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Abstract

Abstract

The aim of this work was the production of melt-films based on a mixture of 

unprocessed starch and a mono-myristic acid triglyceride for use as a coating on colon 

delivery formulations. The starches were embedded in the triglyceride-matrix during a 

melting process and drug release across the films was obtained by the digestion of the 

starch fraction through colonic a-amylases.

During the first part of this study, the physicochemical properties of 7 starches, whose 

amylose content ranged from 0 % to nearly 100 %, were investigated and sub

sequently correlated by statistical analysis.

The second part comprised the identification of the optimum film formula with 

respect to film-forming temperature, starch content and film thickness. A number of 4 

and 7 starches were tested in a 3- and 2-factorial Central-Composite-Design experi

ment, respectively, and the effects and interactions of the film-forming parameters 

analysed by Analysis of Variance.

The third part consisted of enzyme studies using 4 a-amylases of different origins as 

well as whole pancreatin in order to simulate and assess the selective film digestibility 

in the human intestinal tract.

The film performance was measured as film permeability for the model drug 

phenylpropanolamine prior and after enzymatic digestion using a 2-chamber diffusion 

cell.

The 3-factorial experiment revealed non-significance for the film-forming 

temperature, whilst the 2-factorial approach identified an optimum film thickness of 

20 pm and a starch content of 30 %. These specifications were confirmed during the 

enzyme studies, where a-amylase from B.Ucheniformis produced the highest film 

permeabilities.

The results showed that the degree of amylose content in the starch product is not as 

critical for film digestibility as the film thickness and starch content in the melt film. 

The particle size and surface area of the starches were found to be relevant for the 

digestibility and interpreted with respect to their accessibility for enzymatic attack.
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Chapter 1

CHAPTER 1 

Introduction

1 Polysaccharides

Polysaccharides comprise a broad class of compounds exhibiting various chemical 

structures and properties. All are composed of sugar moieties that are linked by 

glucosidic bonds in the a- and (^-position with respect to the ring structure. The 

polysaccharides are of linear, branched or cyclic conformation. Those which are built 

from only one sugar moiety are classified as homo-polysaccharides, while molecules, 

which are composed of different sugars are termed hetero-polysaccharides 

(Danishefsky et a l, 1970). The polysaccharides may be of natural origin from plants, 

algae, microorganisms or animals or they may be manufactured synthetically 

(Whistler and Richards, 1970). In nature, polysaccharides function as food reserves, 

cell wall components and protective coatings. They may also contain sugar residues, 

peptide, protein or lipid components. Furthermore, polysaccharides have found 

extensive use in traditional pharmaceutical research. They have recently been recog

nized to have a potential for colon-specific drug delivery owing to their susceptibility 

to fermentation by microbial enzymes in the large intestine and their ability to create 

physical and diffusional barriers. Due to slow dissolution and gelling properties, 

certain polysaccharides are able to form a diffusion barrier providing sustained release 

of drug molecules incorporated into the matrix (Gazzaniga et a l  1994).

This work is concerned with the application of starch in drug delivery devices with 

particular focus on drug release triggered by enzymatic degradation of the poly

saccharide.
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2 Starch

2.1 Origin and makeup

Starch is a universal dietary component and represents the major part of most food 

staples. These are namely cereals and starchy vegetables -  com, potatoes, peas and 

lentils for example -  but certain fruit, such as bananas, likewise belong to this food 

category. In these products, starch is present in its native form and is stored in both 

granular and amorphous form depending on genetic disposition, enzymatic activity 

and thus the specific metabolic pathways characteristic of each tissue of the plant. 

Starch is an assimilation product synthesized by photosynthetic plant cells and hence 

constitutes the main storage form of biochemical energy generated through the 

metabolic breakdown of carbohydrates.

There are many sources of starch, amongst which the most important are com, rice, 

wheat and potato. Not only the amount of the raw material from which starch is 

obtained but also its biochemical composition depend on various factors, such as 

botanical variety and climate during growth and finally the time of harvesting. Storage 

conditions prior to processing can influence the composition pattem (van Soest and 

Vliegenthart, 1997; Kearsley and Dziedzic, 1995) while the locations of storage are 

inherently plant-specific and can be as multiform as seeds (com, wheat), tubers 

(potato), roots (arrowroot) and berries (banana).

Starch is a complex polysaccharide of a-D-glucose units exclusively and hence 

referred to as ‘homoglucan’. The a-glucose units are joined by a sequence of a-(l,4) 

glucosidic linkages between the hydroxyls of the fourth carbon of neighbouring 

glucose moieties, which give rise to hemiacetals in linear or helical chains. These 

regions are named ‘amylose’. The much less frequent a-(l,6)-glucosidic linkages 

form the branch points between the individual chains by creating highly branched 

domains. These parts are known as ‘amylopectin’. The graphical depiction of the 

stmctures is shown in Figure 1.1.

20
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Figure 1.1 : Structure o f  starch. The bottom graphics show  an amylose single helix and an 
amylopectin  crystalline region, respectively, (adapted from van Soest and  
V liegenthart, 1997).

2.2 Molecular structure and properties of amylose and amylopectin

2.2.1 Amylose

Amylose is a long, essentially linear polymer and only sparsely branched. In its native 

form, it comprises about 500 to 600 anhydro-glucose units (AGU), which can be 

subdivided into 1 to 20 chains. The average molecular weight is lO"̂  g/mol. (van Soest 

and Vliegenthart, 1997; Gallant et ai,  1992).

Due to a gradual natural twist the amylose chains assume a spiral shape of a single or 

double helix so that in the solid state the polymer adopts the conformation of a left- 

handed helix with six glucose moieties per turn. In this structure, the hydrophilic 

groups are on the external side and are thus oriented toward the solvent bulk whilst 

the hydrophobic groups on the inner side of the helix render the interior a hydro- 

phobic core. The helix is loosely wound and behaves like a flexible random coil. The 

random coil conformation is facilitated by a certain degree of free rotation around 

each of the inter-unit bonds. The consequential flexibility allows an infinite number of 

chain conformations, which is commonly referred to as polymorphism (Dea, 1992).
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Intra-chain hydrogen bonds between the hydroxyl groups of the glucose moieties 

stabilize the helix. This creates a hydrophobic cavity of 4.4 Â in diameter in which 

many small molecules can be held (Gallant et al., 1992). Hence the complexation with 

many hydrophobic molecules, such as iodine, fatty acids or a number of hydrocarbon 

chains. For instance, amylose forms an insoluble complex with n-butanol, which 

subsequently precipitates from an aqueous solution (MacGregor, 1988). The 

polysaccharide also forms a blue inclusion complex with the iodine molecule by 

binding about 20 % of iodine at 20 °C. The chromophoric polyiodine anions are 

stabilized when arranged along the hydrophobic cavity, giving rise to an insoluble 

amylose-iodine-complex. The helix uncoils under warming so that the colour of the 

complex is discharged (Miller, 1992). This principle, which is an important analytic 

feature of amylose, is used in the potentiometric iodine method when testing for 

contaminating amylopectin in an amylose sample as is frequently the case in comer- 

cially available amylose (MacGregor, 1988).

Amylose is metastable in unsaturated neutral aqueous solutions whereas solutions of 

high amylose concentration are generally unstable -  notably those of molecules of 

shorter chains (Frazier, 1996). Hence, amylose is not truly soluble, or rather it 

dissolves only to a very limited extent. If the amylose exists in the helical form, for 

example as the 1-butanol complex, some solution might take place, which can be 

enhanced by heating. However, if a neutral aqueous solution is intended, the amylose 

is usually dissolved in alkali and then neutralized (Foster, 1965). As the poly

saccharides associate into larger particles the solution will grow increasingly cloudy 

until a viscous paste has formed. This advances to an opaque gel whereby 

rétrogradation has been accomplished.

Finally, amylose can be recrystallized from solution in all four forms and, despite a 

change in entropy, no alteration in internal energy takes place (Frazier, 1996).
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2.2.2 Amylopectin

Amylopectin makes up the main constituent of native starch, with a proportion of 30 

% to 99 %. As one of the largest natural macromolecules it is a highly branched 

polymer comprising a large amount of short linear chains. The molecular weight is 

approximately 10  ̂g/mol (Gallant et a l, 1992).

Unlike the crystallization of amylose, that of amylopectin is a slow process lasting 

from several days to even weeks. Owing to the limited dimensions of the chains, these 

crystallites are less stable than their amylose counterparts (Eerlingen et a l, 1994).

2.3 Morphology of the starch granule

Starch appears as easily separable granules, ranging from 0.5 pm to 175 pm in size, 

which along with shape is specific to the botanical source. The shape can range from 

round through polygonal to truncated.

The starch granule is partially crystalline with amorphous regions (Richardson et a l, 

2000) and has a biological nucleus around which the granule is built up. This centre 

point is known as the ‘hilum’ and may be concentric or eccentric depending again on 

the botanical source. Three enzymes are thought to be involved in the process of 

granule development: phosphorylase, starch synthetase and branching enzyme. 

During growth of the granule there is a small increase in the amylose-to-amylopectin 

ratio, with a commensurate increase in the molecular weights of both polymers. The 

two are inherently incompatible molecules, with amylose having a lower molecular 

weight and a relatively extended shape whereas amylopectin has long but compact 

molecules. Their relative proportion varies under genetic control, while manipulating 

the ratio can affect starch viscosity and rétrogradation (Ali, 2002).

Although amylose and amylopectin are closely related polymers they yet exhibit 

different structures. Their ratio in native starch is genetically controlled and depends 

on the influencing factors as mentioned above. Whether the two polymers are 

organized separately or exist in a mixed system is still unknown (Gallant et a l, 1992). 

Most species, such as com, contain 20 % to 30 % amylose, but contents of 50 % to 80 

% in amylomaize and some as little as 1 % in waxy starches have also been found 

(van Soest and Vliegenthart, 1997). Apart from polysaccharides, starch granules
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naturally contain traces of non-carbohydrate components, such as lipids, proteins and 

minerals (van Soest and Vliegenthart, 1997).

Cereal starches commonly have a higher amylose content than tuber starches. An 

indicative degree of polymerization (DP) of amylose is 10  ̂ to 10  ̂ anhydroglucose 

units. Amylopectin is usually considered as having a DP of one order of magnitude 

higher than amylose, i.e. 10̂  to 10"̂  units. The distribution of the chain lengths varies, 

so that the molecules are polydisperse in terms of molecular weight and polymer 

chain structure. This complexity is further enhanced by the natural state of starch, 

which reflects the biosynthesis within in the plant.

When viewed under polarized light, starch granules show a birefringence pattem often 

compared to a Maltese cross. These light diffraction patterns infer either an eccentric 

or a concentric radial appearance to the granule, originating at the hilum. Different 

starches show birefringence patterns of varying strength indicating differing degrees 

of crystallinity in individual starches. Both intra- and inter-molecular hydrogen 

bonding are responsible for the structural integrity of the starch granule and also 

account for its insolubility in water. When heating a starch-in-water suspension the 

supplied energy overcomes the hydrogen bonding forces holding the granule together, 

and thus swelling or gelatinization of the granule can take place (Kearsley and 

Dziedzic, 1995).

2.4 Use of starch

Starch and its derivatives are widely used in pharmaceutical formulation as filler, 

binder, disintegrant and thickening agent. A recent development -  cross-linked high 

amylose starch -  has been introduced as a new class of controlled release excipient for 

the preparation of matrix tablets (Rahmouni et a l, 2000). It is further used in bio

degradable films and coatings, where it can help to maintain a high surface tension 

(Ali, 2002).
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2.5 Starch modification and intestinal breakdown

The understanding of starch as a nutritionally available carbohydrate is based upon 

the fact that the starch macromolecules amylose and amylopectin are easily broken 

down into lower-molecular-weight carbohydrates in the intestinal tract. Starch 

modification can be defined as any change in the native structure of the starch granule 

resulting in the loss of its inner organization. Starch modification is a general feature 

of foods and is essential to the appearance of its texturizing and nutritional properties 

(Colonna fl/., 1992).

Digestion of starch starts in the mouth by a-amylase, which is secreted from the 

salivary glands. The enzymatic hydrolysis however is limited, as the a-amylase is 

inactivated before long by the low stomach pH. For this reason, it is the small 

intestine where the major starch breakdown takes place, principally carried out by 

pancreatic a-amylase (Cui and Oates, 1997).

The intestinal digestion begins with the hydrolysis of the polymer to oligomers, such 

as the disaccharide maltose, the trisaccharide maltotriose and a series of branching 

oligosaccharides -  the dextrins. The process is followed by further action of carbo- 

hydrases. The hydrolysis is catalyzed by a-amylase, which is released by pancreatic 

tissue and by other saccharolytic colonic bacteria. The a-amylase attacks only the 

internal a-(l,4)-linkages in amylose and amylopectin since the a-(l,6)-linkages of 

amylopectin are resistant. This also applies to the external a-(l,4)-linkages and those 

adjacent to the a-(l,6)-linkages. The degree to which starch is digested depends on the 

food and ranges between 2 % and 20 % in normal individuals (Hudson and Marsh, 

1995). This rather low proportion indicates that most of dietary starch passes from the 

small intestine to the large intestine in an undigested manner and hence escapes 

complete depolymerization (Brittain et a l, 1991). This phenomenon has been 

attributed to the amylose fraction, which is inaccessible for the pancreatic a-amylase 

(Brittain et a l, 1991) and the undigested starch thus been termed ‘resistant starch’.
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2.6 Resistant starch

This fraction of starch has properties similar to those of dietary fibre, which cause 

physiological effects, such as slow glucose release and a lowered glycaemic response. 

Englyst and Macfarlane (1986) suggested a classification of resistant starches for 

nutritional purposes in the form of a decreasing scale of in vitro hydrolysis rate and 

degree of absorption. The group classified resistant starches into physically 

inaccessible starches, such as whole and partly milled grains, into native granular 

starch, such as potato and banana and into hydrothermally modified starches, such as 

retrograded amylopectin and retrograded amylose.

This classification however has to be looked at in close relation to the physico

chemical characteristics of the various starchy food. These characteristics, which 

affect both the rate and the extent of starch hydrolysis, are as diverse as granule 

morphology, surface porosity, particle size, amylose-to-amylopectin ratio, crystal- 

linity, degree of gelatinization, extent of rétrogradation, thermal damage of starch at 

low moisture content or the presence of other components interacting with starch, 

such as amylose-lipid complexes, and starch-protein associations. Nonetheless, the 

large variety of resistant starches and their complex molecular structure, including 

unpredictable inhomogeneities, are still insufficiently known (Leloup et a l, 1992).

For these reasons, the determinants for resistant starch can be grouped into intrinsic 

and extrinsic factors: intrinsic factors refer to substrate properties as mentioned 

earlier, including solubility at pH 7. Extrinsic factors concern host characteristics, 

such as chewing time, bowel transit time, a-amylase concentration in the intestine 

and, in a sense, the amount of starch present. Finally, microbial influences, such as 

types of microbiota and complicated mechanisms of enzyme and catabolite regulation 

are likewise relevant (Brittain et a l, 1991).

Resistant starches have recently been shown to possess health benefits: while regular 

cornstarch is hydrolyzed in the small intestine the hydrolytic resistance of the high- 

amylose starches in this region engenders physiological benefits, such as the 

production of short-chain fatty acids, increased fecal output and glycaemic control 

(Yue and Waring, 1998). In particular the production of butyrate is implicated in 

colonic health, as the product is a principal energy source for the colonic epithelium.
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There, it plays an important role in regulating the epithelial and immune cell growth 

as well as apoptosis (Richardson et a l, 2000).

