characteristics. Special interest is
focused on the rate and extent of absorption, and fluctuation in the plasma concentration
of a drug. The pharmocokinetic parameters of interest are peak plasma concentration
(Cinax), area under the curve (AUC), and the minimum plasma concentration in repeated
dosing (Cuin). AUC is determined by linear trapezoidal summation, C,,. and C,,;, are
obtained directly from the data.

The assessment of bioequivalency 1s based on a comparnson of AUC and Cp..
between the test and reference product (FDA 1997a). To establish bioequivalency, the
ratio of the geometric means of test and reference product and their 90% confidence
interval of AUC and C.. should fall within the limits of 0.80-1.25.
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2.5.1 In vitro — in vivo correlation (IVIVC)

Establishment of an IVIVC is very useful in guiding formulation and process
development in the early stages (FDA 1997b). IVIVC can also facilitate scale-up, in
addition to pre- and post-approval changes. FDA classifies IVIVC into four categories;
A, B, C, and multiple C. Level A is a predictive mathematical model for the relationship
between the entire in vitro release time course and entire in vivo response time course. A
level A correlation is the most desired. Level B is a predictive mathematical model for
the relationship between summary parameters that characterize the in vitro and in vivo
time course; e.g., models that relate the in vitro MDT (mean in vitro dissolution time) to
in vivo MDT (mean in vivo dissolution time) or in vivo MRT (mean in vivo residence
time). Level C is a predictive mathematical model for the relationship between the
amount dissolved in virro at a particular time (e.g., Qeo), or the time required for the
dissolution of a fixed amount (e.g.; Tsg0,), and a summary parameter that characterizes
the in vivo time course (e.g Cpae or AUC). Multiple level C is a predictive
mathematical model for the relationship between the amount of drug dissolved at
several time points for a product, and one or several pharmacokinetic parameters of
interest.

IVIVC can be established if the dissolution rate is the rate-limiting step in drug
absorption (Cardot and Beyssac 1993). According to the Biopharmaceuticals
Classification System (BCS) (Amidon et al. 1995), IVIVC can be obviously established
for drugs belonging to class I or 11, if the release rate is controlled. Class I drugs are
highly permeable in the intestine and highly soluble at physiological pH. With class 11
drugs, the permeability is high and solubility Tow.

2.5.2 Establishment of Level A IVIVC

The most commonly seen process for establishing a Level A TVIVC 1s to (1) develop
formulations with different release rates (e.g.; fast, medium and slow), (2) obtain in
vitro dissolution profiles and in vivo plasma concentration versus time profiles for these
formulations and (3) estimate the cumulatice in vivo absorption profiles using an
appropriate deconvolution technique for each formulation and subject (Fig. 11).

Different mathematical models have been used to correlate in vifro drug release and
in vivo plasma concentrations of drug or the amount of drug absorbed (Loo and
Riegelman 1968, Wagner 1983, Cutler 1978, Gillespie 1997). Convolution and
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deconvolution methods form the basics in the establishment of Level A correlation (Qiu
et al. 2000). The mput function (f#)) (i.e.; drug absorbtion in the Gl-tract) can be

obtained by using a convolution integral (Eq 6):
Cr)=f(1)-Cs ) (6)

where Cy1) 1s the unit impulse response (i.e.; plasma levels from an i.v. bolus) and ()
the impulse response (i.e.; plasma levels from oral solution).

The Wagner-Nelson and Loo-Riegelman model-dependent methods are commonly
used for estimating in vivo drug absorption after oral administration of a drug (Qiu et al.
2000). Deconvolution methods are so-called “indirect” two-stage approaches, where in
vivo drug absorption 1s determined by deconvolution and then compared to in vifro drug
release. The Wagner-Nelson method is based on the mass balance, and the assumption
of a one-compartment model. The advantage of the Wagner-Nelson method is that
intravenous data 1s not necessary, but it utilizes the terminal phase elimination rate
constant and AUC in determining in vivo drug absorption. The disadvantages are that
only apparent absorption 1s estimated, and determination of the exact elimination rate
constant is difficult, especially with extended drug release and/or long half-life of a
drug.

Loo-Riegelman 1s another method for estimating the in vivo fraction absorbed. Tt
copes with two- or more compartmental models (Loo-Riegelman 1968). The Loo-
Riegelman method is also based on the mass balance between different compartments.
In addition, this method requires intravenous data to determine rate constants between
different compartments.

Some justified criticism has been directed towards deconvolution methods because
of its indirectness (Gillespie 1997, O’Hara et al. 2001). The main disadvantages are the
sensitivity or instability of deconvolution, and that it predicts the fraction of release
and/or absorbed drug, rather than the plasma concentration of a drug. Method instability
1s due to the mathematics of the method, since the amount of time points for blood
samples is often low, and thus, only a small change in the data can remarkably affect
changes 1n response. However, after adequate damping or smoothening methods, 1t 1s
possible to obtain reliable deconvolution methods (Proost 1985).

Convolution is an alternative method to establishing a Level A IVIVC. It can directly
predict plasma concentrations using Equation 6 in a single step (Qiu et al. 2000). The
basic assumption 1s a linear, time-invariant relationship between drug release and

plasma concentration. The IVIVC 1s validated by comparing the predicted plasma
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concentrations with the observed plasma concentrations. As in extended drug delivery,
some drugs might be released beyond the site of drug absorption, which has been
proposed as an extended convolution model (Gillespie 1997). This method utilizes
cumulative amounts of released drug.

As the target of developing IVIVC 1s to establish a predictive model describing the
relationship between in vitro characteristics and a significant in vivo response, the
prediction performance must be validated. The internal predictability of a Level A
correlation is based on the initial data set used to define the IVIVC. If one or more
formulations do not reach acceptable limits then external predictability must be carried
out based on an additional data set. Predictability is calculated as a prediction of percent
error (%6°1)). The average of three predicted AUC and C,,,. measures should fall below
a %PE of 10 % and the %PE for each formulation should not exceed 15%. External
predictability is based on additional data set that is not used in the establishment of
IVIVC, and from a scientific point of view, 1t might be beneficial carried out after the

determination of internal predictability.
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Figure 11. Schematic presentation of establishment of in vitro — in vivo correlation
(IVIVQ).
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3 AIMS OF THE STUDY

The general objective of this study was to evaluate the applicability of starch acetate

as a novel tablet excipient for oral extended drug release tablets. The specific aims were

as follows:

L.

To study the physicochemical, direct compressibility, tablet and drug release

characteristics of starch acetates having different degrees of acetyl substitution.

To evaluate the impact of different drying methods on particle, powder, tableting

and tablet properties of starch acetate (degree of substitution 2.6).

To determine factors affecting the release kinetics and mechanisms from tablets
compressed from a binary mixture of different drug-starch acetate tablets using

multivariate data analyses.

To evaluate the bioavailability of starch acetate - diltiazem tablets in human
volunteers, and to confirm whether starch acetate acts as a drug release
controlling excipient in vivo. To establish an in vitro-in vivo correlation using a

direct cumulative area under the curve (AUCcum) approach.
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4 EXPERIMENTAL
4.1 Materials
4.1.1 Starch acetate (I-1V)

All starch acetates (I-1V) were prepared by substituting a portion of the hydroxyl
groups on a starch polymer with acetyl groups in an esterification reaction (VIT
Rajamiki, Finland). Briefly, starch acetates were synthesized by allowing native starch
to react with aceticanhydride in the presence of a 50% sodium hydroxide solution. The
resulting mixture was cooled and the starch acetate was precipitated from water with
vigorous mixing. The precipitate was filtered and washed thoroughly with water and
dried. The degree of substitution of the starch acetate was adjusted by varying the
amount of acetanhydride and base, and other reaction conditions.

Barley starch was used as a raw material in the preparation of starch acetate (1)
having degrees of substitution (ds) of 0.34, 1.19, 2.10 and 2.90. A sieved fraction of 53-
297 um was collected and stored at 33 % relative humidity and room temperature prior
to experiments.

In the preparation of starch acetate (ds 2.6) (Il), potato starch was used as a raw
material. Starch acetate was used as received and stored at 33 % relative humidity and
room temperature prior to experiments.