2.7 Three-dimensional organization and crystailinity of the starch

Starches commonly occur as semi-crystalline structures in different states, for 

example, when native, partially gelatinized, complexed or retrograded (Leloup et a l, 

1992). The overall crystailinity in starch is estimated to be 20 % to 45 %, which is 

made up of the numerous branching points in the amylopectin. Hence, the polymer 

represents the major crystalline component (van Soest and Vliegenthart, 1997). The 

crystalline domains consist of the double helices of the amylopectin’s outer chains 

and thus appear in a lamellar superhelical fashion. Further crystallization arises from 

co-crystallization with amylose as well as from amylose crystallization in the 

conformation of single-helical structures. This is clearly visible in Figure 1.1.

Various types of crystal structures have been identified and been denoted A-, B-, C- 

and V-type. Here, each type exhibits a particular packing density of the single or 

double helices (van Soest and Vliegenthart, 1997).

Form A commonly appears in cereal starches. Its structure consists of parallel- 

stranded double helices in the unit cell, which gives rise to a monoclinic crystal. The 

change from pattern A to B requires the entire destruction of the granule and the 

subsequent recrystallization into a new system with a different water organization. 

Regarding the B-form, which predominates in tuber and amylose rich starches, the 

chains are arranged in double helices. The structure differs in both crystal packing and 

water content, where the latter ranges from 10 % to 50 %. As to date, the hexagonal 

unit cell represents the most accepted model. The double helices are joined together 

through a network of hydrogen bonds creating a channel inside the hexagonal organi

zation of six double helices. In this channel water molecules are hosted of which one 

half is bound to amylose by hydrogen bonds and the other half connects to the other 

water molecules. As an example, assuming a hydration of 27 %, 36 molecules of 

water are situated in the unit cell between the six double helices, forming a column of 

water surrounded by the hexagonal network.
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B-starches are generated in plant organs at high humidity and low temperature. 

Inversely, at low humidity and high temperature, B-starches can transform 

irreversibly to A-starches, owing to the arrangement of water molecules and more 

extensive re-organization of double helices (Gallant et a l, 1992).

Both forms assume a helical conformation of which form A shows two left-handed 

parallel strands, while Form B represents a hexagonal unit cell (Dea, 1992).

The C-type is less common and found only as an intermediate form in certain plant 

sources, such as pea starch. It is largely identical with that of the A-form, except that 

the specific peak of water in the X-ray-diffraction spectrum corresponds to that 

typical of the B-pattem. And yet its exact nature remains somewhat unclear: some 

ascribe to it a distinct crystallographic structure while others argue that it consists of a 

combination of starch granules with either A- or B-pattem, or else with both patterns 

present in one granule (Gallant et a l, 1992).

Form V is a single helical structure appearing after gelatinization and corresponding 

to the amylose complexes with fatty acids, phospholipids or other polar molecules. 

Apart from certain pea and cornstarches it is only occasionally detected as a 

crystalline material in native sources (van Soest, 1996; Kitamura and Kuge, 1989).

In gelatinized starch the amylose fraction may form a V-complex, which, in the 

hydrated and dehydrated form, shows a single helical stmcture. The pattern of chain 

packing for the anhydrous form is ortho-rhombic (Gallant et a l, 1992).

Zobel (1988) remarks that many native starches show varied A + V, B + V and C + V 

-patterns. These patterns are normally generated from starch genotypes unlike those of 

com. Their all-common feature is an amylose content of 30 % or higher. However, the 

explanation of the X-ray diffraction pattems of native starch remains difficult due to 

the rather complicated stmcture of the molecules. By contrast, meaningful diffraction 

pattems can be produced not only upon treatment of the starch granules by moderate 

hydrolysis causing the removal of the amorphous material, but also from short 

crystallized amylose chains (DP < 50). Yet diffraction pattems obtained from fibres 

rather than powders are sounder because of their lesser complexity. For example, if 

gel films of high-DP amylose are dried and stretched the crystallites’ axis is pulled 

into alignment. The filaments formed during this process consist of long amylose
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molecules whose diffraction pattern is identical with that of A- and B-type of the short 

segments of amylopectin in granules (Pérez, 1990).

As a matter of fact, changes in structure usually result in higher gelatinization 

temperatures, decreased granule swelling and increased gel rigidity. The increased gel 

rigidity and chemical reactivity of amylose after heat treatment suggest that the 

amylose is released from either its prior association with amylopectin or entrapment 

in the B-structure. In contrast, amylose in V-structure starch appears to be separate 

from the amylopectin, where the former is probably associated to some extent with 

lipids. This separation is evident from the ease with which V-structures form, for 

example, in annealed cornstarch granules (Zobel, 1988).

2.8 Gelation, gelatinization and rétrogradation

First of all, it seems necessary to clarify an ambiguity concerning term definition. The 

terms ‘gelation’ and ‘gelatinization’ are interchangeable since both describe the same 

event (Gallant et a l, 1992; van Soest and Vliegenthart, 1997). For reasons of clarity, 

only the term ‘gelatinization’ will be used henceforth. The term ‘glass transition’ is 

likewise almost identical, with the slight distinction that it describes merely the 

immediate onset of the phenomenon of gelation or gelatinization. Similarly, 

‘rétrogradation’ is a more embracing term, which among others includes gelatini

zation too. The reason for several terms all describing identical, or very similar, 

events is due to the use of starch in two different domains of polysaccharide research, 

namely those of polymer and food industry.

Gelatinization is the metamorphosis of granular starch into a turbid viscoelastic paste 

or, at a sufficiently high amylose content, into an opaque elastic gel (Morris, 1990). 

The generation of a coarse and thermo-irreversible starch network is induced by 

solubilized amylose. At first, flexible amylose molecules associate over most of their 

length, which leads to a temporary network of tighter and weaker regions. The process 

of alignment and association of the amylose chains is accomplished by hydrogen 

bonds. With time, it transforms into a permanent strong, elastic network with 

crystalline domains (Banks and Greenwood, 1975). This event can also be described 

as the disruption of molecular orders within the starch granule accompanied by
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irreversible changes in properties such as granular swelling, crystallite breakdown, 

loss of birefringence, viscosity advancement and starch solubilization (Atwell et a l, 

1988). The point of initial gelatinization is denoted as the gelatinization temperature 

Tg, which is a characteristic parameter of carbohydrate material. Amylopectin, on the 

other hand, is the non-gelling portion of the starch.

In high-amylose starches the value of the Tg is higher than in normal and waxy 

starches; that is, approximately 100 °C and 62 °C to 72 °C, respectively. It has been 

proposed that this discrepancy be due to the fact that more amylose molecules are 

present in the crystalline regions of the amylopectin (Case et a l, 1998), which 

furthermore has a larger proportion of long chains in its branched fractions than 

amylose. This results in firm, partially crystalline and white, opaque amylose gels. 

Accordingly, these give an X-ray diffraction pattern typical for B-type starch. To 

illustrate this, the X-ray difffactograms of high-amylose (LAPS) and low-amylose 

starch (Waxy starch) are shown in Figure 1.2. Shi et a l (1996) interpreted the 

different refraction pattems for both starch types as an indicator for the different 

packing of the double helices within the crystal regions. This is due to the different 

amylopectin chain lengths in A- and B-type starch as well as high- and low-amylose 

starches. Shi et a l (1996) showed that amylopectin in Waxy and Com starch had a 

large proportion of short chains giving an A-type refraction pattem while high- 

amylose starches possessed large proportions of long chains giving a B-type pattem. 

The numbers above the difffactogram of Waxy starch in Figure 1.2 indicate the 

typical reflection angles for this starch, which correlate with characteristic spacings in 

the crystal lattice.
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26 18 10 
R eflection angle (20)

F igu re  1.2: X -ray  d iffraction  p attern  o f  starch . T op  graph: w axy-m aize  starch ; b o ttom  graph: 
L A P S  (a fter  Shi et aL, 1998).

In the presence of water some molecules are absorbed and subsequently penetrate the 

amorphous amylose regions. This causes the crystalline regions to break and un

coiling of the soluble helices occurs. This event is called ‘melting’ and will be 

explained in more detail later on. Melting endotberms at 140 °C to 180 °C of retro

graded amylose have been found and been ascribed to the melting of the amylose 

fraction. However, the melting temperature ranges between 75 °C to 105 °C (van 

Soest, 1996).

Rétrogradation, on the other band, is the shift of starch from a hydrated, gelatinized 

form into a water insoluble form. It is also referred to as the changeover from a non

crystalline state {i.e. gelatinized) to a crystalline one (Noel and Ring, 1991). Only at 

higher starch concentrations does rétrogradation create a three-dimensional network, 

into which water is entrapped leading to the creation of a gel (Case et a l, 1998).

Both processes, gelatinization and rétrogradation, depend on various parameters such 

as starch source, molecular weight, amount of water, amylose-to-amylopectin ratio, 

temperature and pH, yet they take place as two kinetically distinct events.
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2.9 Glass transition and melting

At sufficiently low temperatures the polymer chains of the amorphous regions, that is 

the amylose, are restricted in their molecular motion. This creates the typical glassy 

appearance of the amylose gel. Yet, once thermal energy is applied the molecules are 

set in motion and glass transition occurs (van Soest, 1996). The corresponding 

temperature is denoted ‘glass transition temperature’ Tg, which is identical with the 

gelatinization temperature. Both terms are hereafter equally referred to as ‘Tg’ in 

order to avoid confusion.

During glass transition, a brittle glassy material loses its rigid texture by becoming 

rubbery and transforming itself into a fluid and mobile mass as the molecules are now 

able to glide past each other (Zobel, 1988). This thermoplastic change is due to the 

energy supplied. The discontinuous change in heat capacity of the material is reflected 

by the alteration of the physical properties, which expresses itself through ordered 

orientation and crystallization of the molecules.

It can be said that the value of the Tg of an amorphous solid is a critical determinant 

of its chemical and physical stability as well as its visco-elastic properties.

The value of the Tg is usually determined by means of calorimetric, thermo

mechanical and volumetric methods or simply by a variety of spectroscopic 

techniques. Although this wide spectrum of analytical methods available might 

suggest a precise way to determine Tg, this analysis proves sometimes problematical 

for pharmaceutical solids and excipients of natural origin owing to variances in the 

biochemical makeup. Often, only an estimate of Tg can be made from the dry material 

by referring to the crystalline melting point or other physicochemical properties of the 

latter. The Tg-value typically ranges from -100 °C to +250 °C for dry drugs and 

excipients (Hancock and Zografi, 1994).

It is established knowledge that compatible mixtures of amorphous materials possess 

a single Tg, which lies between the highest and lowest Tg-values of a component 

material and yet shows a certain relationship to the mixture composition (Hancock 

and Zografi, 1994).
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Theoretical discussion of glass transition

Glass transition behaviour has been discussed many times and a vast number of 

relationships between Tg and the phase composition of blends of amorphous materials 

have been suggested. Gordon and Taylor (1952) derive a meaningful relationship 

between the two by regarding the glass transition behaviour of amorphous solids 

through the polymer ffee-volume theory. Assuming perfect volume additivity at Tg 

and the absence of any specific interaction between the components the following 

equation (Equation 1.1) for a binary blend was established:

where

0 ] ,0 2

T gi, Tg2

Tgmix

Tg mix =  O l  X Tgl + 0 2  X Tg2 E q u ation  1.1

the volume of component 1 and 2, respectively

glass transition temperature of component 1 and 2, respectively

glass transition temperature of the binary blend

This, on the other hand, can be expressed as the product of change in thermal 

expansion of Tg, i.e. ‘Aa’, and the weight fraction ‘w’ of the compounds, divided by 

their respective true density ‘p’:

Aorx w
E q u ation  1.2

If inserting Equation 1.2 into Equation 1.1 and expressing ‘k’ as (Equation 1.3)

k =
pi X Aai 
P 2  X A < % ]

E q u ation  1.3

then the Gordon-Taylor Equation is obtained (Equation 1.4):

Tgmix —
(wi X Tgl) + (k X W2 X Tg2) 

wi + (k X W2)
E q u ation  1.4
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The Gordon-Taylor-Equation allows the description of the glass transition behaviour 

of various compatible polymer blends. For polymer-plasticizer mixtures, however, the 

parameters viscosity and free-volume effects have to be taken into account. This was 

done by Kelley and Bueche (1961) who regarded k as the ratio of the free-volumes of 

the two components and then substituted Aa with Tg based on the rule that the term 

(Aa X Tg) be constant. This transforms k into

p\ X Tgl
k =   E q u ation  1.5

y02X Tg2

Finally, presuming that the densities of the two components be nearly identical. Fox 

(1954) modified the Gordon-Taylor-Equation into:

1 W l W2
+ ——  E q u ation  1.6

Tg mix Tgl Tg2

This relationship has been known as the Fox-Equation. Nonetheless, it has to be borne 

in mind that this equation is only applicable if the two densities are sufficiently close 

in value. This is the case in high-molecular-weight glass formers, such as starch, but 

less so among a number of drugs and sugars (Hancock and Zografi, 1994).

Glass transition not only characterizes a starch sample but it also specifies a 

temperature above which the major amorphous portion of starch granules and gels can 

be modified. Again, despite being a well-recognized factor in starch characterization, 

the Tg has been unmeasurable to a certain extent. This is due partly to the fact that it is 

extremely dependent on the water content of starches and that transitions can only 

sufficiently be observed below ambient temperatures at comparatively high moisture 

levels (Zobel, 1988).

Lastly, knowledge about glass transition provides a means to control starch gel 

properties in pharmaceutical and other applications. As opposed to numerous other 

polymers, starch displays a wealth of crystal forms and transformations, which holds 

especially true for the amylose fraction. Yet, in line with its natural and artificial 

counterparts, these crystal structures and their transition forms are determining factors 

in starch use.

34



Chapter 1

It can be summarized that the Tg is a crucial parameter in amorphous polymers and 

hence contributes to the understanding of the inherent mechanical properties.

2.10 Starch gels

As implied earlier, starch gels are of semi-crystalline nature and are generated through 

macromolecular reorganization after cooling or storage of previously gelatinized 

starches.

Both amylose and amylopectin gels are filamentous three-dimensional networks with 

a microporous structure. A minimal concentration of 1.1 % (w/v) amylose and 10.0 % 

(w/v) amylopectin is required for sound gel formation. A solution of less than 2 % 

amylose will precipitate in an insoluble form while one above 2 % will gel rapidly 

(Frazier, 1996).

Depending on the polymer ratio and their respective chain lengths, the gels can 

possess distinctly different flexibilities and thermostabilities.

The different thermostabilities are reflected in the melting temperatures Tm of 125 °C 

for amylose and 46 °C for amylopectin, the dissimilarity between which has been 

attributed to the different average degree of polymerization found in the junction 

zones in the two gel types (Leloup et a l, 1992).

2.11 Swelling

Swelling is the primary event that occurs when starch is gelatinized in an aqueous 

medium. An excess of water must be present during gelatinization so that the granule 

can swell freely without mechanical disintegration (Leach, 1965). Leach (1965) 

proposes that each species of starch exhibit a characteristic swelling and solubilization 

pattem. The major factor controlling the swelling behaviour of starch is the strength 

and character of the micellar network within the granule, which in turn is dependent 

on the degree and kind of association between the molecules. On a molecular level, 

many factors influence the degree of association: factors such as amylose-to- 

amylopectin ratio, the characteristics of each fraction in terms of molecular weight, 

molecular weight distribution, degree of branching, conformation and the length of 

the outer branches in the amylopectin. In addition, the size, shape, composition and
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distribution of the micellar areas in the internal lattice are equally significant. 

Swelling depends on the elasticity of the inter-micellar network. Starch granules 

exhibit a limited capacity for sorbing cold water and swelling reversibly. Water and 

other ordinary liquids diffuse and penetrate freely into the micellar network of the 

starch granule. It has been postulated that water may be bound by starch in three 

forms: as water of crystallization, as absorbed water, or as interstitial water. The 

hydroxyl hydrogens in granular starch are completely accessible to and rapidly 

exchanged with liquid deuterium oxide. As the granule swells, starch molecules that 

have become fully hydrated separate from the intricate micellar network and diffuse 

into the surrounding aqueous medium. In a dilute starch paste equilibrium is 

established so that the concentration of soluble starch in the water inside the swollen 

granule is the same as that in the surrounding aqueous phase. It is well known that 

shorter amylose molecules are preferentially solubilized and leached from swollen 

starch granules (Leach, 1965).

The mechanisms of water uptake are not only relevant for discussing swelling 

behaviour but also for that of water loss. As a result of the structural arrangement of 

the two polysaccharides, starch is insoluble in cold water despite the fact that the 

starch molecule is highly hydroxylated and therefore very hydrophilic.

The moisture content of starch varies with the surrounding conditions in which it is 

placed. Moisture values are usually given as 65 % relative humidity and 20 °C, which 

are the ambient conditions by convention. The moisture content of maize starch, for 

example, is generally quoted between 13 % and 14 % under these circumstances. 

Starch is commercially supplied with these values in order that a balanced moisture 

content should limit the risk of dust explosions during later processing (Kearsley and 

Dziedzic, 1995).

2.12 Melting

As indicated earlier, the disappearance of crystailinity in native starch under low 

moisture conditions is called ‘melting’. Here, the granular shape remains intact, which 

is not the case during gelatinization. At this point it seems necessary to reiterate that 

the melting temperature Tm is different from the gelatinization temperature Tg.
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Melting occurs when the crystal structure of the granule is disrupted, as is the case 

during numerous starch applications. When gels, i.e. non-crystalline structures, age or 

are cooled, the starch polymers reassociate into crystalline orders, which can be 

detected by X-ray diffraction. Local regions of crystailinity, which hold the gel’s 

network together by means of physical rather than chemical crosslinks, are 

discernable. These areas are indicated by the arrow in Figure 1.3, while the crossbars 

mark the amorphous regions. The latter normally form upon disruption by enzymic 

action resulting in reduced gel firmness.

F igu re 1.3: N etw ork  o f  crysta llites and am orphous reg ion s (rep rin ted  from  Z obel, 1988).

The stability of the network depends on the one hand upon the degree of molecular 

association and on the other upon the molecule undergoing crystallization. Crystalline 

amylopectin, for instance, can be rendered amorphous when subjected to temperatures 

between 55 °C to 95 °C. As a matter of fact, such a reversal does not apply to 

retrograded amylose, which requires temperatures above 121 °C to revert to the 

amorphous state.

As a further example still, an A-type starch gel melts at 71 °C owing to the diluting 

effect of water on the amorphous phase, whereas the Tm of a dry and perfect crystal is 

theoretically about 160 °C. The events of melting and glass transition follow first- and

37



_________________________________________________________________________  Chapter 1

second-order kinetics, respectively. As shown in Figure 1.4, differential scanning 

calorimetry reveals a Tm on the specific heat curve (Cp) at a point of maximal 

deviation from the baseline, to which it returns after completion of melting. This 

transition is a function of the crystailinity of the material undergoing melting. In the 

case of a pure and extreme crystalline product, the abrupt transition serves as a 

criterion to evaluate purity. The corresponding specific volume curve suddenly 

changes its course with melting.

I

I
I

Tg Tm

Temperature

F igu re 1.4: T h erm al b eh av iou r o f  g lassy  and  crysta llin e  starch . G lass tran sition  Tg and  m elting  
tem p eratu re  Tm are m arked by ch an ges in sp ecific  vo lu m e and heat. (R ep rin ted  from  
C olon n a  et aL, 1992)

The value of Tm is indirectly related to the water content in that it increases with 

decreasing amounts of water. Colonna et al (1992) identified a Tm of 150 °C to 220 

°C for a perfect crystallite of cereal starch in the absence of water. By comparison, the 

Tm falls to between 130 °C and 115 °C at 10 % water content and drops further down 

to between 120 °C and 100 °C if raising the latter to 20 %.

The relation between Tg and Tm in starches has been elucidated by Maurice et al 

(1985) using scanning calorimetric and dilatometric (volume expansion) techniques. 

The last method in particular defined clearly the location of the Tg in relation to the 

Tm during gelatinization. Correspondingly, both variables describe swelling in the 

amorphous and melting in the crystalline regions, respectively (Zobel, 1988).
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2.13 Plasticizers

In polysaccharide chemistry, plasticizers are used as additives that lower the Tg by 

virtue of regulating the degree of gelatinization. The lowering of the Tg and thereby 

the tensile strength of the compound is the result of a weakening of the intermolecular 

attractions between the polymer chains (Felton and McGinity, 1997). The plasticizer 

penetrates into the dense packing of the starch granule causing an increase in polymer 

motion and advanced crystal growth (Colonna et a l, 1992). Correspondingly, the 

raising of Tg causes an anti-plasticizing effect (Hancock and Zografi, 1994). The 

notion of starch melting was modified by Zobel et a l (1965) using the work of Florey 

(1953) about the importance of plasticizer in polymer melting.

Typical examples for plasticizers are water and glycerides, e.g. triglycerides or 

mono stearates. Slade and Levine (1988) highlight the role of water as plasticizer 

along with its impact on 7^-value alteration, and interpreted the occurring changes by 

non-equilibrium theories of crystallization.

The effects of several pharmaceutical polymers, including cellulose ethers, polyvinyl 

alcohols, cellulose acetate and acrylic polymers (Wang et a l, 1997) with regard to 

their plasticizing properties have been widely investigated. Acrylic polymers 

comprise the widely used methacrylates, commercially traded as Eudragit®. The 

importance of plasticizers in the pharmaceutical industry stems from the fact that 

many film polymers are brittle by nature and thus compromise an effective coating by 

cracking, edging or splitting. When coating with polymeric materials, such as acrylic 

polymers, the use of plasticizer is therefore imperative. In film coating, plasticizers 

modify the thermal and mechanical properties of the coating polymer giving better 

workability and flexibility of the material.

2.14 Analytical characterization of starch

Most practical applications require the exact characterization of the actual starch batch 

since the physical properties can vary significantly, not least owing to changes during 

preceding manufacturing processes. Analytical parameters include the amylose-to-

39



Chapter 1

amylopectin ratio, the water content, molecular weight and finally the Tg. Structural 

analysis can elegantly be carried out by X-ray diffraction whilst the water content can 

be determined by thermal gravimetric analysis. X-ray diffraction is of enormous 

analytical interest since no two compounds are likely to form wholly identical crystals 

with respect to the three-dimensional spacing of their respective planes. Usually, a 

powdered sample of crystalline material will present all possible crystal faces and the 

diffraction off the surface of a given interface will therefore deliver information on all 

possible atomic spacings, that is the crystal lattice (Dea, 1992). The course of glass 

transition including the Tg can be measured by differential scanning calorimetry, 

which will be explained in more detail in section 6.1.1.

Given the fact that the amylose properties are heavily dependent on the 

macromolecular features of the polymer it is necessary to use a technique that 

efficiently characterizes molecular weight (Roger and Colonna, 1993). Conventional 

techniques comprise light scattering and intrinsic viscosity measurement of reducing 

end group analysis. Yet these methods generate only mean values, thus giving 

statistical values instead of absolute ones. In contrast, high-performance size- 

exclusion chromatography (HPSEC) alone permits the determination of the 

molecular-weight distribution of amylose by use of pullulan or dextran calibration. 

Nonetheless, this method is only relative because the molecular structure of the 

standards has to be similar to the polymer sample. Therefore, a combination of 

HPSEC with a laser light scattering detector, coupled with low-angle laser light 

scattering photometer, has proved quite effective (Roger and Colonna, 1993).

2.15 Isolation and synthesis of amylose and amylopectin

In order to isolate amylose from amylopectin, various methods giving virtually 100 % 

amylose from starch pastes have been developed. One is the crystallization from salt- 

solutions or aqueous dispersions (Banks and Greenwood, 1975). Furthermore, 

amylose can be derived synthetically from glucose-1-phosphate as a monomer with, 

for example, maltopentose as the starter and potato phosphorylase as the catalyst 

(Hudson and Marsh, 1995).
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2.16 Hydrolysis of starch gels

The opinion prevails that starch in its crystalline form, especially the B-type, is fairly 

resistant to a-amylolytic hydrolysis. More interesting still for granular starch, 

hydrolysis has been found to undergo an initial rapid phase followed by a slower one. 

This difference in velocity has been imputed to the different hydrolysis rates of 

amorphous and crystalline regions. Moreover, it has been shown that gelatinization 

increases noticeably the digestibility of poorly degradable starch, in all probability 

owing to both granular disorganization and increased porosity of the substrate (Leloup 

e ta l,  1992).

2.17 The enzyme a-amylase

The enzyme a-amylase belongs to a large group of hydrolases precisely termed a- 

(l,4)-D-glucan glucanohydrolases. It is widely distributed in plants and mammals and 

catalyses the hydrolysis of the internal a-(l,4)-glycosidic linkages in glucose and 

various maltodextrins. The links are disrupted in a random fashion starting from an 

endo-site. An important characteristic of a-amylase is its skipping of the a-(l,6)- 

linkages, which are thus left uncleaved (Robyt and Whelan, 1968a).

The different origins bestow numerous secondary structures to the enzyme, i.e. helical 

conformation and extended chains, as well as specificities, such as fine differences in 

the way in which hydrolysis of a polysaccharide is carried out. During hydrolysis, a 

characteristic distribution of oligosaccharides is generated, which were mentioned 

earlier. Maltose and maltotriose, for example, are further hydrolysed into glucose by 

the enzyme amyloglucosidase (Robyt and Whelan, 1968c).

The exact nature and proportion of these derivatives depend not only on the origins of 

the substrate but also on the provenance of the enzyme. This is equally true for the 

maximum activity, which is a function of the optimum temperature and pH. The 

molecular weight of one a-amylase molecule ranges from 50000 to 60000 Da and 

encompasses roughly 20 amino-acid sequences per active unit (Robyt and Whelan, 

1968d).

The comparison of the amino-acid sequences of different a-amylases has shown that 

all molecules resemble each other in their three-dimensional structures. Analysis of
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the secondary structure, i.e. the amino acid sequence of different amylases, reveals 

strong similarities around the active site. MacGregor (1988) describes the active site 

as being composed of 11 sub-sites. These are regions of the active site that interact 

with one glucose moiety of the substrate at a time. The number of reactive sub-sites 

however varies among the different a-amylases.

The hydrolysis of amylose as effected by a-amylase is accordingly called a- 

amylolysis and is a well-elucidated process. For hydrolysis in solution, two models of 

action have been proposed: multiple and preferential attack. During the first, each 

glucosidic linkage is being cleaved with the same probability whereas during the 

second model, the molecule is attacked in a random fashion. The specific end 

products, which arise with advancing chain shortening, are typical and predominant 

for each amylase type as implied above (Colonna et a l, 1992). A mild acid medium 

promotes the degradation of amorphous zones in semi-crystalline starch. In addition 

to those two models, the course of hydrolysis per se can be divided into four phases: 

first, the diffusion of the enzyme towards its substrate, second, the pore formation in 

the substrate, third, the adsorption of the enzyme to the substrate and fourth, the 

eventual catalytic event (Robyt and Whelan, 1968d).

During adsorption, specific forces bind the active site of the enzyme to the substrate, 

which results in an enzyme-substrate-complex. The preceding event of diffusion, as 

well as the distinguishing action of a-amylase of disentangling the macromolecular 

chains, are regarded as the limiting steps.

Particle size or more accurately, the ratio of particle size and surface area, plays an 

important role in hydrolysis in that large particles obstruct the access of water, thus 

entailing reduced enzyme availability. A large surface area, therefore, allows for a 

higher initial hydrolysis rate. MacGregor (1988) considers the specific area and 

porosity as the physicochemical factors responsible for the discrepancies in 

susceptibility to hydrolysis in native starches. Nonetheless, the onset of degradation of 

each granule varies as a function of the penetration of the enzyme into the granule. 

Porosity is subsequently obtained through formation of pits and larger pores (Gallant 

et a l,  1992).

Clearly, the total rate of hydrolysis is subject to product inhibition and therefore slows 

down with increasing oligosaccharides formation.
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3 The colon

3.1 Anatomy and physiology

The function of the human gastrointestinal tract (GIT) is the uptake of nutrients and 

the elimination of waste by such physiological processes as secretion, motility, 

digestion, absorption and excretion. Its principal tasks are the reabsorption of water 

and the elimination of undigested material such as cellulose, unabsorbed remains of 

intestinal secretions and bacteria.
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F igure 1.5: T he hum an gastrointestinal tract, (from  H aeberiin  and F riend , 1992a)
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The GIT is a hollow muscular tube and typically about 5 m to 7 m in total length. It 

can be divided into the stomach, small intestine, caecum, large intestine and rectum 

Figure 1.5). The large intestine, also known as colon, is approximately 1.5 m long 

with an average diameter of 6.5 cm. Its volume is circa 540 ml in the Caucasian ethnic 

group. The colon receives daily approximately 1.5 kg of material from the small 

bowel, most of which is water and therefore rapidly absorbed (Haeberiin and Friend, 

1992a; Macfarlane and Cummings, 1991). The colon is a highly complex system in 

which individual bacteria live in a diversity of microhabitats and metabolic niches.

S.to
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o .......... -o Anaerobic streptococci
♦ —— - ♦  Bifidobacteria 
 ............ Enterococci

X--------X Veiltonellae
* ---------A O o itr id iu m  p e r tn n g e m

Û------- -a  Colilorm bacteria
o— — o Lactobacilli

F igure 1.6: B iochem ical situation  in the hum an G IT. (from  M itsuoka, 1978)

Their metabolic activity plays a vital role in the metabolism of endogenous and 

exogenous substances. Conversely, it is influenced by the colonic anatomy and 

physiology, such as temperature, nutrient availability, pH, redox-potential (Eh) and 

degree o f anaerobiosis (Hudson and Marsh, 1995). Due to an absolute absence of 

oxygen in the GIT the degree of anaerobiosis, expressed by the oxidation-reduction 

potential Eh, ranges between -200 mV and -250 mV. Hence, the ability of the distal 

ileum to support an anaerobic bacterial flora is shown by its Eh of -150 mV, which is 

similar to but not as reduced as the Eh of -200 mV found in the caecum. Descending
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from the stomach to the rectum the Eh-values are as follows: +150 mV in the stomach, 

-50 mV in the duodenum and jejunum, -150 mV in the ileum, -200 mV in the 

caecum and -250 mV in the rectum. The physiological parameters and their values 

are presented in Figure 1.6. Cell mediated reactions generally comprise oxidation and 

conjugation, both of which need oxygen, whilst bacterial reactions mainly involve 

hydrolysis and reduction of chemicals and their derivatives (Haeberiin and Friend, 

1992b).