Also, in the preparation of starch acetate (ds 2.7) (L1, IV), potato starch was used as
a raw material. A particle size fraction less than 500 um was used and stored under the

ambient conditions prior to experiments.
4.1.2 Reference direct compression excipients (I, IL, TV)

The following direct compression excipients were obtained commercially;
microcrystalline cellulose (I, II) (MCC) (Avicel PHI01, FMC, USA) dicalcium
phosphate dihydrate (I, II) (DCP) (Emcompress , E. Mendell, USA) and modified
starch (T) (MS) (Starch 1500, Colorcon, England) and all were used as received and
stored at 33 % relative humidity and room temperature prior to experiments.

Magnesium stearate (I, IV) (0.5 % (w/w)) was used as a lubricant in tableting.
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4.1.3 Model drugs (I, II1, IV)

Anhydrous theophyllin (IIl), diltiazem-HCl (ITI, TIV), ibuprofen (III) and
propranolol-HCI (I, TII) were obtained from Orion Pharma (Finland), and atenolol (III),
diclophenac-Na (11I) was obtained from Leiras (Finland). All drugs fulfilled the quality

requirements of Ph.Eur., and were used as supplied.

4.1.4 Other chemicals (I, ITI, IV)

Chemicals for the preparation of dissolution mediums and liquids for
chromatography were obtained from commercial suppliers and used as received. All
materials were at least of analytical grade and, in the case of lLquds for

chromatography, chromatographic grade.

4.2 Methods

4.2.1 Drying procedure of starch acetate (IT)

Starch acetate (IT) was synthesized up to drying phase as described above, and the
resulting starch acetate slurry was dried by four different dryers: batch 1 (Lodige VTS50,
Gerb Lodige Maschinenbau GmgH, Paderporn, Germany), batch 2 (Drais Turbudry
TD20, Draiswerke GmbH, Speckweg, Germany); batch 3 (Anhydro tunnel-shaped
flurd-bed dryer, APV Anhydro AS, Copenhagen, Denmark); and batch 4 (Laboratory
Spin Flash dryer, APV Anhydro AS, Copenhagen, Denmark) (Table 1). Dryers for
batches 1 and 2 were horizontal vacuum rotary dryers (conduction) (Moore 1987). The
dryer for batch 3 was a fluid bed dryer (convection). The dryer for batch 4 was a
mechanical agitated fluid bed dryer (convection), or “spin flash™ dryer. This fourth

dryer was similar to the fluid bed dryer, but contained an additional mechanical agitator.



46

Table 1. Dryers and Drying Parameters*

Drying Drving Vacuum Batch Yield Drying Residual Batch

Mcthod Temp Size Time Moisture  Code
0 (mbar) (ko) (%)  (min) (%)

Lodige VT30 70% 100 6.3 66 120 6 Batch 1

Drais Turbudry TD20 43-92%  45-170 70 81 90 1 Batch 2

Anhydro tunnel-shaped 140§ - nd nd 240 3 Batch 3

fluid-bed drver

Laboratory spin flash 140§ - 12 89 75 5 Batch 4

dryer

*nd indicates not determined.

tJacket temperature.

+Material temperature during drying.

§AIr inlet temperature (outlet temperature was 70 °C in batch 4, but outlet temperature
of batch 3 was not known).

4.2.1 Characterization of starch acetate (I)

Determining of the substitution degree of starch acetates was done as described in the
literature (Wurzburg 1964).

4.2.2.1 Differential scanning calorimetry (DSC) (I)

Differential scanning calorimetry (DSC) (Perkin-Elmer DSC7, Perkin-Elmer Co.,
USA) was used in the determination of glass transition temperatures (Tg) for starch
acetate. Samples (4-6 mg) were closed in 50ul aluminum pans with holes. The heating
program was as follows; heating from 20 °C to 200 °C (20 °C/mun); cooling to 100 °C
(20 °C/min) and a second heating up to 200 °C (10 °C/min), where the glass transition

temperatures were determined and expressed as a mean of three parallel scans.
4.2.2.2 X-ray powder diffractometry (I)

Crystal structures were determined by using X-ray powder diffraction. Diffraction
patterns were obtained by a Philips PW1710 automated powder diffractometer system
(Philips, The Netherlands) with the following conditions; Cu tube anode as a source of
radiation (wavelength = 0.15456 A), voltage 50 kV, current 40 mA, automatic
divergence shit (irradiated sample length 12 mm), receiving slit 0.2 mm a proportional

detector step size of 0.025°, sample time 1.00 s, and a peak angle range of 1.000-

El
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40.000°. Data were collected and analyzed using the Philips ADP1700 software

program.

4.2.3 Particle and powder properties (I, 11, 11I)

The particle size (I) of starch acetate sample was calculated from digitized images of
the scannig electron micrographs (SEM) (Jeol JSM-35, Japan). Also, scanning electron
microscopy was used in the visual evaluation of surface texture (IT) of the starch
acetates. The Martin’s diameter was measured from at least 740 starch acetate particles
and at least 400 reference material particles.

The particle size (1I) and size distribution (11) of the powder was determined by a
laser diffractometer (Malvern Instruments Ltd, Mastersizer 2000, Worcestershire,
England) by the particle in liquid (ethanol) method. Particle agglomerates were
decomposed using ultrasound. The use of ultrasound was terminated when particle size
did not change between individual measurements. Next, particle size was determined as
the mean of 10 measurements. Results are expressed as (v, 0.1), D(v, 0.5), and D(v,
0.9), where (v, 0.1), IX(v, 0.5), and (v, 0.9) are particle sizes (/) in microns at 10%,
50%, and 90% of the sample size, respectively. The term “v” indicates that particle size
determination was based on the volume of a sphere that is equivalent to the measured
particle. Particle size distribution was determined as a span, measured as the width of
the size distribution; 1.e.; the narrower the distribution, the smaller the span becomes.

The span was calculated from Equation 7.

(D(-,0.9)- D(,0.1)] (7)

Span =

Particle densities (I, 11, 11I) (Ph Eur 2.2.24) of the powders were measured with a
multipycnometer (Quanta Chrome, Syosset, NY, USA) using helium as a measuring
gas. Bulk density (II) was determined by carefully pouring the powder into a glass
cylinder, then calculating the mass of powder by dividing it with the powder volume.
For tap density (1l), the cylinder was tapped for 10 minutes (Erweka SVM, Erweka
Apparatebau GmbH, Heusenstamm, Germany). The tap density was calculated as the
bulk density, as describe above. Densities were determined as the mean of five
measurements.

The volume reduction (IT) of a powder due to tapping was calculated by the
Kawakita equation (Eq. 8) (Ludde and Kawakita 1966):
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N N 1
L=t (8)
C a ab

where N is the number of taps, and both a and b are constants. The constants of the
Kawakita equation can be used to estimate the flow and cohesive properties of powders.
Constant a describes the compressibility and constant /b describes cohesive properties
of a powder, or the amount of time 1t takes to achieve the final packing stage. Term C
describes volume reduction during the tapping treatment, and was calculated by

Equation 9:

v, -7
V

0

C= )

where V) 1s the loose volume of the powder column before tapping, and Vv is the
volume of the powder column after a certain number of taps (V).

Flowability (1) of the samples was determined using the standard Ph.Eur. (2.9.16)
method. Briefly, forty grams of powder mass, which contained 99.5% (w/w) of the
excipient and 0.5% (w/w) of magnesium stearate as a lubricant, were placed in a funnel
and allowed to flow. The orifice of the funnel was fixed 6 cm above the base. Flowing
time (1) was measured and results were presented as seconds per 100 g of powder mass.

The angle of repose (1) was calculated from the formed powder pile by equation 10,

h,

r

tand = (10)

where h. 1s height of the pile of powder and # is the radius of the base at the cone.
Results are expressed as a mean of three determinations. In the case of same
experiments (IT), the angle of repose was determined from a twenty gram powder
sample and results are the expressed as the mean of five determinations.

The water content (1) of powders was measured using a Karl-Fischer titrator (Mettler
DL 35 Karl-Fischer titrimeter, Switzerland). Results are the means of five
determinations. Powder samples were stored at 33% relative humidity and room
temperature at least seven days before measurements. Residual water (1) after different
drying methods was measured gravimetrically. Water content (11) of the powders was

measured by the gravimetric method. Powders were stabilized at 33% relative humidity

at room temperature prior to measurements. Stabilized powder samples were placed in
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petri dishes and dried in the oven at +170 °C (Termaks, Norway). The weight loss was
obtained by accurately weighing the sample after 24 hours of drying. Results are
expressed as the mean of three parallel determinations.

The specific surface area (II) (SSA) of powdered samples was determined by the
single-point BET method (Micromeritics, Flowsorb 11 2300, Norgross, GA, USA). A
nitrogen/helium (70%/30%) gas mixture was used as a measuring gas. Powders were
dried under vacuum and +40 °C for 24 hours before determination. Results are

expressed as the mean of five determinations.

4.2.4 Tableting (I-1V)

Tablets (I) contained 0.5 %(w/w) magnesium stearate as a lubricant and were
compressed with an instrumented eccentric tablet press (Korsch EK-0, Germany) at a
press speed of 30 rpm using flat faced punches and a die of 10 mm in diameter.
Compression pressures of 90, 190 and 320 MPa were used. Tablet weights were
adjusted to give a theoretical thickness of 1.5 mm at zero porosity, taking into account
the diameter of the die and the particle densities of the excipients. Scanning electron
micrographs (Jeol JSM-35, Japan) were taken after compression to examine the surface
structure of the tablets (I).

Tablets (1) were compressed with a compaction simulator (PCS-1, PuuMan Ltd,
Finland) using a 10-mm diameter flat-faced punch and die set. A compression pressure
of 200 MPa was applied at rate of 30 mm/s. The upper punch followed a saw-tooth
profile, while the lower punch was kept stationary during compression. The weight of
tablets was adjusted to give a theoretical thickness of 1.5 mm at zero porosity, taking
into account the diameter of the die and the particle density of the material. Force-
displacement data were collected from 4 parallel compressions and corrected according
to punch deformations.

A two level, three-factor experimental design with a centre point was used to
produce tablets (111) with different drugs. Porosity of the tablet, drug/starch acetate ratio
and tablet mass were used as determining factors. The formulations of the starch acetate
tablets for evaluating drug release properties are presented in Table 2. For each
formulation, accurately weighed amounts of drug and starch acetate were thoroughly
mixed in a mortar. The mixture was then compressed using a compaction simulator
(PCS-1, Puuman Ltd, Finland) with 10 mm diameter flat-faced punches. A double
sided-sine wave compression profile was used. The height and duration of the profile
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was 6000 um and 400 ms, respectively. The simulator was adjusted to produce the
desired tablet porosity by taking into account the material densities, powder masses and
diameters of the tablets. Three tablets of minimum weight and porosity deviation from
the respective theoretical values were selected for the dissolution studies.

Three different starch acetate — diltiazem tablets (1V) were formulated to produce
fast, equal and slow drug release profiles, compared to a reference product.
Formulations contained 50% (fast), 35% (intermediate) and 15% (slow) diltiazem,
designated as D15, D35 and D50, respectively. Each formulation contained a total of 90

mg of diltiazem and 0.5 m/m% of magnesium stearate as a lubricant.

Table 2. Formulations (A-I) and process factors studied.

Component A B C D E F G H 1

Drug (%w/w) 5 5 5 5 10 15 15 15 15
Starch acetate (Yow/w) 95 95 95 95 90 85 85 8 85
Tablet porosity (%) 5 10 5 10 75 5 10 5 10
Tablet mass (mg) 200 200 250 250 225 200 200 250 250

4.2.4.1 Volume reduction, forces and works during tableting (11, 11I)

Volume reduction properties of the powders (Il, 11I) were evaluated from force-
displacement data using the Heckel equation (Eq. 11) (Heckel 1961 a and b):

=(k, -P)+ A (1)

(1-n,)

where D), 1s the relative density of a powder column at compression pressure £. The
reciprocal of slope (k,) from the Heckel plot is referred to as the yield pressure (Py).
Constant 4 in the Heckel equation is related to the die filling and particle rearrangement
phases before deformation and particle bonding. The relative densities of the powder

beds at the very beginning of compression were calculated by Equation 12:

D.’I :D\) +D[7 (12)

where Dy describes the relative density due to die filling, D, represents the particle
rearrangement phase, and D, includes both the die filling and particle rearrangement

phases.
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The following compaction properties (IIT) were determined; the maximum
compression force of the upper (L) and lower (Fi,) punches, maximum ejection force
(F), minimum tablet height (Huin) during compression, absolute and relative work of
the upper (W) and lower (W), and Wy,) punches, absolute and relative works of
expansion (W and W), friction (Wyi and Wygw), ejection (W, and W) and net
work (Whe and Wiet) (De Blaye and Polderman 1970, 1971, Ragnarsson and Sjogren
1983, 1985).

4.2.5.2 Characteristics of tablets (I, 11, I11,)

Breaking strength, height and diameter of tablets (1, 11) were measured 24 hours after
tableting. Breaking strengths were measured with an universal tester (CT-5 tester,
Engineering Systems, England) operated at a constant cross head speed of 1 mm/min.
The tensile strength of tablets was calculated according to Fell and Newton (1970) (Eq.
13):

m-h, -d (13)

were £ 1s the breaking force, A. is the tablet height, and d is the tablet diameter.

The friability (1) (Ph.Eur. 2.9.7) was determined from tablets at compression
pressures of 90, 190 and 320 MPa. Six tablets were placed in a Roche friabilator
(Erweka, Germany) for four minutes at 25 rpm. The loss of tablet weight was calculated
as a percentage of the initial weight.

Disintegration studies (I) were made according to the specifications of the Ph. Eur.
(2.9.1) method with discs (Erweka, Germany). The disintegration medium was distilled
water (800 ml) maintained at 37 + 1.0 °C.

The weight, and dimensions of tablets were measured at least 24 hours after
tableting. The density (,,) of the tablet (IIT) was calculated according to Equation 14:

Pu= (14)
Ty

where m 1s the weight of the tablet, r is the radius and 4 is the height. Porosity (&) of the

tablet (1, 11, 111) was calculated according to Equation 15:
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£= 100% (15)

where m 1s the weight of the tablet, }” the volume and p,, the particle density. Elastic
recovery (ER%) of the tablet (II, TIT) was calculated according to Equation 16:

H

w —H

where H.,.;,» 1s the height of the tablet at the maximum compression pressure and H, 1s

the tablet height at 24 hours after compression.

4.2.5 In vitro drug dissolution (I, ITI, TV)

Drug release from tablets was determined by the USP dissolution test method (USP
XX1V) with basket (I, III) and paddle (IV) at 900 rpm (Sotax AT6, Switzerland). The
volume of dissolution medium was 900 ml, maintained at 37 + 0.5 °C. Detailed
dissolution medium compositions and sampling times are given in the original papers (1,
111, TV).

4.2.5.1 HPLC-chromatography for in vitro drug dissolution (1IL, IV)

Drug analysis was performed by a Gilson HPLC system consisting of a 234
autoinjector (Gilson, France), 321 pump (Gilson, France), UV/VIS-151 detector
(Gilson, USA), system interface module (Gilson, USA) and Unipoint™ LC system
version 3.01 software (Gilson, USA). A loop injection volume of 20ul and flow-rate of
1 ml/min were used. The analytical column was Inertsil® ODS-3 (4.0mm x 150mm)
(Japan). The column was kept at +40 °C with a column oven (Crocosil, France). The

mobile phases and wavelengths are shown in Table 3.
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Table 3. HPLC assay for the analysis of dissolved drug.