3.2 Nutrient absorption and breakdown in the coion

The overall amount of fluid absorbed per day is some 10 1 but only 1.5 to 2.5 1 are 

ingested fluid. The rest originates from the secretions of the alimentary tract. Circa 90 

% of all fluid is absorbed by the small intestine whereas most of the remaining 10 % 

are reabsorbed in the colon. Less than 150 ml of fluid are lost in the faeces per day. 

Under normal conditions the colon absorbs water, sodium and chloride while 

secreting potassium and bicarbonate. Nevertheless, with maturation of the GIT and 

modifications in dietary composition, alterations in digestive function and enzymatic 

pattem are common (Haeberiin and Friend, 1992b).

The carbohydrate breakdown under anaerobic conditions is known as fermentation. A 

key event in digestion, it is the way in which the colon salvages energy from materials 

that have escaped digestion in the small intestine, and thus completes the digestive 

process. Most of the carbohydrates are potentially available for fermentation in the 

colon where they are catabolised in a relatively small number of metabolic pathways. 

A series of hydrolytic steps produces simple sugars which are subsequently 

metabolised by the colonic flora to a variety of fermentation end products: short chain 

fatty acids and other organic acids, alcohols, hydrogen and carbon dioxide. As implied 

earlier, fermentation is regulated by the need to sustain redox-balance through 

reduction and oxidation of substrates (Brittain et a l, 1991).

The vast majority of intestinal bacteria, and especially those in the lower tract, are 

saccharolytic species. Two important genera are Bacteroides and Bifidobacterium, 

which are both obligate anaerobes. Thanks to a large variety of saccharidases they are 

able to ferment complex polymers that normally withstand human hydrolytic enzymes
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(Brittain et a l, 1991). An average bacterial count can reach up to 10  ̂cfu / g dried 

mass.

The primary function of the upper colon is fluid and electrolyte absorption whereas in 

the lower colon the solid faeces are formed and retained until excretion. The main 

areas of permanent bacterial colonization are the lower ileum and colon. This holds 

mainly for populations in Western countries whilst individuals in the tropics and the 

Indian subcontinent host more bacteria in the small intestine. The ephemeral nature of 

the microflora in the stomach is due to the acidity of the bowel content, which is about 

pH 1 to 2 in the post-absorptive state. Another reason is the rapid transit time of about 

four to six hours through the stomach and small intestine, which does not allow for a 

stable micro flora to develop.

3.3 Transit of bowel contents

Transit through the GIT is long in time and length and varies with the shape and 

nature of the substrate. It is influenced by eating, diet and disease and effected by 

propulsive motions. Yet all these factors can vary considerably even under healthy 

conditions.

The propulsive motions can be divided into two main types: first, propulsive 

contractions or mass movements, which transport the content and second, segmental 

contractions that serve to mix the content. Roughly, one passage from mouth to colon 

takes between 8 to 10 hours, with a transit time through the small intestine of 2 to 4 

hours (Mrsny, 1992). Once in the colon, the transit of the substrate through the left 

colon takes about 11 hours followed by transit through the right colon, which requires 

another 11 hours. The residence time in the end part of the colon has been averaged as 

12.5 hours (Mrsny, 1992). In brief, colonic transit is thus characterized by short bursts 

of activity followed by long periods of stasis. Consequently, absorption in the colon 

decreases notably from the small bowel to the colon so that the time range described 

above enables a complex and stable microflora to grow. As mentioned above, these 

values are mainly relevant for Western populations (Brittain et a l, 1991). 

Surprisingly, colonic disorders such as constipation or diarrhoea do not alter transit to 

any significant extent. Hardy and Lee (1986) found that the transit of both single-unit
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and multi-unit dosage forms, such as pellets, were not notably different between 

healthy and sick individuals. The determinants of the intestinal movements are 

furthermore dictated by gravity, emotional state and circadian rhythm, or else by the 

nature and amount of food taken in. Moreover, the impact of drugs and the geometries 

of dosage forms are equally important (Kramer and Blume, 1994).

Under normal conditions, absorption from the stomach is minimal, which again is due 

to the rapid transit rate as well as the limited surface area of the stomach. Since the 

rate of gastric emptying has a large impact on the absorption and the bioavailability of 

drugs, this process is the rate-limiting step for the absorption of drugs in solution. In 

this way, gastric emptying along with the degree of filling chiefly determines the 

efficiency of enteric delivery devices. Furthermore, absorption is strongly affected by 

the ionization degree of a substance. Hence, the passage of many drugs is a function 

of both the pH at the absorptive site and the pK& of the drug. The latter value describes 

the pH at the state of equality of ionized and un-ionized forms of one particular drug. 

Weak acids with a pKa greater than 8.0 are un-ionized throughout the GIT. Weak 

acids with a pKa ranging from 2.5 to 7.5 are highly un-ionized in the stomach and 

minimally ionized in the small bowel. Strong acids are ionized throughout the GIT 

and therefore poorly absorbed. Accordingly, weak bases are ionized in the stomach 

but highly un-ionized in the small bowel. Strong bases are also mainly ionized and 

poorly absorbed (Haubrich et a l, 1995; Macfarlane and Macfarlane, 1997).

In summary, the passage time of digesta through the GIT depends on various 

parameters: the quantity and quality of the substrate, such as food or drug, the 

peristaltic movement of the colon, the capability of absorption and physiological 

conditions and finally, the rate of gastric filling and emptying.

These parameters given, the colon offers a unique and potentially attractive location 

for the oral delivery of drugs. Due to the prolonged time of residence, this region of 

the GIT is obviously a potential site for extended-duration drug delivery (Mrsny, 

1992).
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3.4 Colon diseases

The colonic region is susceptible to a number of malfunctions, such as constipation, 

irritable bowel syndromes, and more serious conditions, like Crohn's disease. Colitis 

ulcerosa, carcinomas and infection.

For example, Crohn's disease is a chronic inflammation of unknown origin, which not 

only can affect the colon but can also spread throughout the entire GIT. Colitis 

ulcerosa in contrast is limited to the colon. Both diseases typically occur in recurrent 

episodes in a progressive and aggravating manner.

For the treatment of these conditions, anti-inflammatory agents, chemotherapeutic 

agents and/or antibiotics need to be delivered directly to the colon.

4 Controlled drug delivery

4.1 Principles of controlled drug delivery

Controlled drug delivery enables the maintenance of plasma levels of drug in the 

therapeutic concentrations over a prolonged period of time (Lindner et aL, 1996). The 

drug is sustained in its intact form as close to the target as possible and can be 

supplied to the biophase only when required (Kinget et a l, 1998). A controlled 

delivery device is therefore the formulation of a bioactive agent into a finished 

product that reaches its target site in a directed fashion (English and Dang, 1999).

The concept of controlled drug delivery, also known as modified release, displays the 

following six advantages: first, an improved performance of the drug and increased 

pharmaceutical activity; second, lower and more efficient doses, which reduce toxic 

effects and excessively high plasma concentrations; third, the flexibility in physical 

state, shape, size and surface of the formulation; fourth, the capacity to stabilize and 

protect drugs against hydrolytic or enzymatic degradation; fifth, simplified 

administration pattems making for a better patient compliance and finally, a means to 

mask unpleasant taste or odour (Mathiowitz, 1999; Kramer and Blume, 1994).

These biopharmaceutical advantages together with the permanent progress in 

pharmaceutics have led to the development of a wide range of specialized dmg
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formulations. Different modes of drug delivery are designed to obtain particular onset 

and duration times as well as particular target sites. Timed-release modes can be 

classified as continuous delivery, extended delivery, delayed delivery and pulsatile 

delivery, while other modes are specific to certain sites of action. Among these sites, 

the colon plays an important role and constitutes the main focus of this work.

4.2 Modern colon-specific drug delivery systems

Colon-specific drug delivery has been approached by a number of methods exploiting 

physiological parameters along the GIT, such as its length, pH, reduction potential of 

the different regions and the transit time of the digesta (Hovgaard and Bronsted, 

1996). Timed-release systems position the drug in the colon by resisting the acidic 

gastric environment and by remaining in an inactive state of pre-determined duration 

prior to drug release. The inactive phase during colon delivery comprises essentially 

the transit of the dosage form from the mouth to the colon (Yang et a l, 2002). The 

first formulation of this kind was Pulsin-cap® (MacNeil and Stevens, 1990). It 

consisted of a capsule of which one half is enteric-coated while the other half is non

disintegrating. The enteric coat dissolves on reaching the small intestine by revealing 

a hydrogel plug, which stoppers the non-disintegrating part. This subsequently swells 

in a pH-independent manner. The length of the hydrogel plug determines the swelling 

time at whose end the plug is maximally swollen and thus ejected from the capsule. 

This is the point of drug release (Kinget et a l, 1998). Another time-based system is 

the Time-Clock®-System by Pozzi et a l (1994), which consists of a solid dosage form 

coated with an inner hydrophobic layer of surfactant followed by an outer hydrophilic 

polymer. This layer re-disperses in the aqueous intestinal environment over a period 

of time that is proportional to its thickness. After completed dispersion the core is 

available for drug release. It was shown in clinical studies that the dispersion time was 

independent of the gastric residence time and that the dispersion of the inner 

hydrophobic layer was not influenced by the presence of intestinal digestive enzymes, 

nor by mechanical action of the stomach (Goldstein et a l, 1987).

A number of regional characteristics of the colon however were explored for site- 

specific drug delivery devices. These refer mainly to the colonic micro flora, which 

produces a large number of hydrolytic and reductive enzymes potentially useful as
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triggers for drug delivery (Rowland, 1988). As mentioned previously, the pH in the 

stomach is very low but increases toward the small intestine. It is hence plausible for 

drug-targeting to the colon to coat the respective dosage forms, which could be 

tablets, capsules or pellets, with a pH-dependent material. In this way, the formulation 

is insoluble at low pH but soluble in a neutral or alkaline pH medium. Traditionally, 

pH-sensitive coatings served the delivery of drugs to the small intestine whereas more 

recent advances do also target the colon (Thomas et a l, 1985; Dew, 1982). Modem 

coatings commonly contain the commercially available and widely used methacrylic 

acid resins Eudragit®. Different types are used depending on whether water soluble or 

insoluble properties of the dosage form are desired. Problems with this strategy 

however arise from the fact that the intestinal pH is not predictably stable, as it is 

influenced by diet, disease and the presence of fatty acids, carbon dioxide and other 

catabolites (Rubinstein, 1990). Thus, the intra- and inter-individual differences in the 

pH of the GIT are considerable and exhibit a major drawback in successful, i.e. 

reproducible, dmg delivery to the large intestine. In addition, the similarity in pH 

between the small intestine and the colon makes pH-dependent systems less reliable 

(Yang et a l, 2002). Leopold and Eikeler (2000) found that the pH-gradient is not 

significant enough to allow reproducible dmg delivery to the colon when using 

formulations bearing coating polymers that dissolve at pH-values above six or seven. 

For these reasons, delivery systems based on enzymatic degradation appear to be 

more specific than time- or pH-based alternatives (Kinget et a l, 1998). Consequently, 

a major focus in the design of colon specific dmg delivery devices has been bacterial 

enzymes of colonic origin. Their robustness and substrate specificity inspired the 

design of dmg formulations that are either made of or mimic the respective substrates 

so that dmg release is achieved through enzymatic control. Despite the wide spectmm 

of metabolic reactions carried out by colonic enzymes particular attention has been 

directed toward reductases, which, among others, reduce polysaccharides (Matsuda et 

a l, 1996). The growth rates of the bacteria in the caecum and colon are fairly high so 

that an extensive fermentation of polysaccharides and other nutrients can be assured 

(Hovgaard and Bronsted, 1996). Starch is the only polysaccharide that is degraded in 

the colonic region by the pancreatic enzyme a-amylase. Based on this knowledge, 

Milojevic et a l (1995) prepared films of amylose that were resistant to pancreatic a- 

amylase but could be digested by bacterial a-amylase.
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Further successful attempts relying on bacteria as triggering factors for drug release 

involved a dextran-based hydrogel to which the prodrug naproxen was linked. The 

dextrane fraction was hydrolysed by dextranases so that the prodrug could transform 

into its active state (Mathiowitz and Chickering, 1999; Lundqvist et a l, 1997). The 

specific enzymatic activity of dextranase has been determined in the mucosa of the 

human intestines, where it ferments several mono-and polysaccharides to short-chain 

fatty acids.

The idea of this approach was based on the complete stability of the hydrogel matrix 

in both the stomach and the small intestine but disintegration and hence drug release 

in the colonic region (Simonsen et a l, 1995).

The strong acid environment in the stomach poses a particular challenge to material 

properties and numerous ideas to overcome this drawback have been proposed. A 

colonic delivery system based on highly methoxylated pectin was investigated by 

Ashford et a l (1993). The group demonstrated that high-methoxyl pectin is, when 

applied as a compression coat, capable of protecting a core tablet against the GIT 

environment but yet degradable by pectinolytic enzymes. Macleod et a l (1999) later 

combined the pectin with chitosan and hydroxypropyl methylcellulose in order to 

retard the drug release from the tablet core until the vehicle reaches the colon, where 

the numerous bacterial enzymes are active. Evidently, the principal benefit of using 

bacterial enzymes resides in their confinement to defined areas of the GIT as natural 

habitat, which permits a fairly precise drug targeting. Moreover, the clearly slow pace 

of degradation, le. between 12 to 24 hours, is an effective way to disperse the 

therapeutic agents over a maximum colon surface area over time.

A colon-specific technology named CODES® was recently developed with the 

purpose of avoiding the problems associated with pH- or time-dependent systems, 

(Takemura et a l, 2000). The design exploits the advantages of certain mono- and 

oligosaccharides that can only be degraded by colonic bacteria when coupled with a 

pH-sensitive polymer coating. Since polysaccharide degradation is restricted to the 

colon, this system is capable of achieving colon delivery in a consistent and reliable 

fashion. The device is schematically depicted in Figure 1.7. The innovative feature is 

a core tablet coated with three layers of polymer coatings. The first and innermost 

coating is an acid-soluble polymer, for example Eudragit®E, while the outer coating is 

an enteric one with a hydroxypropyl methoxycellulose barrier in between to prevent
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any possible interaction between the oppositely charged polymers. The core tablet is 

comprised of one or more saccharides, in the range of mannitol, maltose, lactulose etc, 

as well as other necessary excipients. During passage after ingestion, CODES® 

remains intact in the stomach due to the enteric protection while the enteric and 

barrier coating will dissolve in the small intestine, where the pH is > 6. Since 

Eudragit®E starts to dissolve at a pH smaller than five, the inner Eudragit®E coating is 

only slightly permeable and swellable in the small intestine. Upon entry into the 

colon, the saccharide inside the core tablet will dissolve and then diffuse through the 

coating. The bacterial enzymes degrade the saccharide into organic acids, which 

lowers the pH surrounding the system sufficiently as to trigger the dissolution of the 

acid-soluble coating and subsequent drug release. This concept possesses the 

advantage that drug release is also assured in an abnormal pH-environment, such as 

during inflammation or changes in dietary composition.
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Polym er coating

t
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F igure 1.7: Schem atic design  o f C O D E S® , (after T akem ura et aL, 2000)

In addition, the Cross-Linked-Amylose Enzymatically-Controlled-Drug-Release 

system (CLA-ECDR) is an enzymatically-controlled drug release system based on the 

addition of a-amylase to cross-linked-amylose tablets. The enzyme within the tablets
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hydrolyzes the a-(l,4)-glycosidic bonds of the cross-linked amylose after hydration 

and swelling of the amylose. The gradual enzymatic degradation of the amylose along 

with the time-dependent penetration of the drug through the hydrated gel phase 

modulates the release kinetics of the active ingredient (Dumoulin et al, 1999).