Drug Amount of  Amount of Amount of Wave-
AcN* Water TFA® length
(%) (70) (%) (nm)
Propranolol HCI 30 70 0.03 289
Atenolol 1O 90 0.03 274
Verapamil HCI 35 65 0.03 229
Diltiazem HCI 30 70 0.03 237
Ibuprofen 70 30 0.10 214
Diclofenac Na 65 35 0.10 237
Theophylline anhdr. 10 90 0.03 271

AcN" = Acetonitrile, HPLC-grade (Rathburn, UK)
TFA® = Trifluoroacetic acid, spectrophotometric grade (Aldrich, USA)

4.2.5.2 Analysis of drug release kinetics and rates (L, L1, IV)
Power Law equation was used to evaluate drug release from the starch acetate matrix

in 1, IIT and TV papers. The dissolution data was fitted according to the Power Law

equation (Eq. 17) (Korsmayer et al., 1983):

L=k (17)

where MM . is the fractional (0-0.6 (I, 11I) and 0-0.75 (1V)) drug release at time ¢, k is
a constant incorporating the matrix structure, and # is a diffusional exponent, which was
used to characterized the transport mechanism. When n was 0.43-0.50, the release
mechanism indicated a pure diffusional release of the drug (time squared release
kinetics), and when n was 1.00, drug release followed zero-order transport (constant
drug release) (Ritger and Peppas 1987). Values between 0.50 and 1.00 indicated an

anomalous release of the drug.
4.2.5.3 Multivariate analysis of drug release mechanisms and kinetics (11I)

A Principal Component Analysis (PCA) was used to summarize data contained in the
X-matrix; indicating strong outliers and main influential variables, using SIMCA-P
(Version 10.0, Umetrics, Sweden) software. Data was pre-treated by unit variance
scaling and mean centering for normalizing the weight of each variable in the model.

Eight main components (PC) were used to describe the data matrix. The PCA score plot
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t[1]/ t[2] and Hotelling s T° diagnosis at the 95% confidence level were used to observe
strong outliers.

PLS was used as a regression extension of PCA (SIMCA-P, Version 10.0, Umetrics,
Sweden). In the PLS, a quantitative regression between the variables and observations
was determined. Diffusional exponent (1) and drug release rates (k) were studied
separately. As explanatory variables (n=52), different formulations, compressions,
tablet and drug properties were used (original paper 111, Table 3). Data was pre-treated
using a unit variance scaling and mean centering for normalizing the weight of each
variable in the model. Also, skewed variable distributions were normalized by Log or
power transformations. Strong outliers were determined by Hotelling's T° diagnosis at
the 95% confidence level. Insignificant variables were detected by variable influence on
projection (VIP). Variable having the lowest VIP value were excluded from the model
and, that variable was permanently removed, if the value of the prediction parameter
(O7) subsequently increased. This procedure was repeated until the O° parameter did not

improve any more.
4.2.6 Bioavailability (IV)

An open, single dose, randomised, 4-treatment, 4 period, 4 sequence, cross-over trial
was conducted in eight healthy volunteers, to evaluate plasma concentration-time curves
of the three formulations and the reference product (Dilzem 90mg depottabl, Orion
Pharma, Finland). Each treatment period followed a two-week wash out period to
eliminate the effect of each tested dose before the next treatment. Cy. was directly
recorded from plasma concentration-time profiles and the AUC,., was calculated
according to the trapezoidal rule by using the WinNonlin Professional software package

(version 4.0.1, Pharsight, USA) for pharmacokinetic calculations.
4.2.6.1 Validated assay of diltiazem plasma samples (IV)

The following international guidelines and requirements were followed in the present
study; Validation of Analytical Methods, Definitions and Terminology, ICH Topic Q2A
and Validation of Analytical Procedures and Methodology, ICH Topic Q2B, including
specificity, limit of detection and quantification, linearity, precision and accuracy, intra-
and inter-day variability, stability in the freezer and autosampler. Plasma samples were

frozen at —20 °C at the clinical study site immediately after separation of the plasma.
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Plasma was prepared for analyses by extraction with acetonitrile. The same procedure
was used for the preparation of samples for the calibration curve construction, quality
control samples and samples from the clinical trial. Plasma samples were thawed at
room temperature. 700 ul of plasma was transferred to 2.2 ml vial. To this plasma
sample, 50 ul of 7 pg/ml verapamil (internal standard) solution was added and vortex-
mixed for 10 seconds. Then 900 ul of acetonitrile was added and the sample was
vortex-mixed for | minute. The resulting sample was centrifuged at 6400 rpm for 10
min at 10 °C. Vials were kept frozen overnight at —20 °C. Freezing of the samples
allowed efficient separation of aqueous and organic phases. From frozen samples 600
ml of the organic phase was removed with a pipette and transferred to a 1.5 ml vial. The
solvent was evaporated to dryness under a stream of air. The sample was reconstituted
in 120 ul of mobile phase, vortex-mixed for 0.5 minute and centrifuged at 6400 rpm for
10 min at 10 °C. 70 ul of this solution was transferred to the auto sampler vial. The
previously validated chromatographic conditions were as follows; column: Lichrosorb
RP-18, i.d. 5 pm, 250x3.2 mm (Alltech Associates Inc., USA), loop injection volume
40 ul, mobile phase acetonitrile 0.01 M phosphate solution (Na,HPOy), triethylamine
15:85:1, flow rate 0.7 ml/min, detector wavelength 237 nm, column temperature 21-23

°C (room temperature), temperature in autosampler 10°C, run time 13 min.
4.2.6.2 Establishment of In Vitro — In Vivo correlation and Bioequivalency (1V)

The cumulative AUC .04 of time profiles (AUCcum(t)) was generated from averaged
concentration-time profiles of diltiazem 1n plasma without further time scaling.
AUCcum(t) of each formulation was fitted to the Hill equation and constants a, b and ¢
were determined (Eq. 18) (Balan et al. 2001):

AUCcum(t) = ? ) (18)
¢’ +1"

where a, b and ¢ are constants, and AUCcum(t) is the cumulative area under curve at
time 1. Average profiles of in vitro dissolution were fitted by Power Law equation 16 up
to 75%. Next, a correlation analysis was conducted to find correlations between Hill’s
constants and in vifro drug release rates and diffusional exponents. Finally, the
predicted AUCcum(t) was calculated from the in vitro-in vivo regression equation and
Hill function. The internal predictability of IVIVC was evaluated to ensure the

predictive performance of the model, using a percent prediction error (%PE)
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calculation. Predicted AUCy.24, and C,.c were compared to the observed AUCq.y, and

Cinax using equation 19:

(Obs —Pred)

Obs

%PE{ ]100% (19)

Bioequivalence was determined according to FDA guidelines (2001) using the
WinNonlin software package (version 4.0.1, Pharsight, USA). The bioequivalency was
based on a comparison of AUC,.,, and C,.., between the test and reference products.
The bioequivalency was calculated at the of 90% confidence level for the ratio of the

geometric means of the measures for the test and reference products.
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5 RESULTS AND DISCUSSION

In this study, a set of pharmaceutical and biopharmaceutical studies were carried out
to evaluate the applicability of starch acetate as a novel excipient for extended oral drug

delivery.

5.1 Characterization of starch acetate (L, 11, 111, 1V)

The synthesis of starch acetate produced a ds of 0.34, 1.19, 2.1 and 2.9 for barley
starch acetates (I) and a ds of 2.6 (IT) and 2.7 (I1, IV) for potato starch acetate.

In thermal analysis, the DSC thermograms (1) of the first heating cycle showed a
broad endothermic dehydration peak between 30 - 190 °C for starch acetates having a ds
of 0.34, 1,19, 2.1 and 2.9, with corresponding enthalpy changes of 251 £ 10.6, 158 &
1.0, 69 =62 and 35 + 1.2 J/g, respectively. The glass transition temperatures of starch
acetates with ds values 0f 0.34, 1.19, 2.1 and 2.9 obtained from the second heating cycle
were 159, 159, 166 and 156 °C, respectively. This means that T, is not affected by the
degree of acetylation of starch acetate.

X-ray powder diffraction patterns (1) demonstrated that starch acetates of ds 1.19, ds
2.1 and ds 2.9 exist in a totally amorphous molecular structure. The diffraction pattern
of starch acetate ds 0.34 had some small reflections, which indicates that the molecular
structure of ds 0.34 include some highly ordered crystalline regions, though it 1s mostly
amorphous. Thus, upon increasing acetylation the molecular structure remained in as an

amorphous form.

5.2 Physicochemical properties of starch acetate powders (I, LI)

Particle sizes of starch acetate of different ds (I) were quite small and eqvivalent
between different ds values, and similar to microcrystalline cellulose (MCC) and
modified starch (MS), according to Martin’s diameter (Table 4). The starch acetate
particle shape became slightly more 1rregular as the ds increased (Fig. 12).



Figure 12. Micrographs of starch acetate powders having different degrees of
substitution (ds) 0.34 (A), 1.19 (B), 2.1 (C) and 2.9 (D). The reference bar is 100 um.
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Table 4. Powder properties of starch acetates having different degrees of substitution
(ds) and some common used tableting excipients®.

Particle  Martin’s  Flowability ~ Angle  Walter

density diamcter  (scc/100g) of content
(g/cm’) (um) repose (%)
(dcgree)
starch acetate ds (.34 1.515 49 4 21 7.5
(0.001) (47) (1) (1 (<0.1)
starch acetate ds 1.19 1.461 32 6 22 5.1
(0.003) Q2D (1) 1) (<0.1)
starch acetate ds 2.1 1.347 55 3 25 23
(0.003) (38) <) <) (<01
starch acetate ds 2.9 1.367 69 8 23 1.5
(0.003) (55) <) (1 (<0.1)
microcrystalline 1.636 30 X X 3.0
cellulose (0.003) (22) 0.1)
dicalcium phosphate 2.332 163 3 16 0.7
dihydratc (0.001) (67) <) <1) 0.2)
modified starch 1.527 30 3 21 8.0
(0.003) (27) (1) (1 (1.4)

X = microcrystalline cellulose that did not flow through the funnel.
*SDs presented in parentheses.

Particle size and shape properties of starch acetates can be modified by optimizing
the precipitation and drying conditions during the manufacturing process (II). In the
case of batch 1, a relatively low drying temperature and moderate vacuum induced a
slow removal of water, which resulted in large spherical particles having a smooth
surface and wide particle size distribution (Table 5, Fig. 13 and 14). The almost total
absence of small particles might be due to the vacuum filter, which may have allowed
small particles to pass through.

Batch 2 was also dried at a relatively low temperature, but a more effective vacuum
and more powerful agitation resulted in a more efficient removal of water (residual
moisture 1 %) than with batch 1. Due to the fast drying and powerful agitation, the
particles of batch 2 were smaller, more irregular, but had a quite smooth surface
compared to batch 1. Also, the specific surface area was larger for batch 2 and particle
size distribution was narrower than for particles from batch 1 (Table 5, Fig. 14).

The drying of batches 3 and 4 was based on the fluid-bed method. Vigorous mixing
of the fluidized particles and excellent heat transfer properties between the solid and gas
phases led to the rapid evaporation of water. This method produced small, irregular, and
porous particles having a large specific surface area. The particle size distribution of
batches 3 and 4 were narrower than that of batches 1 and 2 (Table 5, Fig. 14).
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Water content of starch acetate powders (I) changed as a function of acetate content

(Table 4), which was also seen in the thermal analysis earlier. The water content

decreased as the ds increased. The water content % (w/w) of starch acetates ds 0.34
(7.5%) and 1.19 (5.1%) powders was at similar to MS and MCC, respectively.
Furthermore, water contents after different drying methods (11) were almost equal
(Table 5).

Figure 13. Scanning electron micrographs from powders. The reference bar is 200 pum.
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Figure 14, Particle size distributions of differently dried starch acetate and reference
powders.
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Table 5. Material Properties after different drying methods™

Drying Particle Particle  Particle  Particle Particle Specific Water
Mcthod Decnsity Size Size Size Size Surfacc Content
(g/em’) D(+v. 0.1) D(v,0.5) D(v, 0.9) Distribution Area (%)
(pm) (pm) (pm) (Span) (1112/ 2)

Batch I  1.36 (0.01) 24 (D) 165 (9) 851 (97) 5.0 4.84 (0.02)  2.0(0.1)
Batch2 137 (<0.01) 7(I) 34(1) 132 (4) 37 6.71(0.07) 1.3(0.1)
Batch3  1.38 (0.01) 16 (<l) 60 (1)  159(22) 2.4 9.32(0.33) L.8(0.D)
Batch4 137 (0.01)  9(<1) 45(1) 164 (22) 34 10,46 (0.09) 2.2(0.1)
MCC 1.66 (<0.01) 20(<l) 33(<1) 118 (<) 1.8 LOL(0.0D)  4.4(0.2)
DCP 2.33(<0.01) 88(1) 172 (1) 288 (2) 1.2 0.67 (<0.01) 0.2 (0.1)

*SDs presented in parentheses.

5.3 Bulk properties of starch acetate (I, LI)

The particle density (1) of starch acetates decreased as ds increased, but the drying
method did not seem to affect the particle density (Il) of starch acetate (Table 4 and 5).
The bulk and tap densities (1) of starch acetate ds 2.6 from different drying methods
were essentially the same as with the reference product MCC, excluding batch 2, where
bulk and tap densities were considerably higher. Batch 2 had the smallest particle size,
with moderately large particle size distribution, which might have promoted the dense
bulk and tap states of the powder. Obviously, the particle size was not too small, which

would have caused cohesive problems.

Table 6. Powder Properties™

Drving Bulk Tapped Angle of Kawakita Kawakita
Method Density Densitv Repose  Compressibility Cohesiveness
(g/em) (g/em’?) (") (a) (1/b)

Batch 1 034 (<0.01) 039(<0.01) 17(1.5) 0.15 (0.01) 23 (7)
Batch 2 0.44 (<0.01) 056 (0.01) 23(13)  0.22(0.02) 18 (2)
Batch 3 0.32 (<0.01) 0.39(<0.01) 20(0.5) 0.19 (0.01) 11 (1)
Batch4  0.29(<0.01) 040 0.01) 242.0) 028 (0.01) 15 (2)
MCC 0.29 (<0.01)  0.42 (<0.01) X 0.31 (0.01) 23 (2)
DCP 0.83 (0.01)  092(0.02) 153.6)  0.16 (0.02) 50 (12)

*SDs presented in parentheses.
X indicates that MCC did not flow through the funnel.

Kawakita constants indicated the behavior of powder densification from the bulk
density state to the tap density state (Table 6). Batch | densified the least (ie., the
smallest compressibility value) and attained the final packing state most slowly (i.e., the

greatest cohesive value). On the other hand, batch 4 densified considerably but achieved
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the final packing state rather quickly. The high 1%-value for DCP could be due to the
slow fragmentation of DCP and rearrangement of these new fragments during tap
treatment.

Although some starch acetates exhibited relatively small particle size, they
demonstrated fairly good flow properties (Table 6). Flow properties became slightly
worse as the ds value of starch acetates increased. This might be due to the more
irregular particle shape and a larger fraction of smaller particles. Flowability and the
angle of repose for of starch acetates were within the same range as MS, which is used
as a direct compression filler. DCP had slightly better flow properties than the starch
acetates. Based on the angle of repose (< 25°C), all studied starch acetate powders were
freely flowing (Table 4 and 6). These results indicated that the flow properties of starch
acetates are suitable for direct compression.

In general, starch acetate is an amorphous material, of which hydrophobicity
increases with the acetyl content on the polymer backbone. It was found that drying
methods had a relevant effect on the particle and powder properties of starch acetate.
This gives an opportunity to modify particle and powder properties of starch acetate for

different purposes.

5.4 Tableting of starch acetate (I, I1, I1I)

5.4.1 Relative densities of powders (II)

It has been shown that both the particle size and shape have a great impact on
relative density values (York 1978, Munoz-Ruiz and Paronen 1996). Relative densities
(Do, Ds, and D) of powder beds at the beginning of the compression phase in the
present study are shown in Table 7. The rank order of different powder /), values was
equal for tap densities. The greatest 1y values, or the most densified powder packing
due to the die filling, were found for batch 2, as predicted by the particle and powder
properties (Table 6). D, values for batches 1 and 3 were the lowest. Variations in values
were due to particle size; 1.e., resulting in large void spaces between spherical particles,
like those found with batch 1 and unfavorable particle and powder properties in batch 3.

The high D, values of batches | and 3 were caused by fragmentation of the larger
particles in batch | powder and disintegration of granules or agglomerates in batch 3
during the rearrangement phase. Batch 2 did not seem to exhibit particle rearrangement

(D3) at all. The most probable explanation for this unlikely observation is that particle
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rearrangement already took place under a force of 100 N and, thus, this part of D was
actually higher, and D, was lower. D,; values of all batches were practically equal.
Values of D, and 1, for all starch acetate batches were considerably smaller than
those of reference powders. Low /), values are typically indicative of plastically
deforming matenals (Doelker 1988, Nystrom et al. 1993). Although the particle and
powder properties of MCC were predicted to be poor by means of die filling and
rearrangement, the small applied force, which took place in Dy measurement and
unexpected excessive particle rearrangement, lead to well-densified powder packing at

the beginning of compression.