Finally, the concept of the Colon-Targeted Delivery Capsule (CTDC®) developed by 

Tanabe Co. Ltd., is based on pH-sensitive and timed-release principles (Figure 1.8). 

The technical features of this novel system are as follows: the drug is enclosed in a 

hard gelatin capsule together with an organic acid, which acts as a pH-adjusting agent. 

The capsule is then coated with a 3-layered film consisting of an acid-soluble layer, a 

hydrophilic layer and an enteric layer. After ingestion of the capsule, the outermost 

enteric layer of the coating effectively prevents the drug release in the stomach. 

Although the enteric layer and hydrophilic layers dissolve quickly after gastric 

emptying, the remaining acid-soluble layer still prevents drug release in the lower 

intestine. When the pH inside the capsule decreases by the dissolution of the organic 

acid, the acid-soluble layer dissolves from the inside outwards and the enclosed drug 

is quickly released. Thus, the onset time of drug release in the intestine can be 

controlled by the thickness of the acid-soluble layer.

-> Drug

Organic acid

Enteric layer 

► Hydrophilic layer 

Acid soluble layer 

Capsule shell

F igure 1.8: C olon-T argeted  D elivery C apsu le, (adapted  after Ish ibash i e ta / .,  1998)
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4.3 Coatings

The process of coating single-unit dosage forms has been refined over the past years 

(Hovgaard and Bronsted, 1996). Fluid bed spray-coating or compression-coating are 

techniques that can be used for a large number of coating materials. In the search for 

colon-specific drug delivery systems, these techniques have also been implemented 

for some polysaccharides. Recently, simple tablet cores have been spray-coated with 

polysaccharides or mixtures of polysaccharides and common coating materials, or 

they have been compression coated with insoluble polysaccharides.

Melt films

Starch is also used in multi-layer melt-film systems as an alternative to synthetic 

materials, which often bear environmental concerns. Martin et a l (2001), for 

example, blended the polysaccharide with polyestearamides assisting as a moisture- 

resistant polymer to make up for the poor mechanical properties and high moisture 

sensitivity of the starch. This resulted in a significant improvement of the starch’s 

performance by simultaneously maintaining the overall biodegradability of the 

product. The formulation was manufactured by multi-layer coextrusion, which is 

widely employed when combining the properties of two or more polymers into one 

single multi-layered structure (Schrenk and Alffey, 1978). Nevertheless, the prepa

ration of starch-based multi-layers may also be carried out through compression- 

moulding of starch and polyesters, in which case the starch is plasticized with 

glycerol. This technique was used by Hulleman et a l (1999), who moulded 

plasticized starch into low-thickness disks or films. If the polymer is also 

biodegradable these multi-layer systems are not only inexpensive but also 

compostable. In this work, the starch was melted directly with the plasticizer Dynasan 

114 to a binary mixture thus rendering any additional excipients redundant.
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5 Powders in pharmaceutics

5.1 Definition and characterization

Powders can be defined in several ways depending on their application. The British 

Pharmacopoeia (2001) defines powders as preparations consisting of solid, loose, dry 

particles of varying degrees of fineness. The degree of fineness is expressed by 

reference to sieves and their respective sieve numbers, which classify them according 

to the particle size of the majority of the discrete particles. The grading is as follows: 

coarse powders ( > 350 pm), medium fine powders (100-350 pm), fine powders (50- 

100 pm), very fine powders (10-50 pm) and micronized powders ( < 10 pm). In 

physical terms, however, a powder can be described as a special type of a disperse 

system consisting of discrete, solid particles of the same or different chemical 

compositon having an equivalent diameter between 1 pm to 1 mm (Alderbom, 1996; 

Staniforth, 1988a). They are surrounded by or dispersed in air during which the 

particles are normally still in contact with each other (Alderbom, 1996). The main 

characteristics of a powder are packing, flow and mixing behaviour, which all reflect 

to some extent the effect of adhesion and friction at a particulate level (Podczeck, 

1998).

5.2 Particles

5.2.1 Size and shape

Particle size and shape are fundamental elements of identification and are of 

paramount importance in powder technology. The particle size of a dmg represents a 

critical parameter in pharmaceutical technology owing to its impact on cmcial 

processing factors, such as flowability, mixing, dissolution rate, bioavailability and 

content uniformity. Situations arise where a change in particulate characteristics, such 

as size or surface area during micronization, alters the manufacturing process or the 

product performance (Bell et a l, 1999).

Knowledge of this fact is vital to ensuring a reproducible performance of the powder 

bulk during production processes, such as extmsion and spheronization of pellets, 

flow of powder bulks from hoppers and bins or blending of multi-component

55



Chapter 1

mixtures. Hence, particle size measurements are useful when monitoring and 

predicting the performance of both the product and device during processing or when 

forecasting the stability of suspensions in the case of solid-liquid systems (Seville and 

Tüzün, 1997). Again, the measurement of particle size and particle size distributions 

is difficult and complex, owing to two main factors: first, the assignment of a true 

‘size’ and second, the geometric measurement partiality inherent in the measuring 

equipment. Thus, different analyzing instruments operating by different sizing 

principles are prone to give varying results (Etzler and Sanderson, 1995). Modem 

approaches include techniques based upon sedimentation, image analysis, electrical 

and optical sensing zones, light diffraction, photon correlation spectroscopy and 

chromatography (Etzler and Sanderson, 1995).

When characterizing the various functions and properties of a powder it is necessary 

to describe the individual particles - that is to carry out an analysis of their sizes and 

shapes. This equally includes the analysis of their individual distributions since 

powders have statistical characteristics (Wanibe and Itoh, 1998). Nevertheless, 

whatever the particle size within a particular powder bulk, a powder has its own 

behaviour, which resembles neither that of solids nor that of liquids. In this respect, 

two cmcial differences that are typical only for powders have to be pointed out: first, 

powders can expand or contract to a certain degree and can remain lastingly in the 

obtained stage. This phenomenon stems from void changes within the packing of the 

particles. Second, although powders can be deformed by shear forces rendering the 

powder mass to flow like a viscous liquid, the shear force required is a function of 

normal load, which acts at a right angle to the shear plane. This arouses difficulties in 

the manufacturing process in view of measurement of flow properties of bulk powders 

and equipment design (York and Pilpel, 1972; Irono and Pilpel, 1982).

In the simplest case, that is, for spherical particles, size is defined by diameter. For 

non-spherical particles, such as cubes, regular tetrahedrals, cones, cylinders, cuboids 

or prisms, the side length, base diameter, height, width or thickness have to be 

determined and, if necessary, correlated to each other (Hawkins, 1993). An array of 

particle shapes is given in Figure 1.9.
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cubesphere

cuboidcylinder

prismcone

F igu re 1.9: E xam ples for  p article  shapes.

However, the assigned size depends considerably on the method of measurement, 

which therefore makes it necessary to clarify the measuring principle prior to 

collecting the data. The information obtained is then related to the physical parameter 

of interest, which normally requires statistical averaging using some sort of 

commercially available computer software.

For a two-dimensional outline of a non-spherical particle, the following equivalent 

diameters are conventionally used:

1. The Feret-diameter, which is the uni-directional travelling distance between two 

tangents on opposite sides of the particle (Wanibe and Itoh, 1998).

2. The Martin-diameter, which is the distance between opposite sides of the particle 

measured crosswise of the particle and on a line bisecting the projected area.

3. The projected area diameter, which is not related to a distance but to the area of the 

particle outline (Hawkins, 1993).

The reason for establishing equivalent diameters is that a diameter by definition is 

unambiguous only for spheres. In this way, the value of a particular physical property
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of a sphere can be assigned to a non-spherical particle. All three diameters are 

statistical parameters, which are relevant when microscopic size is concerned.

Shape is immediately related to particle size. Müller (1967) describes the shape of a 

particle by its relative dimensions, Le. size), its roundness, e.g. very angular, well, 

moderately, or poorly rounded etc., and its surface texture, i.e. roughness, while 

Heywood (1938) views shape under only two aspects: the form, e.g. cuboid or 

spherical and the relative dimensions, which allow the distinction between two 

particles of the same form. Consequently, powders with similar particle sizes but 

dissimilar shapes can have markedly different properties due to differences in inter

particle contact areas. This is illustrated by the fact that spheres arranged in a packed 

fashion have minimum inter-particle contact leading to optimal flow properties. In 

contrast, a group of particle flakes or other extremely irregular shapes have a very 

high surface-to-volume ratio, which generates rather poor flow properties (Staniforth, 

1988b). Hence, packing and flow behaviour of a powder bulk are of special interest in 

powder handling.

5.2.2 Size distribution

Particle size distribution represents the relative amounts of material as a function of 

size, and matters when distinguishing powders from each other. Particles that show a 

distribution of particle size within a bulk are poly-disperse whereas those that are all 

of the same size are mono-disperse (Rowe, 1981). The last case, however, is quite rare 

as this would require all particles of a population to be completely monosized. 

Instead, most powders contain particles with a large number of different equivalent 

diameters (Staniforth, 1988a).The distribution can be expressed as either number or 

mass distribution: number distribution describes the fraction of the total number of 

particles in any size range whereas mass distribution gives the fraction of the total 

mass contributed by particles in any size range. The data of both are presented in so- 

called frequency histograms, which depict the frequency of occurrence of each size 

within a number of discrete size intervals. This allows the comparison between the 

distributions of different particle sizes. Since, in most cases, the particles within a 

powder population do not obey a normal size distribution the obtained distribution 

curve ÏS skewed to the left rather than symmetrical (Staniforth, 1988a).
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5.3 True, apparent and bulk density

The true density of a powder is the mass divided by the volume it would occupy if it 

were compressed so as to eliminate all the pores and surface fissures. The true density 

therefore assumes that no closed pores and other free volumes inside the particles 

exist (Allen, 1999a).

The apparent density is the mass divided by the volume, excluding open pores but 

including closed ones. The apparent density therefore accounts for d'oc volumes 

inside the particles, which escape measurement.

The bulk density is a characteristic of a powder rather than individual particles and is 

given by the mass of powder occupying a known volume. The bulk density of a 

powder is always less than its true density because the powder contains interparticle 

pores or voids, which create unoccupied spaces in the powder mass (Staniforth, 

1988b). This implies a powder can possess only one true density but several bulk 

densities since the latter depends on the way in which the particles are packed.

The apparent density is determined by means of a gas pycnometer. The instrument, 

which exploits the Archimedes principle of liquid displacement, determines the 

particle volume including closed but excluding open pores (Allen, 1999b). Helium is 

used as the displacement fluid thanks to its inertness and small molecule size allowing 

it to penetrate even the finest pores of the material.

Various methods to measure bulk density are employed, amongst which the widely

used method as described in USP 24/NF 19 (2000) will be cited as an example. It

consists of filling a powder mass of known weight into a receptacle in which it is

tapped for a predetermined number of times. After tapping the powder volume is re

measured and the final bulk density calculated.

5.4 Surface area determination

The surface area of a solid material is important since it not only furnishes 

information about the available void spaces on the surfaces of individual or 

aggregated particles but also determines partially the dissolution rate of a solid if
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applicable (Lowell and Shields, 1984). The measurement of the surface area is based 

on the fact that a solid, when exposed to a gas, adsorbs a proportion of the gas at its 

surface. A non-destructive and reproducible method, this technique enjoys wide 

popularity. The amount of gas adsorbed depends on the nature of the solid, such as 

roughness, and the pressure and temperature at which adsorption takes place (Allen, 

1999b). The gas to be adsorbed is referred to as adsorbate and any condensable inert 

gas is suitable for measurements although the gases of choice are nitrogen and 

krypton. Nitrogen is used for samples possessing surface areas of 2 m^/g or larger, 

while materials with smaller surface areas are normally measured using krypton. 

During the analysis, the entire surface of an individual particle or if present, that of the 

pores, is wholly covered with the condensed adsorbate at reduced temperature. The 

adsorption process continues until the entire surface of all particles is covered by a 

mono-layer of adsorbate. In this way, the entire surface including all pores and any 

irregularities is measured. Usually, a second layer may be forming before the mono

layer is complete, but only data from the mono-layer regions of the isotherm are used 

to deduce the mono-layer volume and then the surface (Allen, 1999b). The 

measurement reaches atomic dimensions but its accuracy notwithstanding depends on 

the ‘cleanliness’ of the sample’s surface. This means that the sample must not hold 

any gas molecules other than those of the adsorbate so that only the latter is 

condensed and adsorbed to the surface. For this reason, the surface is freed of any 

foreign molecules by outgassing the sample prior to measurement under vacuum at an 

elevated temperature (Beckman-Coulter, 2002). During analysis, the retained gas 

volume is measured as well as that of the remaining gas exerting a pressure in the 

sample tube. This is possible since the molecules attached to the sample surface are 

unable to exert pressure while those occupying the free space in the sample tube are 

able to do so. The adsorption is a stepwise process, during which the adsorbate is 

added in incremental doses to achieve one or more data points. From the sum of all 

areas occupied by the molecules the specific surface area, expressed in units of square 

metres of surface per gram of material (m^/g) is calculated (Wenman and Spinks, 

1995). The pressure of the gas in the sample tube is plotted against the volume of the 

adsorbed gas, which generates a plot -  the isotherm. The shape of the isotherm gives 

information about the surface characteristics, such as porosity, based on which a 

suitable calculation model is then chosen. The sorption isotherms obtained are inter

preted using the equation developed by Brunauer, Emmett and Teller (Brunauer et a l.
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1938), which gave this technique its name 'BET-method'. The surface areas are 

calculated using the BET-Equation (Equation 1.7), which is based upon the Langmuir 

equation, where adsorption is restricted to a mono-layer (Allen, 1999c).

P  1 (c- l )p
+ -     E q u ation  1.7

V ( P o - P )  Vm-C V m C P o  

where

V  = volume of gas adsorbed at pressure P  

P  = partial pressure of adsorbate

Vm = volume of gas adsorbed in mono-layer

P o  = saturation pressure of adsorbate at experimental temperature

C = constant exponentially relating the heats of adsorption and condensation of

the adsorbate

Using various pressures of adsorbate, a graph of P / V ( P q- P )  against P / P q produces a 

straight line. The value of Vm is obtained from the reciprocal of the sum of the slope 

and intercept. The total surface area of the sample is calculated using Equation 1.8:

Vm X N o X Acs
St = -----------------------------  E q u ation  1.8

M

where

St = total surface area

No = Avogadro’s number

Acs = cross-sectional area of the adsorbate

M = sample mass

The specific surface area is eventually obtained by dividing St by the sample mass 

taken. Although one point will give a reproducible result, more data points are needed 

for an accurate indication of the surface area, hence the measuring mode ‘multi-point 

BET’. As can be seen from the BET-equation, the Langmuir-model, which assumes 

that a strict mono-layer has formed on the particle surfaces, is still commonly used for
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determining the surface area of microporous materials (Beckman-Coulter, 2002). The 

surface area is further characterized by relating the surface area to the sample weight.

5.5 Particle size analysis

Modem methods for fine particle analysis are based on image analysis, electrical and 

optical sensing zones, light diffraction, photon correlation spectroscopy and 

chromatography.

5.5.1 Sieve analysis

Principally, sieve analysis represents the simplest method for the determination of 

particle size and size distribution although in an indirect way. It uses a series of

square-mesh sieves which differ in size by aVz -progression and which are stacked on 

top of one another in a decreasing order. Once the powder has been loaded onto the 

top sieve the entire stack is subjected to vibration until the particles have segregated 

onto the different sieves (Staniforth, 1988a). Nevertheless, the mesh size only 

represents one of the several extensions of a non-spherical particle. To describe non- 

spherical particles, the term ‘equivalent diameter’ was coined, which relates to 

particle width and thickness. However, the tme length of a particle will usually be 

underestimated as asymmetrical particles pass through the apertures in a longitudinal 

direction.

Air-jet sieving, in contrast, uses only one sieve at a time. Here, an air-jet stream is 

applied to the powder the particles of which are thus blown apart. This causes the 

particles to fall loosely onto the sieve by which separation is achieved.

5.5.2 Light Microscopy

Microscopy is an absolute method and therefore the only technique in which solitary 

particles are observed and measured directly. Light microscopy is appropriate for the 

measurement of particles in the size range from 1 pm to 150 pm (Allen, 1999c).
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The most severe disadvantage of light microscopy is the small depth of focus. Hence, 

in a sample with a wide range of sizes merely a few particles are in focus in any field 

of view. Fortunately, more modem instruments are already able to correct this 

drawback to a considerable extent. Again, the equivalent diameter can only be derived 

from the projected area, which changes with the orientation of the particle on the 

slide. According to Heywood (1963), particles naturally arrange in their most stable 

position, which he named ‘critical stability position’. Finally, the sizes measured are 

only statistical parameters.

In practice, light microscopy is usually coupled with some type of image analyzer. 

The microscopic picture depicted by a microscope, video camera or scanning- 

electron-micro scopy interface is converted into digital signals. Subsequent data 

processing delivers the numerical object dimensions, which are finally analyzed 

statistically.

Besides optical microscopy, transmission electron microscopy (TEM) is used for the 

examination of particles in the 1-nm to 5-pm size range. It operates by exposing the 

sample to an electron beam generating an image either on a fluorescent screen or on a 

photographic plate beyond the sample.

5.5.3 Scanning electron microscopy

Scanning electron microscopy (SEM) uses electrons rather than light to form a high- 

resolution image of particle surfaces. It allows the study of both morphology and 

composition of biological and physical materials and is especially useful for particles 

smaller than 0.5 pm. The advantages over light microscopy are that it has a large 

depth of field, which allows a large amount of the sample to be in focus at one time. 

The production of high-resolution images means that closely spaced features can be 

discriminated and thus be examined at a high magnification of up to 100000 times. 

During examination, an incident electron beam raster-scans the surface of the sample, 

which emits electrons that are collected for imaging on a detector. Imaging is done by 

either secondary electrons or backscattered electrons, which provide different 

information about the sample’s surface.

Secondary electrons allow imaging of fine surface structures. The interaction between 

the sample's electrons and the incident electron beam causes inelastic electron
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scattering. This results in the emission of low-energy electrons, i.e. secondary 

electrons, from the immediate surface of the sample. The number of electrons that 

reach the secondary-electron detector is influenced by the orientation of the surface 

structures. These create variations in image contrasts, which represent the morphology 

of the sample surface. The resolution of a secondary-electron image for an ideal 

sample is about 3.5 nm.

Backscattered electrons provide information about elemental composition variations 

as well as surface morphology. Backscattered electrons are produced by the elastic 

interactions between the sample and the incident electron beam. These high-energy 

electrons escape from much deeper regions underneath the sample surface than 

secondary electrons with the effect that surface topography is not as accurately 

resolved. The number of backscattered electrons is proportional to the mean atomic 

number of the sample material resulting in image contrasts as a function of 

composition. This means that materials of a higher atomic number appear brighter 

than ones of a low atomic number. The resolution of backscattered-electron image is 

about 5.5 nm.

SEM examination is performed at low accelerating voltages between 5 and 10 kV to 

diminish the effects of surface charging, and a vacuum in the sample chamber is used 

to obtain an energetic, highly focused electron beam needed for high-resolution 

imaging. Microscope image magnification is calibrated against a reference standard. 

Many applications, however, involve samples that are not electrically conductive. 

These samples require pretreatment, by coating with a conductive material, such as 

gold, before SEM examination. Furthermore, samples that contain substantial 

amounts of water or volatile components require controlled drying, so that a high 

vacuum in the sample chamber can be reached and thus deformations of the sample be 

prevented. The image magnification of the microscope is calibrated against a 

reference standard so that secondary computer analysis of images can quantify area 

and volume fractions as well as particle shapes and sizes.

5.5.4 Laser light scattering

Laser light scattering is based on the fact that a particle passing through a collimated 

laser beam will scatter light at an angle inversely proportional to its size as well as
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according to its refractive property, expressed as the refractive index. During 

measurement the incident light beam is diffracted by the particle and scattered on exit 

from the particle. This is also known as Fraunhofer diffraction. Only the scattered rays 

of the light beam, whose wavelength and polarization are known, are of analytical 

importance while the reflected, refracted and internally absorbed rays are neglected. 

The scattered light fraction is directed either onto a photodetector or onto a rotating 

filter, which sort the scattered rays according to their scatter angles, which are unique 

for each particle size. Consequently, there is a light energy distribution at any given 

moment across the detector that directly corresponds to the particle size distribution of 

the particles present in the laser beam. The detector records a current that corresponds 

to the light intensity. Since the latter is proportional to the amount of scattered rays of 

the same angle it is possible to quantify the diffraction patterns, which can then be 

compared with a library of patterns for many other size distributions. However, the 

measuring principle is volume-based as it assumes that all particles be of spherical 

shape. In order to decide on the best matching reference pattern, two algorithms, i.e. 

Fraunhofer- and Mie-theory, are used to fit the data obtained to a corresponding 

scattering model. Fraunhofer theory relates to Fraunhofer diffraction and assumes that 

the particle is spherical and totally opaque so that all sizes scatter with equal 

efficiency. Since the undiffracted light is focused at the center of the incident beam 

and the diffracted light is projected radially about the incident beam (Etzler and 

Sanderson, 1995) only the forwardly scattered rays are measured by the detectors. 

Consequently, the scattering from small particles escapes detection and the particle 

size is hence predicted incorrectly. For this reason, it is vital that the particle diameter 

of the particles be significantly larger than the wavelength of the incident light. 

Whereas the literature commonly suggests a cut-off particle size of 50 pm, Etzler and 

Sanderson (1995) reduced this to 10 pm, pointing to the restrictions of the accuracy of 

the Fraunhofer theory in particle size analysis. For larger particles, or those larger than 

the wavelength of light, the Mie-theory is more appropriate as it correctly accounts for 

the scattering seen from small and transparent particles. Both theories produce a set of 

equations by first predicting the light scattering by a homogeneous particle sphere and 

then adjusting this to the way the particles actually diffract the incident light 

(Malvem-Mastersizer, 1996).
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6 Methods for assessing the film-forming materials

6.1 Thermal analytical methods

Thermal analysis comprises various analytical techniques that measure the 

physicochemical properties of samples as a function of temperature. This principle is 

widely used in many industrial applications, including pharmaceuticals, thermoplastic 

polymers, thermosetting resins, rubbers and foods. Within the scope of this work only 

differential scanning calorimetry and thermal gravimetric analysis are of interest. Both 

techniques are routinely used in analytical procedures, such as purity assessment, 

stability testing, identification and characterization of substances and measurement of 

the glass transition of amorphous substances. For instance, pharmaceutical com

pounds can be analyzed without difficulty by comparing the thermal effects of the 

individual components with those of the mixture. If the latter differ from those of the 

individual components then an interaction can be assumed. In the case of impurities, a 

fall in the melting point can be observed.

6.1.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) determines the change in enthalpy during 

thermal transitions by measuring the difference in heat flow between a sample and a 

reference. Both are subjected to the same temperature programme during which the 

temperature rises steadily at a selected rate. The energy necessary to hold the sample 

temperature at the same level as the reference equals the amount of enthalpy change 

during phase transformation in the sample (Remmele and Gombotz, 2000; Wells and 

Aulton, 1988). If the sample absorbs energy, then the enthalpy change is called 

endothermie while if the sample liberates energy, the enthalpy change is referred to as 

exothermic. The method can detect both first-order and second-order thermal 

transitions. Melting, for example, obeys the former law while glass transition follows 

the second. Phase transformations are due to a change in vibrational energy in the 

material so that the heat flow corresponds to the transmitted energy. By integration 

with respect to time the quantitative value of the heat flow is obtained and expressed 

in (mW) or (mJ). Since the specific heat capacity is also measured, a change in heat
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capacity, such as that which occurs at the glass transition phase, can be determined. 

DSC plots are obtained as the differential rate of heating against temperature. The 

area under a DSC peak is directly proportional to the heat absorbed or generated by 

the thermal event, and integration of these peak areas yields the heat of reaction or 

heat flow (Brittain et a l, 1991).

Since DSC provides information on thermal effects, such as melting behaviour, 

crystallization, solid-solid transitions and chemical reactions, it is an excellent 

technique, albeit destructive, for determining the glass transition temperature where a 

change in heat capacity during glass transition phase occurs. It is likewise a powerful 

tool for studying polymers, such as polysaccharides. Also, when a compound is 

observed to melt without decomposition, DSC can be used to determine the absolute 

purity. The advantage of this application resides in its ability to measure the purity of 

a given material without reference to a standard, which normally requires the system 

to be calibrated with a sample of known purity. In addition, a recent extension of DSC 

uses a modulated temperature input signal, whereby information under both the quasi- 

isothermal and non-isothermal conditions is obtained. Although this new technique 

has proved to be beneficial for the thermal characterization of synthetic polymers in 

general, it has not yet been extensively applied to polysaccharide systems (De Meuter 

e ta l,  1999).

6.1.2 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) measures the thermally induced weight loss of a 

sample in relation to the applied temperature. The analysis is performed in a defined 

atmosphere Le., either under inert conditions, such as nitrogen or argon or in an 

oxidative environment, such as air or oxygen. The mass change is measured with a 

high sensitivity electronic balance, which allows the determination of volatile 

components, such as organic solvents, water and the ash content, or the description of 

the decomposition behaviour (Bottom, 2001).

During the analysis, the sample is heated in a furnace from usually room temperature 

to up to 1200 °C if necessary. The maximum temperature depends on the material 

itself and the behaviour to be studied. While the temperature increases steadily the 

sample weight is being recorded simultaneously and plotted against the temperature or
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time. This generates a curve characteristic of a given material given the fact that each 

compound passes a unique sequence of physical transitions and chemical reactions 

over a defined temperature range. This, again, is a function of the chemical structure. 

Hence, TGA is a quantitative technique suitable to describe materials by investigating 

the thermodynamics and kinetics of the reactions and transitions that occur upon 

application of heat. It is furthermore a method to examine compound stability over 

high temperature ranges, which normally entail dehydration and decomposition 

reactions during storage. Even so, TGA is not only destructive but at the same time 

restricted to those studies that involve either a mass gain or a mass loss. For this 

reason, TGA is most commonly used to study compound decomposition and water 

content by quantitatively determining the total volatile content of a solid (Brittain et 

a l, 1991). Finally, if  compound decomposition is investigated the results can be used 

to compare the stability of similar compounds.

6.1.3 Near-infrared spectroscopy

Near-inffared spectroscopy (NIR) is a chemical analysis based on spectroscopic 

measurements of the physical and chemical properties of a sample (Mark, 2001a). It is 

able to determine the concentrations of one or more constituents of a compound from 

a single spectrum, which is representative of the sample characteristics. It can 

therefore be seen as the fingerprint of the material (Seculic et a l, 1998). The 

technique is rapid and non-destructive and requires only minimum sample preparation 

or even none at all. The near-infrared spectral region extends from approximately 740 

nm to 2500 nm.

The interaction with the samples is accomplished via one of two major techniques: 

transmission or reflection. Transmission measurements are common with liquids, 

while reflectance measurements are applied with highly scattering liquids or on solid 

samples, most often powders (Mark, 2001a). Nevertheless, while the NIR spectrum of 

a powdered sample is elucidative per se, it is at times difficult to select the appropriate 

mathematical treatments in order to extract the desired information (Seculic et a l, 

1998)
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Prior to analysis, the instrument needs to be ‘trained’ or calibrated, which involves the 

collection of a set of suitable ‘standard’ samples and the subsequent measurement of 

their spectra. This reveals the samples’ composition in terms of component 

concentrations but they have still to be determined by some other independent 

reference method. Only in this way and after performing the required calculations can 

the spectroscopic measurement be related to the reference values of the 

concentrations. Thus, the term data analysis stands for multiple mathematical 

operations that are based on statistical techniques and include the spectral pre

treatments and transformations performed on the collected spectra data prior to any 

data interpretation per se. The simplest of these techniques is multiple linear 

regression, which is the direct application of Beer’s law to the chemical analysis 

(Mark, 2001a). This means that the strength of the absorbance signal from the sample 

is proportional to its concentration at a wavelength corresponding to an absorbance 

peak. Difficulties however arise if another component in the same sample has an 

absorbance at that particular wavelength, too. This interference is corrected by 

conducting measurements at secondary wavelengths followed by the necessary 

mathematical computations relating the measurements of the primary wavelength to 

that of the secondary ones. The mathematics are varied and only those models 

important for this work will be mentioned in the following:

The partial-least-square method (PLS) uses the whole spectrum for the calibration 

rather than only a few selected wavelengths. The advantages of this method are the 

improved robustness against noise effects, the equalization of effects due to errors in 

the reference readings, the ability to generate and to use orthogonal variables and 

finally the redundancy of finding and selecting the key wavelengths to be used for 

calibration. The method compares the spectra of several samples, that is those of the 

samples themselves and the interferences. The spectrum of the interferences is then 

subtracted from each spectrum in the data set, which yields the spectrum of the pure 

sample. It can be said that the simple forms of spectral pre-treatment correct for 

baseline differences, which include both linear offsets and non-linear approximations 

of the baseline (Seculic et a l, 1998). One form is referred to as de-trending, which is 

essentially a quadratic baseline correction fitting the spectra to a quadratic function. 

This function is then subtracted from the original spectrum giving the respective 

working equation. This model is applied to individual spectra in that the baseline 

correction is calculated for every spectrum individually.
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Another common method of baseline correction is the performance of mean-centering 

operations. This includes the standard-normal-variate transformation (SNV), which is 

again slightly different in that it requires the subtraction of the mean of the individual 

spectrum data points from the spectrum and the subsequent division by the standard 

deviation of the same spectrum. This is expressed in Equation 1.9.

( x i ,  k -  X i)
X  i,k  =  ----------    E q u ation  1.9

SQi

where

X  = spectrum

i = spectrum index

k wavelength index

sd = standard deviation

corrected spectrum after i and k

By definition, the corrected spectra have a mean of 0 and a variance of 1. The 

advantage of SNV is that the transformation is applied to individual spectra rather 

than the calculation of the mean for a group of spectra. Although several types of 

derivatives have been developed, the second derivative (SD) is most frequently 

applied in practice. The advantage lies in the reduction of the shift of the spectra, 

which arises from the physical nature of the sample, such as particle size (Mark, 

2001a). The various mathematical models can be combined and coupling of the SNV 

with the de-trending model is often used. In this way, both the offset and curvature of 

the baselines can be handled. Nevertheless, despite a considerable effort directed 

toward the evaluation of appropriate processing techniques and algorithms inspection 

of the raw spectral data is still very informative, indeed crucial, in an important 

number of applications (Nielsen et a l, 2001).