Table 7. Compression and Tablet Properties™

Drving D, Dy, D, P, Elastic  Porosity  Tensile
Method (MPa) Recovery Strength
(7o) (%0) (MPa)
Batch 1 0.29 0.11 0.39 37 243 185 9.7
(<0.01) (0.01) (0.01) 2 (0.7) (0.3) (0.5)
Batch 2 0.41 0.00 0.41 64 251 203 9.3
(<0.01) 0.01) (0.01) (nH (1.2) (0.6) 0.4
Batch 3 0.29 0.13 0.42 66 208 17.4 17.5
(<0.01) (0.01) (0.01) (D (1.0) (0.6) (0.5)
Batch 4 033 0.03 0.38 34 201 14.9 18.1
(<0.01) 0.01) (0.01) (< (0.6) (0.5) 0.4
MCC 0.30 0.30 0.61 129 L1 18.2 15.6
(<0.01) (0.01) (0.01) (3) (0.2) (0.2) (0.5)
DCP 0.44 0.28 0.72 267 5.1 18.0 36
(<0.01) (<0.01) (<0.01) (7) (0.5) (0.2) (<0.1)

*SDs presented in parentheses.

5.4.2 Tablet compression (11)

The effects of particle properties and water content of the starting material on the
volume reduction behavior during compaction, and the strength of compacted tablets
have been extensively described by several authors (e.g., Ahlneck and Aldernborn 1989,
Karehill et al. 1990, Wong and Pilpel 1990, Malamataris and Karidas 1994, Nokhodchi
et al. 1995). In general, a decrease in particle size, an increase in particle surface
roughness and an optimal presence of water in the powder mass will result in stronger
tablets, especially with plastically deforming materials. These properties facilitate the
volume reduction of powder mass during compaction, resulting in a closer packing of
particles in the compact, which leads to a greater bonding surface area to form bonds

between particles and, subsequently, to higher compact strength.
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Mean yield pressure (P,) values of starch acetates varied between 54 and 66 MPa
(Table 7). Values were approximately half that of MCC, which is known to deform
easily by plastic flow. Thus, all starch acetate powders deformed easily under

compression, and this result was consistent with the 1, results.
5.4.3 Tablet strength (I, TI)

Starch acetates (I) having a low ds (0.34) already formed clearly stronger tablets than
the reference tablet excipients. When ds was increased above 0.34; 1e., 1.19, tensile
strength of the starch acetate tablets proved to be overwhelming when compared to
other tested excipients, excluding MCC, which is generally known to have excellent
binding properties (Fig. 16) (Doelker 1993).

When comparing different starch acetates (I), it was found that high ds values
resulted in stronger tablets that were essentially formed. Starch acetate ds 2.9 formed
the strongest tablets under all studied compression pressures. Starch acetates with ds
1.19 and 2.1 formed almost equally strong tablets as ds 2.9, whereas ds 0.34 tablets
were the weakest of all. The SEM micrographs of tablet surfaces showed the surface
structure of different excipient tablets after compression (Fig. 15). On the surfaces of
MCC, MS and low ds (0.34 and 1.19) starch acetate tablets, the interparticulate
borderlines were still visible after compression. With higher ds (2.1 and 2.9) starch
acetate tablets, neither interparticulate borderlines nor separated deformed particles
could clearly be seen. Possible explanation is that the starch acetate of high ds simple
makes well-compressed tablets with only small pores. Tablets made of starch acetate ds
2.1 and 2.9 were monolithic, homogenous and formed a very firm polymer matrix, with

a smooth surface and without any clearly visible particule borderlines (Fig. 15).
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Figure 15. The SEM micrographs of starch acetate tablet surfaces with ds 0.34(A), ds
1.19(B), ds 2.1(C), and ds 2.9(D). Compression force was 25 kN. The reference bar is
100 um.

The effects of particle and powder properties on the strength of starch acetate tablets
can be seen 1n differently dried starch acetates (II) (Table 5, 6 and 7). Tablets made
from batches 3 and 4 were the strongest, having a small particle size, irregular particle
shape, greater particle surface roughness, the largest specific surface areca and moderate
to high water content. It can be assumed that in batches 3 and 4 there were numerous
contact points and a large bonding surface area to form strong interparticular bonds
between the particles, and subsequently firmer tablets. Tablets made from batches 1 and

2 formed considerably weaker tablets. Particle and powder properties of these powders
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were unfavourable for interparticular bond formation during compaction. This situation

leads to high porosity and elastic recovery, and consequently weaker tablets.

5.4.4 Characteristics of tablet (I, II)

Although the final porosity of the tablets (II) was almost equal between starch
acetates and MCC, tablets made from starch acetate powders expanded by
approximately two fold more after compression, compared to tablets made from MCC
(Table 7). However, interparticulate bonds formed in starch acetate tablets were strong
enough to allow the stress relaxation without breakage of the tablet (e.g., capping) and
still, tablets made from batches 3 and 4 were stronger than tablets compressed from
MCC. This observation indicated an overwhelming interparticular bond formation
capacity for starch acetate.

Friability (I) results were in agreement with mechanical strength results of tablets
made from starch acetates. Ds 2.9 tablets had the smallest weight loss at all studied
compression pressures. All starch acetate and MCC tablets met the limits of the Ph. Eur.
test for loss of weight.

In tablet disintegration tests (1), all tablets made of starch acetate ds 0.34 were
completely disintegrated within a few minutes, while tablets made of starch acetates ds
2.1 and 2.9 at compaction pressure of 190 MPa or higher did not disintegrate at all

during the measurement time of two hours (Fig. 16).
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Figure 16. Disintegration times and tensile strengths of tablets. (* = did not disintegrate
within 2 hours)

Tableting studies demonstrated that starch acetates are easily deforming excipients
under pressure. Deformation properties consist of both plastic and elastic deformations.
In spite of elasticity, starch acetate have excellent binding capacity to form firm tablets.
In particular, starch acetate having a high degree of substitution exhibit overwhelming

mechanical strength properties.

5.5 In vitro drug release from starch acetate tablets (1, II1, IV)

In the preliminary dissolution studies, propranolol was used as a model drug. The
dissolution rate (I) of propranolol changed from rapid release (i.e., low ds) to sustained
release (i.e., high ds) (Fig. 17). Propranolol was released from starch acetate tablets with
ds values of 0.34 and 1.19 within a few minutes. The rapid drug release rates can be
attributed to the short disintegration time of the tablets and, thus, immediate dissolution
of propranolol. Starch acetate ds 2.1 and 2.9 tablets demonstrated extended release
profiles with a small initial burst effect, where drug particles from the tablet surface
dissolved rapidly after contact with the dissolution medium. The tested reference
excipients did not have any release controlling properties, as expected. These results

indicate that the drug release mechanism from high ds, intact and monolithic tablets was
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diffusion, where water penetrates at a slow rate into the tablet pores, causing Fickian

diffusion of propranolol through the formed water channels.
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Figure 17. Propranolol-HC]I release from various tablets

Drug release (IIT) from high ds starch acetate (ds 2.7), with physicochemically
different drugs, was also studied. Nine different dissolution profiles for each model
drug were generated by using a similar dissolution method in all cases (Table 2).

After obtaining profiles (Fig. 18), the fraction release (%) was fitted by the Power
Law equation for up to 60 % of the fraction released. The drug release diffusional
exponent (1) varied between 0.39 — 0.95, and more typically between 0.44 — 0.80. The
goodness of fit () was at least 0.98 in each case, and in most cases it was >0.99. As the
release kinetics of formulations deviated (0.39-0.95) considerably from Fickian
diffusion (#=0.45), drug release rates (k) could not be compared excluding at the time
point 1 hour. Results agreed with Pohja et al. (2003); i.e, different kinds of drug release
kinetics exist when starch acetate was used as a release-controlling excipient. Thus,
dissolution profiles were roughly divided to four classes (A to D), according to the
diffusional exponent n; profiles in class A (#<0.45), B (0.45<n<0.50), C (0.50<n<0.60),
and D (#>0.60).
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Pohja et al., (2003) found that under certain circumstances, starch acetate tablets
laminated or cracked during dissolution tests, which increased porosity and the
available surface area for dissolution, decreased tortuosity, and consequently, caused the
deviation from Fickian diffusion release (Fig. 19). Same kind of phenomenon has been
observed with amylodextrin (Steendam et al. 2000). To clanfy this, dissolution profiles
were plotted in different scales (i.e., normal time and the square root of time). This
method was found to be very useful in characterizing dissolution profiles, which
deviated from Fickian diffusion. This resulted in the first observation that a burst effect
existed for each formulation at the beginning of dissolution (0-1 hour) (Fig. 20A). This
was understandable, as compacts were matrix tablets compressed from a binary mixture
of drug and starch acetate. Thus, drug particles from the surface of a tablet were able to

dissolve without any control by starch acetate.