In terms of practical relevance, NIR is an important analytical tool in the 

pharmaceutical industry. It is used to identify materials and to measure sample 

properties, such as composition, moisture content, content uniformity, homogeneity of 

mixing, degradation products and particle size (Guo et a l, 1999). Finally it is used as 

in-process control to monitor production processes and is thus a powerful tool in 

powder characterization (Seculic et a l, 1998).
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7 Statistical methods

7.1 Factorial design

Factorial designs are used in experiments where the effects and interactions of 

different factors on the experimental outcome are to be studied simultaneously 

(Bolton, 1997b). This is undertaken by describing the effect of changing factor levels 

or factor combinations on the response variable. Particularly useful for this purpose 

are fraetionated faetorial designs, which require only a fraetion of all possible 

combinations of a full factorial design. Once the potential interaetion has been 

detected with a fractionated design, a more accurate analysis can be performed for the 

particular factor combinations to ensure and characterize these interactions.

A factor is an assigned variable, which is chosen depending on the experimental 

objectives. A factor can be quantitative or qualitative, sueh as deseribing starch 

concentration, film thickness or film forming temperature, as in this work. The factor 

levels are the values assigned to the faetor, which in the abovementioned example 

would correspond to the different coneentrations, film thicknesses or temperatures. 

The experiments in this work were 3-faetorial and 2-faetorial with 5 factor levels each 

tested as a composite design, whieh will be explained later.

The effeet of a factor is the change in response resulting from varying the levels of the 

faetor while the main effeet is the effect of a factor averaged over all levels of the 

other factors (Bolton, 1997b).

The eombination of all factor levels of all faetors makes up the number of runs in one 

experimental series.

Interaction in statistical terms is known as laek of additivity of factor effects. It can be 

defined as the differenee between the two effeets of one faetor at the two different 

levels of the other faetor (Edwards, 1979). This means, more specifieally, that the 

effect measured at one factor level is different from the effect measured at the second 

level. The interactions possible are graphieally depicted in Figures 1.10.1 to 1.10.3.
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F igures 1.10.1 -  1 .10.3: G raphs o f  tw o-factor  in teractions o f  factors A  and B . T h e 2 levels o f  A  
are  d ep icted  as •  and ♦ w h ile  th ose  o f  B  are den oted  B i and B%. 
(m od ified  after  E d w ard s, 1979)

F igure 1.10.1: D isord in a l in teraction . F igu re 1.10.2: N o in teraction .

F igure 1.10.3: O rd in a l in teraction .

Here, a line represents the effect at each factor level. If the lines are parallel, as in 

Figure 1.10.2, no interaction exists or, in other words, both effects are the same and 

the system is therefore ‘additive’. Lack of parallelism, on the other hand, suggests 

interaction, which is the case in Figures 1.10.1 and 1.10.3. In Figure 1.10.1 the two 

lines intersect owing to a reversal in the rank order of the effects at the two factor 

levels. This type of interaction is referred to as ‘disordinal’. By contrast, in Figure 

1.10.3 the two lines do not cross indicating that the rank order of the effects is equal 

for both levels, despite the fact that the difference between the two effects is not the 

same for the two factor levels. This interaction is called ‘ordinal’
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The advantages of factorial designs are manifold: first, they provide maximum 

efficiency in estimating main effects in the absence of interaction. Second, if 

interactions exist, they are the necessary tool for revealing and identifying these 

interactions. Third, the conclusions drawn from factorial-design experiments are 

applicable to a range of conditions, since the factor effects are measured over varying 

levels of other factors. Fourth, maximum use is made of the data by calculating all 

main effects and interactions from the entire data set, hence preserving its statistical 

power. Finally, factorial designs are orthogonal in that all estimated effects and 

interactions are independent of effects of other factors.

Lastly, factorial designs can be composed of several or only one factor, where the 

latter fits a one-way ANOVA design.

Composite design

Composite designs are effective designs to estimate second- or third-order terms. In 

addition to allowing an estimate of curvature, which is the deviation of the response 

from the predicted value, composite designs deliver orthogonal estimates of the 

polynomial coefficients, and allow for the possibility of proceeding with the 

experiment in a stepwise fashion rather than performing the entire experiment at once 

(Bolton, 1997b). Composite designs are very efficient in providing much information 

on experiment variable effects and overall experimental error in a minimum number 

of required runs.

A so-called Central Composite Design (Box et a l, 1978a) contains an imbedded 

factorial or fractional factorial design with a centre point or experiment around which 

a group of further factorial points or experiments are arranged in order to allow 

estimation of the curvatures. If the distance between the centre and a factorial point is 

±1 unit for each factor, the distance from the centre to a factorial point is ±a with |a| >

1. The precise value of a depends on which properties are desired for the design as

well as on the number of factors to be studied.

Figure 1.11 illustrates the relationship among the points.
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F igure 1.11: R epresentation  o f  a central com posite design for 2 factors.

mirii maXi

min max

Figure 1.12: R epresentation  o f a central com posite design for 3 factors. O uter m inim um  extrem e  
(m in), inner m inim um  extrem e (miuj), outer m axim um  extrem e (m ax) and inner  
m axim um  extrem e (m a x j, centre experim ent (c). (after Box et ai,  1978b)

A central composite design always contains twice as many factorial points as there are 

factors in the design. These represent extreme values for each factor in the design, and 

are named ‘outer minimum extreme’ (min), ‘inner minimum extreme’ (mini), ‘outer 

maximum extreme’ (max) and ‘inner maximum extreme’ (max;).

A central composite design of this type, which is more accurately referred to as 

‘circumscribed central composite design’, has circular, spherical, or hyperspherical 

symmetry and requires 5 levels for each factor.
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7.2 Analysis of Variance

Analysis of Variance (ANOVA) is one of the most powerful statistical tools for data 

analysis of designed experiments, whose aim is to compare two or more group means. 

By separating the total variability in a set of data into component parts, it compares 

the variance between the different groups, with the variability within each of the 

groups. The statistical analysis and interpretation of the ANOVA is based on two 

assumptions: first, the errors are normal with constant variance and secondly, the 

errors are independent (Bolton, 1997a).

7.2.1 The F-ratio

If the null-hypothesis of equal means is not rejected, i.e. Ho: pi = pz = Pi, the 

distribution of the ‘between-mean-square’ to ‘within-mean-square’ ratio is described 

by the F-distribution as follows:

between - mean - square 
F = —

Within - mean - square

A test of significance is made by comparing the observed F-ratio to a table of F- 

distribution values with appropriate degrees of freedom at the specified a-level. Only 

large F-values are considered to be significant indicating that there is more variability 

between the groups than there is within each group. Therefore, a significant F-test 

indicates that the null-hypothesis can be rejected, as all group means are significantly 

different from each other. Nonetheless, this does not tell which of the groups differ. In 

order to elucidate this, post-hoc tests have to be conducted (Bolton, 1997a).
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7.2.2 One-way ANOVA

One-way ANOVA is used in the event of one independent variable with three or more 

levels and one dependent continuous variable and can be viewed as an extension of 

the two-sample t-test. It tests for differences in the dependent continuous variable 

among two or more groups formed by the categories of the one independent variable, 

which is also referred to as a factor (Pallant, 2001). Hence, it tests whether the groups 

formed by the categories of the independent variable seem similar. If the groups seem 

different, then the independent variable has an effect on the dependent one.

7.2.3 The ANOVA table

An ANOVA table typically includes the sources, their degrees of freedom (d.f), sums 

of squares (SS), mean squares (MS), the F-values and the corresponding p-values. 

While the total number of degrees of freedom is the sum of all degrees of freedom 

minus 1 (Nt = 2 N, - 1) the mean squares are equal to the sum of squares divided by 

the degrees of freedom (MS = SS / Nt).

7.2.4 The t-test

The t-test is a special case of ANOVA in which only two sets of means are compared 

on some continuous variable. There are two main types of t-tests, namely 

independent- and paired-samples t-tests. The independent-samples t-test is used to 

compare the means of two different groups or conditions, such as different starches or 

enzymes. The test tells whether there is a statistically significant difference in the 

means for the two groups.

The paired-samples t-test is employed to compare the means for the same group under 

two different conditions. In this work, however, only the independent-samples t-test 

was applied.

The calculation of the t-value for two independent groups whose variances are 

unknown is shown in Equation 1.10.
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where

X i, X2 = means of group 1 and 2

Sp = square root of the pooled variance (Sp )̂

Ni, N2 = number of observations for group 1 and 2

Chapter 1

Xi - X2
t = -/ --------  Equation 1.10

7.3 Post-hoc tests

Post-hoc tests are not specified at the start of an experiment and thus performed after 

the data have been examined. They are indicated when conducting a whole set of 

comparisons by exploring the differences between each of the groups or conditions in 

the experimental design (Pallant, 2001). These tests are designed to guard against the 

possibility of an increased a-error caused by a large number of different comparisons 

made. Since the criteria for significance are more stringently set significance is often 

harder to achieve (Pallant, 2001). However, there are a number of post-hoe tests 

varying in terms of their nature, underlying assumptions and strictness and all are 

based on a significant F-value calculated by a preceding ANOVA. One of the most 

commonly used post-hoc tests is the Scheffé-test, which is a highly cautious method 

for reducing the risk of an a-error (Pallant, 2001).

The Scheffé-test

Whilst ANOVA determines if there are significant differences among the effects of 

various factors, the Scheffé-test explores where the differences are, i.e. between which 

one of all the pairs tested. The Scheffé-test is a post-hoc correction method allowing 

to specify the alternative hypothesis Hi (pi P2) if Ho (pi = P2) had to be rejected. The 

comparisons are made on unadjusted values of the obtained data and for fixed 

between-subjects factors only. Using the F-sampling distribution it is precise in that it 

results in shorter intervals needed for signifieanee while keeping a at 0.05, hence 

avoiding too small an a-level. It establishes a speeific number of homogenous subsets
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into which the factor effects with a smaller than 0.05 are grouped. As a result, the 

Scheffé-test is often more conservative than other tests and low in power meaning that 

a larger difference between means is required for significance.

Besides the use for specifying Hi, these tests are to avoid mistakenly rejecting Ho, 

which can easily happen when many comparisons are made and where thus the a- 

level is much more stringently set. A smaller a, which results from dividing it by the 

number of comparisons made {e.g, a = 0.05/3 = 0.017), increases the likelihood of 

failing to discern actual differences.

For the comparison of two means, the following statistic is computed (Equation 1.11):

I S Mk - Dx Fx l ^ . ^ ) E qu ation  1.11

where

= the appropriate variance estimate

k = number of treatments in the ANOVA design

N] ,N 2 = sample sizes of the two groups being compared.

F = table value of F with d.f. of (k -  1) in the numerator and d.f. in the

denominator equal to that of the error term in the ANOVA.

The Scheffé-test was designed to allow all possible linear combinations of all factor 

means as opposed to only pairwise comparisons. The test is commonly used for large 

or complicated comparisons, such as where contrasts or negative relationships exist, 

and is also useful for analysing any linear combination of group means. In this work, 

the Scheffé-test was employed to specify the differences between the four physical 

variables particle size, surface area, swelling behaviour and water loss for each starch. 

The respective effects for each starch were grouped into subsets.
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7.4 Correlation analysis

Correlation methods identify possible causal relationships between two variables and 

are able to measure the strength and direction of the association (Pallant, 2001). 

Correlation is best displayed as a scatter plot with the slope indicating the direction 

and the value quantifying the strength of the relationship (Bolton, 1997a). In many 

cases, the variables are continuous in nature, that is, they can take on many values, 

which are precisely measurable. Examples would be the amylose content of starch or 

its density. By contrast, in cases were the variables are complex or difficult to 

measure, such as film performance, the variables are being given a rank indicating 

their relative position to one another. Under these circumstances, the Spearman rank- 

order correlation coefficient rho (or r§) is computed.

Spearman rank correlation coefficient

The Spearman rank correlation coefficient rho is a measure of association requiring 

that both variables be measured in at least an ordinal scale so that the characteristics 

under study may be ranked in two ordered series. This means that the correlation 

between two characteristics is calculated on the ranks instead of the observations. If 

the correlation value rho is < 1, a negative correlation is present whilst if rho > 1 a 

positive relationship exists. The strength of the relationship between two variables is 

indicated by the size or absolute value as follows:

± 0.20 to ± 0.29 ~ small 

± 0.30 to ± 0.49 ~ medium 

± 0.50 to ± 1.00 ~ large

In other words, a value of 0 indicates no relationship at all while if it is 1, a perfect 

positive relationship is the case. Correspondingly, a value of -1 means a perfect 

negative relationship. The coefficient of determination B, whose calculation is shown 

in Equation 1.12, indicates how much the two factors overlap, which is accordingly
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expressed as the percentage of how much of their variances the respective two 

variables share.

B = \ - -------— ( l  -  rho  ̂) E q u ation  1.12

For this reason, the Spearman’s rank order test is used to describe the strength and 

closeness between any two variables.

80



Chapter 2

CHAPTER 2 

Materials and Methods

1 Materials

1.1 Starches

All starches used in this work were samples provided by the National Starch and 

Chemical Company, Bridgewater, NJ, USA. They consisted of four commercially 

available types, namely Hylon 5®, Hylon 7®, LAPS® and PURE®, as well as three 

experimental samples, called ‘intermediate DS acetate starch’ (DS = degree of 

substitution), ‘Melojel® com starch’ and ‘Amioca® powder waxy com starch’. For 

simplicity the latter three are henceforth referred to as ‘Acetate starch’, ‘Com starch’ 

and ‘Waxy starch’ or else, ‘Acetate’, ‘Com’ and ‘Waxy’ where further abbreviation 

was required.

The starches differed in their amylose content ranging from less than 0.5 % in Waxy 

starch to up to nearly 100 % in PURE. Since all samples were not only from native 

sources, or else derivatives of these, but also came from various growing seasons, the 

amylose content in particular was subject to variation. This also applied to their 

respective particle sizes, which depend heavily on the extraction and milling 

processes undergone by the starch source and which, therefore, could cause variations 

between batches of the same starch type.

According to the supplier, the amylose content was determined by the potentiometric 

iodine method (Shi et a l, 1998). It should be bome in mind that this method is prone 

to giving an amylose content higher than the tme value owing to the presence of 

branched molecules with long side chains. These bind more iodine than their low- 

chain counter parts resulting in an inflated amylose content (Shi et a l, 1998). For this 

reason, the amylose content as stated by the supplier was regarded as an ‘apparent’ 

one and was thus confirmed by NIR analysis in the course of this work.

According to Shi et a l  (1998) the high-amylose starches Hylon 5, Hylon 7 and LAPS 

gave three distinct molecular weight (MW) fractions of amylose and amylopectin
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when analysed by gel-permeation chromatography: namely, high-MW amylopectin, 

low-MW amylose and an intermediate-MW fraction composed of linear and branched 

molecules. LAPS was lowest in its degree of high-MW amylopectin but highest in the 

low-MW amylose fraction. Furthermore, it was shown that this material had the 

highest level of linear molecules. Since amylopectin is only scarcely present in LAPS 

the amylose fraction made up most part of the double-helical structure in the granules. 