Figure 19. Cracked tablet after dissolution test.

Interestingly, profiles in classes A, C and D were nearly equal during the burst effect,
up to 1 hour, but then they deviated considerably from each other (Fig. 20B). The
release kinetics remained as diffusion in classes A and C, but the diffusion rate
constants changed and, surprisingly, profiles in class D followed constant drug release.
This means that drug release from starch acetate tablets gradually changes after the
burst effect from diffusion, with increasing rate constants, towards constant drug
release. These gradual changes were assumed to strongly related to crack formation. To
calculate drug release rates, the burst effect (0-1h) was excluded before fitting. Release
profiles in classes A, B and C were plotted against the square root of time, and slopes

’2). Release profiles in class D

were used as diffusional release rate constants (KA, h’
were plotted against normal time scales, and the slopes were used as zero-order release

rate constants (Kz, h™).
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5.6 Multivariate data analysis in the evaluation of drug release from tablets (I11)
5.6.1 Principal Component Analysis (PCA) (III)

PCA was used to describe the entire data set. The description of a total data matnx
was accomplished with eight PCs to model the variance (+* = 0.93, O’ = 0.84). The
resulting PCA score plot indicates that some strong outliers and a few possible outliers
were found. Outliers having extreme values of » (#<0.45 and #>0.82) were excluded
from further analysis. According to the PCA loading plot, drug properties were more
related to a second main component, whereas the first component described the
tableting and tablet properties. PCA also provided a strong positive correlation between
n value and several drug properties, and a negative correlation between the # value and

tablet properties.
5.6.2 Partial least squares to latent structures (PLS) (111)

PLS was first applied to the drug release diffusional exponent (#). After removing
outliers and insignificant variables, the number of observations (#) and significant
variables was 125 and 24, respectively. The constructed model (using four PCs) was
able to fit ("=0.83) and predict (Q=0.78) variance of the diffusional exponent. Also,
there was a good linear relationship between the observed and predicted values of »
(r"=0.83) (Fig. 21A). Next, release rate constants K4 and Kz were analysed. Profiles
belonging to classes B and C were analysed together, as they were assumed to follow
the same release mechanism. To analyse diffusional rate constants (K#), two PCs with
six significant variables and 87 observations were used (1°=0.79, Q*=0.75). The
correlation between the observed and predicted rate constants was r°=0.79 (Fig. 21B). In
the case of zero-order release rate constants (Kz), the first PC was able to construct the
model ("=0.84, Q’=0.84) already with five variables. Furthermore, a correlation

between observed and predicted rate constants was calculated to be r*=0.79 (Fig. 21C).
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5.6.2.1 Drug release kinetics (I1T)

As PCA previously indicated, the most descriptive variables for explaining the
variation of diffusional exponent were related to drug properties (Fig. 22). Increasing
molecule flexibility (Flex) and hydrogen bonding capacity (HB, HBAo and HBD)
tended to change the drug release mechanism towards anomalous or even zero-order
drug release. Drug lipophilicity (Log P, Log D(6.8)) and molecule weight (FW) had an
opposite effect; i.e., as they decreased, the value of # increased. The most descriptive
tablet variable was elastic recovery (ER%). Thus, the impact of variables came from
two origins; one from the drug chemistry, and second from the structural property of the
tablet. Variables that controlled diffusional release were mostly of chemical origin,
while tablet or tableting properties controlled drug release in constant drug release.
However, these results cannot be explained without taking into account the analysis of
rate constants. Thus, the effect of vanables on release kinetics and rate constants must

be analysed simultaneously.
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Figure 22. PLS coefficient plot for the correlation of variables with diffusional
exponent .

5.6.2.2 Diffusional drug release rates (111)

By using certain formulae and tableting conditions, starch acetate forms structurally
inert hydrophobic matrix tablets, and drug release follows Fickian diffusion
(0.45<n-0.60). Drug molecules with a high degree of flexibility, large amounts of

hydrogen bonding acceptors and a small molecular volume tend to release a drug faster
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than rigid, big and hydrogen-donor rich molecules (Fig 23). The positive effect of
HBAo on drug release rate 1s assumed to be due to the electrostatic repulsion between
the hydrogen bond acceptor of a drug molecule and starch acetate, a starch acetate
consists almost entirely of hydrogen acceptors. Thus, it is assumed that the drug
molecule, which typically contains several hydrogen bond acceptor sites, preferably
diffuses out from the starch acetate matrix through water channels, rather than residing
in the hydrogen acceptor-rich wall of the channel. The weight and elastic recovery of
tablets were the most significant tablet variables. These parameters are related to the

geometry of a tablet, and thus diffusional drug release rates.
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Figure 23. PLS coefficient plot for the correlation of variables with diffusional drug
release rates (0.45<n<0.6).

5.6.2.3 Constant drug release rates (I1L11)

In Fickian diffusion, the structural properties of tablets play only a minor role, but as
drug release kinetics proceed towards constant drug release, structural properties
became dominant. Results from the analysis of zero-order rate constants (#>0.6)
indicated that release rates could be described by tableting and tablet variables, without
any drug variables. Thus, the structural changes of the tablet governed drug release rates
as n>0.6.

The following variables controlled zero-order rates in the present study, and were
related to the formation of the release controlling matrix; elastic recovery of tablets
(ER%), upper punch work (W,;,), net work of compaction (Wy), yield pressure (P,) and
tablet porosity (Tp) (Fig. 24). Wy, describes the total energy that is applied to the tablet
by the upper punch during compaction. Wy of compaction describes the energy that 1s
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consumed by the formation of interparticular bonds during compaction. In the present
study, the value for drug release rate constants increased as the net work and/or upper
punch work decreased and tablet porosity (Tp) increased. In other words, decreased
energy input for interparticular bond formation leads to imperfect matrix formation and

subsequent increased drug release rates.
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Figure 24. PLS coefficient plot for the correlation of variables with constant drug
release rates (#7>0.6).

A surprising observation was the effect of tablet elastic recovery (ER) on drug
release kinetics and rate constants. To understand the effect of elasticity on drug release
in the case of starch acetate, a larger scope was adopted. Raatikainen et al., (2002) and
results in Table 6 indicate that starch acetate is a rather elastic material (Young’s
modulus approximately 3 GPa), having both a low yield pressure (50-70 MPa) and large
elastic recovery (20-25%). Yield pressure describes the deformation properties of the
material. Low yield pressure values indicate an easy densification of a material under
pressure. It should be noted that the yield pressure value consists of a plastic
deformation component and an elastic component. This elasticity can recover fast in the
die or slowly during storage. In the present study, elastic recovery (ER%) was described
in both cases. Keeping this in mind, the lamination or crack formation during
dissolution, and the effect of elasticity on drug release, can all be explained and
understood.

Thus, under certain circumstances, it 1s possible to formulate drug — starch acetate
tablets that follow constant drug release kinetics. In such cases, a suitable amount of

elastic energy (low Py) must be loaded into the tablet during tableting, but tablets are



79

strong enough to resist elastic recovery. When tablets are immersed in a dissolution
medium, water starts to penetrate through the pores into the tablets. Water breaks down
interparticular bonds and tablets begin expanding, due to the recovery of loaded elastic
energy, which causes lamination or crack formation (Fig. 19). Crack formation
dramatically increases the surface area available for the dissolution of a drug, and
decreases the diffusion path length and tortousity (Pohja et al., 2003). When crack
formation and the increase of surface area is synchronized with time, constant drug
release can be achieved. It should be mentioned that the total elasticity of a tablet is a
combination of starch acetate elasticity and the drug. Thus, if the elasticity of starch
acetate and a drug is different enough, microscopic crack formations can occur already

in the dry state, which facilitates cracking during dissolution.
5.7 Bioavailability (1V)

In the present study, starch acetate-based direct compression tablets were
administered to humans for the first time in a pharmacokinetic study (n=9). Three
different starch acetate — diltiazem formulations had clearly different diltiazem plasma
profiles (Fig. 25, Table 8). The same rank order existed between in virro and in vivo
profiles, and C,..c and AUC... decreased as the in vitro dissolution drug release rate

decreased, which confirms that starch acetate is able to control drug release from tablets

in humans.
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Figure 25. /n vivo drug plasma concentrations (A) and in vitro drug release profiles (B).
Formulations consist of diltiazem (90 mg) 50% (D50), 35% (D35) and 15% (D15).

Table 8. Pharmacokinetic parameters (n=9)*.

Counse AUC,., T MRT"
(ng/ml) (ng-h/ml) (h) )]
D 50 954 (14.4) 6095 (1744)  2.6(0.6) 6.2(1.5)
D 35 68.8(23.5) 510.7(189.8) 28(035) 65(1.2)
D 15 311 (R.0) 2314 (107.4) 3.0(0.5) 39(.5)

Dilzem 90 mg depottabl  70.7 (18.0)  532.6 (195.0)  3.5(0.5) 6.5(L5)
* time of the Cpax

® mean residence time

*SDs presented in parentheses.

5.7.1 In vitro — [n vivo correlation (IVIVC) (1V)

Diltiazem follows at least a two-compartment model after intravenous administration
(Hoglund and Nilsson 1989). Therefore, the Wagner-Nelson method cannot be used for
the establishment of IVIVC. Deconvolution methods and the Loo-Riegelman method
are commonly used to analyse IVIVC for 2-compartment model drugs (Qiu et al. 2000).
Since the reference administration (e.g., intravenous or an oral solution) is needed in
these methods, an alternative method was used to establish IVIVC, without any

reference administration.
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Establishment of TIVIVC was initiated by plotting the mean AUCcum(t) against time
and fitting those curves to the Hill equation. Generated Hill equations fit well with the
AUCcum(t) profiles (* > 0.99), and each constant was statistically significant (Fig. 26).
Constants b and ¢ were almost similar and independent of formulation, while constant a
was strongly dependent on formulation (Table 9). After that, the mean values of
constants b and ¢ were used, and constant a was used to describe A(/Ccum(1) profiles
(Eq. 20).

1.99
a-t"”

AUCcum(l )= —————
( ) 555 41

(20)

According to the correlation analysis, there was a strong positive correlation between
in vitro drug release rate (k) and in vivo AUCcum(1), described by Hill’s constant a, and

the following linear regression equation was obtained between them (Eq. 21):
a=104-k +456 (r =0.993) (21)

Table 9. in vitro release parameters of Power Law equation and fitted Hill parameters
for AUCcum(1), and prediction error (%PE) values for AUC.»4 and Cpe.
Prediction Prediction

In vitro constants  In vivo Hill's constants  crror % crror %
Rate  Diffusional
constant  cxponent Cinax AUC o
(k) (n) a b c (ng/ml)  (ng-h/ml)
D30 57.27 0.42 620.1 194 543 -19.3 -1.7
D35 43.15 0.42 512.7 2.01 5.61 9.7 -8.2
D13 18.98 0.43 1974 202 362 -3.4 -0.4
Mcan - 0.43 - 1.99  3.55 -11.4 3.4
Standard
deviation - 0.01 - 0.04 0.11 7.1 42

Evaluation of the internal predictability of IVIVC was based on calculations from the
initial data sets (D15, D35 and D350). First, new Hill’s constants ¢ were determined
using equation 21 and in vitro drug release rate constants (k) for each formulations.
Next, predicted AU/Ccum(t) profiles were generated using equation 20 and respective
new Hill’s constants @ (Fig 26). Finally, predicted plasma concentrations were
rehabilitated from the predicted AUCcum(r) values (Fig 27). Prediction errors on AUC,.
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24n and Cay for each formulation are presented in Table 9. All formulations reached the

acceptance limits except the Cnux of D50, which was outside of the 10% acceptance

limit.
700 -
600 /
»
s00 & D50 0Obs AUCcum
a B D35 Obs AUCcum
E 400 A D15 0Obs AUCcum
3 —— D50 Pred AUCcum
<1D: 300 —— D35 Pred AUCcum
— D15 Pred AUCcum
200 "
100
0- ‘
0 5 10 15 20 25
Time (h)

Figure 26. Cumulative AUC of different formulations and the predicted AUCcum of
different formulations (solid lines). Formulations consist of diltiazem (90 mg) 50%
(D50), 35% (D35) and 15% (D15).
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Figure 27. Diamonds are observed plasma concentrations and solid lines are predicted
plasma concentrations. Formulations consist of diltiazem (90 mg) 50% (D50), 35%
(D35) and 15% (D15).
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IVIVC was established without any reference administration of diltiazem, which
follows multicompartmental pharmacokinetics, extensive first pass metabolism and
large inter-subject variability. The combination of the cumulative AUC, the Hill
equation and correlation and regression analyses enabled the establishment of a
predictive IVIVC. Advantages of established IVIVC are direct determination of final
plasma concentration (and cumulative AUC) of drug instead of indirect estimation of
drug absorption, and simple mathematics. However, the predictive AUCy.o4 and Cpay
values were slightly underestimated, and thus, it might be beneficial to test alternative
mathematical equations for the descriptions of profiles. In present study, it should be
noted that in vitro drug release profiles followed same release mechanism, which
simplified the generation of IVIVC. If the release mechanism changes between
formulations, it might affect more complicated relationships between in vitro and in
vivo profiles, and difficulties to find reasonable parameters to describe in virro and in

vivo profiles.

5.7.2 Bioequivalency (IV)

In virro and in vivo profiles demostrated that D35 was nearly superimposable with
the reference profiles, which gave an impression that bioequivalence might have been
achieved (Fig. 26). However, bioequivalency data showed that the 90% confidence
intervals for AUC,., and C,.. values slightly exceeded the acceptable limits for

bioequivalency (0.80-1.25).
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6 CONCLUSIONS

The present study introduced a novel excipient (starch acetate) for extended oral drug
release. It can be concluded that starch acetate is applicable for this purpose. It
possesses suitable particle and powder properties for direct compression tableting, and it
is capable of extending drug release in a simple way. In addition, multivariate data
analysis was shown to be valuable tool for evaluating of drug release from tablets.
Furthermore, a predictive IVIVC model could be establish by using an alternative
approach. The specific conclusions can be listed as follows:

1. Most physicochemical properties of starch acetates are related to the degree of
acetyl substitution. As the degree of the acetyl moiety increase, starch acetate
becomes more hydrophobic, mechanical strength increases and disintegration
does not occur anymore. As a result drug release form these tablets goes towards
extended release.

2. The particle and powder properties can be affected by different drying processes.
Critical points are mixing and the method of water removal. Fluidization
techniques produce small, irregular and rough particles having moderate powder
characteristics, but excellent tablet properties, whereas vacuum techniques
produce larger, spherical and smooth particles with excellent powder
characteristics but only moderate tablet properties. In tabletting, starch acetate
shows typical visco-elastic compaction behaviour.

3. Drug release from tablets prepared from drug-starch acetate binary mixtures
varies from the Fickian diffusion to anomalous or even zero-order transport of
drug according to Power Law equation. Important factors that were relevant to
managing diffusional drug release from starch acetate tablets, were based on the
chemistry of the drug, especially molecule flexibility, hydrogen bonding
capacity, partition coefficient and molecule size. Important tablet descrniptors
that described the matrix structure were especially elasticity and consequent
lamination or cracking of tablets, which were governed by zero-order drug
release.

4. Different release profiles created in vitro were also found in humans, which
confirm that starch acetate is able to control and extend drug release in vivo.
IVIVC was established without any reference administration of diltiazem, which
follows multicompartmental pharmacokinetics, extensive first pass metabolism
and large inter-subject variability. The combination of the in vivo cumulative
AUC and in virro drug release profiles described by the Hill and Power Law
equation, respectively, enabled the establishment of a predictive IVIVC.
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