With further reference to the supplier’s information the lipid fraction in the starches 

was removed by means of ethanol extraction (Case et al., 1998).

In general, the gelatinization temperatures of high-amylose starches are higher than 

those of low-amylose types, such as Waxy and Com starch, which gelatinize at 

temperatures between 62 ®C and 72 °C.

High-amylose starches are routinely manufactured under super-atmospheric 

conditions as created by jet cookers, where the well-controlled combination of high 

temperature, pressure and shear guarantees a good dispersion of the material in excess 

water. Swelling temperatures for high-amylose starches lie between 80 °C and 90 ®C 

and the swelling power is below that of regular cornstarches (Shi et a l, 1998). The 

swelling power is defined as the weight of the swollen sediment in a starch suspension 

per gram of dry starch (Leach, 1965). For example, LAPS has a swelling power of 

3.96 g/g at 90 °C whereas regular cornstarch yields 22.31 g/g at the same temperature. 

The reason behind these findings is that swelling is largely caused by the amylopectin 

fraction and is markedly impeded by lipid-amylose complex formation. Therefore, 

dispersion temperatures of around 130 °C are necessary in order to overcome the 

association forces in the complexes. Viewed at a molecular level this means that in 

high-amylose starches more amylose molecules are concentrated in the crystalline 

regions than in low-amylose and regular starches, thus causing a prolonged process of 

disassociation (Senti, 1967).

1.1.1 Hylon 5 and Hylon 7

Hylon 5 and Hylon 7 are unmodified high-amylose cornstarches obtained from com 

hybrids as mentioned earlier. According to the supplier, Hylon 5 contains around 56 

% amylose whereas Hylon 7 contains around 71 %, which is about twice as much as 

in regular cornstarch (Shi et a l, 1998). Both starches appear as white to off-white
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coloured powders with a light starch odour. The pH of a 1-%-solution in purified 

water is about 7.8. Hylon 5 and Hylon 7 are non-hazardous materials and thus do not 

require any particular handling and storage precautions. Owing to their favourable 

gelling, film forming and opacifying properties they are used in a variety of 

applications in the pharmaceutical and food industry.

Case et a l (1998) investigated the gelation behaviour, fracture strength and storage 

modulus of the two starches. Their sol-to-gel transition during gelation was analysed, 

which revealed that a high amylose content caused the formation of a more rigid gel. 

Both starches are used as a gelling agent in the confectionary industry when 

manufacturing high quality jelly gum candies. They can likewise be used as an 

ingredient in batter coatings or extruded and fried snack products. The differences in 

the physical properties between Hylon 5 and Hylon 7 are clearly influenced by the 

amylose-to-amylopectin ratio. In this work the following batches were used: BJ 9960 

(Hylon 5) and FG 5514 (Hylon 7) and the release date was 19.10.1999 in both cases.

1.1.2 LAPS

LAPS, also known as low-amylopectin starch, is a modified com starch. It is has a 

white powdery consistency and is free flowing. A high-amylose starch, it typically 

contains less than 10 % amylopectin and most commonly no more than 5 %. Derived 

from native starches, it is made up of around 75 % of a high-MW amylose and of 

around 20 % of a low-MW amylose with the amylopectin balance being 

approximately 5 %. The amylose content was determined by the supplier by means of 

n-butanol-complex formation and subsequent iodine complex formation yielding a 

value of 90 % for amylose (Shi et a l, 1998). LAPS is typically used in the food and 

pharmaceutical industry, where starches of high amylose content are required. The 

batch number of the material used in this work was 37-4964 and the release date was 

27.09.2000.
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1.1.3 PURE

PURE is a pure and hydrolysis-resistant cornstarch with an amylose content of 95 % 

or higher. Accordingly, the amylopectin content is 5 % or less. It is an off-white to 

cream coloured powder with a coarse granule texture. The granules are composed of 

two main particle size fractions: a fraction of fines of approximately 40 pm and one of 

coarser particles of around 150 pm.

PURE is obtained from LAPS upon digestion with porcine pancreatic a-amylase at 37 

®C for 20 hours. This treatment generates hydrolysis-resistant amylose crystallites, 

which then are washed, isolated and finally air-dried (Jeffcoat, 2002; Billmers and 

Tessler, 1994). The batch number of the material in this work was 1180:6B and the 

release date 19.12.2000.

1.1.4 Acetate starch

Acetate starch is the ester of Hylon 7 and correctly referred to as ‘intermediate DS 

starch Acetate’. The degree of substitution (DS) indicates the average number of sites 

of substituent acetyl groups per anhydroglucose unit of the starch molecule. Starch 

esters are commonly synthesized in an aqueous one-step process by treating starch 

with high concentrations of organic acid anhydride and alkaline reagent (Billmers and 

Tessler, 1994). Acid modification is one of the oldest and most widely used 

commercial processes for producing starches of reduced viscosity (Leach, 1965). 

Aqueous reaction systems, such as acetic anhydride, are used for low-DS esters whilst 

non-aqueous ones, such as anhydrous pyridine, are applied for high-DS starch esters. 

The maximum DS achievable without gelatinization varies with the particular starch 

but the upper limit does not exceed 0.5 DS.

Intermediate-DS starches have a DS between 0.5 and 1.8, within which falls the 

acetate starch used in this work. Its DS is 1.5. Since it is derived from Hylon 7, which 

has an amylose content of approximately 70 %, the amylose content for Acetate starch 

is also about 70 %. Powder X-ray diffraction patterns revealed that starch acetates 

having a DS between 1.2 and 3.0 exist in a totally amorphous state. Thus, increased
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acétylation of the molecular structure results in starch acetates of a more amorphous 

form (Korhonen et ah, 2000).

The starch appears as a bright white powder with a slight acid odour. It is of rather 

high density, which confers on it a Jfree and even flow. It is insoluble in both absolute 

ethanol and water where it gradually settles into a slurry when left unstirred.

The batch number of the material used in this work was 78-0469 and the release date 

was 8.5.2001.

1.1.5 Corn starch

This starch type, namely Melojel® cornstarch, is the only untreated starch used in this 

work and is commonly referred to as cornstarch. It naturally contains around 27 % 

amylose and 73 % amylopectin. It is a white fine powder, fi-ee flowing and void of 

lumps. It is insoluble in water since both polymers, i.e. amylose and amylopectin, are 

intermolecularly associated in the crystal lattice. Com starch serves as a filler and 

disintegrant in a broad range of pharmaceutical applications, such as flow agent to 

increase flowability and reduce caking in applications that do not include the addition 

or generation of significant heat in the process (Ali, 2002). The batch number of the 

material used in this work was 45-0801 and the release date 17.7.2001.

1.1.6 Waxy starch

Waxy starch, commercially traded as Amioca® waxy cornstarch, is essentially com

posed of amylopectin. Its name refers to the waxy appearance of the com kemels, 

which, like the high-amylose starches, are obtained from a starch hybrid. Waxy 

starches are inherently more solution stable than regular starch and the pH of a 

solution in purified water is about 5.

The material is a white to off-white powder and develops viscosity without the gelling 

characteristics generally associated with natural starches. It assumes a clear, coherent, 

long texture when cooked. On cooling, it remains clear and coherent while developing 

a higher viscosity (Ali, 2002).

With respect to its applications. Waxy starch can be used as a natural thickener in the 

food industry because of its stability.
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Waxy com is processed by wet milling to produce waxy cornstarch, but which slowly 

retrogrades back to the crystalline form of starch (Case et a l, 1998).

The batch number of the material used in this work was 51-6002 and the release date 

was 17.7.2001.

1.1.7 Amylopectin

The amylopectin used in this work was a commercially available material obtained 

from com. Isolated from the latter, it was of analytical grade with no traces of lipids 

or proteins included in the macromolecule. It is obtained from comstarch, which is 

debranched by pullulanase so that three or more populations of chains arise. The 

chains are then further hydrolysed with P-amylase resulting in a material 

predominately composed of shorter chains. There respective chains lengths are 12-20 

DP, 40-45 DP and more than 60 DP (DP = degree of polymerization).

The amylopectin used in this work was supplied by ICN Biomedicals Inc. (Aurora, 

OH, USA) as 250 g powder. The batch number was 956IE and the EC-number was 

9037-22-3.

1.2 Melt matrix materials

1.2.1 Dynasan 114

Dynasan 114 is a fatty acid derivative. It is the mono-acidic triglyceride of myristic 

acid known as myristic-acid triglyceride. It is commercially available in powder form 

and used in the food and pharmaceutical industry. In pharmaceuticals, it serves as a 

carrier in parenteral dmg forms, as a retarding agent and in rectal and vaginal 

preparations as a crystallization accelerator. It is also used as consistency regulator 

and powder base in its microcrystalline form. In the food industry it serves as an 

auxiliary in the production of compressed sweets. It appears as a white to cream 

coloured wax-like solid with a light powder consistency. Its analytical parameters are 

as follows: acid value maximal 3 mg KOH/g, iodine value maximal Ig I2/IOO g, 

saponification value maximal 229 mg to 238 mg KOH/g and hydroxyl value maximal 

10 mg KOH/g. Its melting range is between 55 ”C and 58 °C (Product Info CONDEA,
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Hüls). The material was supplied by Sasol Chemicals mbH (formerly Hüls group), 

Witten, Germany, and the batch numbers were 701 142 and 105 151.

1.2.2 Further materials screened

During an exploratory procedure a further number of commercially available products 

were screened for their suitability as melt matrix materials. Their trade names, batch 

details and manufacturers are listed in Table 2.1.

T ab le 2.1: M ater ia ls screen ed .

Trade name Batch details Manufacturer

Methocel E4MCR - 
Premium EP

MM87021111E Colorcon, Ltd., Orpington, England

HPMCP H50 
HPMCP H55C 
HPMCP HP55

708229
811442

Colorcon, Ltd., Orpington, England

Methocel KlOO M - 
Premium USP

MM90031202K Colorcon, Ltd., Orpington, England

Ethylcellulose N-10 
Ethylcellulose-100

57836
BG9708

Glaxo, Ware, England

Dimetylphthalate 6049811 Eastman Chemical Co., Kingsport, USA
AQOAT AS-LF 
AQOAT AS-MF 
AQOAT AS-HF

701002
804018
606065

Shin Etsu Chemical Co., Ltd., Niigata, 
Japan

Eudragit RL 100 
EudragitRS 100 
Eudragit RS PC 
Eudragit L 100

0490916137
8381008148
0490638102
0490703116

Rohm GmbH Chemische Fabrik, 
Darmstadt, Germany

Imwitor 900 - NF 
type 1

608233 Sasol Chemicals GmbH (formerly Hüls 
group), Witten, Germany

Sterotex (HSBC) 14598A Abitec, Corp., Janesville, Wl, USA
Soflisan 142 
Softisan 154 609041

Sasol Chemicals GmbH (formerly Hüls 
group), Witten, Germany

Dynasan 116 303014 Sasol Chemicals GmbH (formerly Hüls 
group), Witten, Germany

QMS (250 pm) 209215 Sasol Chemicals GmbH (formerly Hüls 
group), Witten, Germany

PEG 3000S 106315564 Hoechst, AG, Frankfurt/M., Germany
Witepsol W45 608733 Sasol Chemicals GmbH (formerly Hüls 

group), Witten, Germany
Magnesium stearate 1324530 Merck, Poole, England
Talcum Merck, Poole, England
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1.3 Enzymes

For all a-amylases mentioned below, one unit is defined as the amount of enzyme 

liberating 1.0 mg of maltose from starch in 3 min at pH 6.9 at 20 °C.

1.3.1 B.licheniformis-oi~amy\ase

The a-amylase used is a bacterial enzyme isolated from Bacillus licheniformis, which 

is involved in the decomposition of green plant matter. It is supplied as an aqueous 

suspension containing approximately 15 % sodium chloride and 25 % sucrose. Its 

activity has been determined using the Biuret-method as 30 mg protein/ml or 870 

units/mg protein (Product Info Sigma-Aldrich). The suspension, which contains a 

large amount of cell debris visible as sediment, has a dark brown colour and gives off 

a strong odour typical for hay and fermented straw. It has to be stored at 4 °C in an 

airtight brown bottle in order to prevent enzyme degradation due to oxidation and 

light. The enzyme in this work was designated Type XII-A and supplied by Sigma 

Chemicals Co. (St. Louis, MO, USA) as a 200-ml solution in sodium chloride with an 

activity of 25000 U/ml. The batch number was 67H1563 and the EC-number was 

232-560-9.

1.3.2 Human-saliva-a-amylase

This a-amylase is obtained from human saliva by means of purification using a 

Sephadex chromatography column. The a-amylase fraction is then collected and 

further purified by crystallization. The final product can be described as needle- 

shaped crystallites with a yellowish colour. It is odourless in its dry form but develops 

a characteristic pleasant odour when in solution. It is hygroscopic and has to be stored 

at below -18 °C. The enzyme used was supplied by Fluka, BioChemika, Fluka 

Chemie GmbH (Buchs, Switzerland) as 25 mg crystallites with an activity of 96.7 

U/mg and the molecular weight was 69000 Da according to the literature. The batch 

number was 347647/1 45000 and the EC-number was 2325656.
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1.3.3 Hog-pancreas-a-amylase

Hog-pancreas-a-amylase is a typical endo-amylase that catalyses the hydrolysis of 

starch, glycogen and related polysaccarides by random, multiple attack hydrolysis of 

a-D-(l,4) glucan linkages.

The material is commercially available as a twice-crystallised product free of other 

proteins naturally present in hog pancreas. The material is a light powder with an off- 

white colour and a characteristic sweet yet unpleasant odour. It has to be stored at 4 

°C. It is moderately soluble in aqueous medium, where it tends to aggregate into small 

filamentous clusters if left unstirred. This enzyme was supplied by Fluka, 

BioChemika, Fluka Chemie GmbH (Buchs, Switzerland) as 25 g powder with an 

activity of 57 U/mg and a molecular weight of 50000 according to the literature. The 

batch number was 10925/1 14101 and the EC-number was 2325656.

1.3.4 B.amyloliquefaciens-a-amylase

This a-amylase was obtained from Bacillus amyloliquefaciens, which is naturally 

present in the human intestinal system. It is an exogenic enzyme and thus can be 

extracted from the culture medium of the bacteria. The enzyme was lyophilised and 

contained less than 0.1 % of protease as the only foreign protein activity. It appears as 

an off-white crystalline powder, which is odourless and moderately hygroscopic. It 

has to be kept at 4 ®C and protected from light. The enzyme was supplied by Fluka, 

BioChemika, Fluka Chemie GmbH (Buchs, Switzerland) as 100 mg powder with an 

activity of 1546 U/mg and a molecular weight of 50000 according to the literature. 

The batch number was 420456/1 52601 and the EC-number was 2325609.

1.3.5 Pancreatin

Pancreatin is an enzyme mixture containing principally amylase, lipase and protease 

obtained from the pancreas of the hog or of the ox. It contains in each milligramm not 

less than 25 units of amylase activity, not less than 2 units of lipase activity and not 

less than 25 units of protease activity (USP 24, 2000). The enzyme mixture is 

obtained from the stomach mucosa and subsequently lyophilised. It exists
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as a white odourless powder and is easily dissolvable in aqueous medium. It has to be 

stored below 0 ®C in the absence of light. Its activity is at least equivalent to the USP 

specification given by the supplier.

Pancreatic lipase hydrolyses the water-insoluble triacylglycerols in the intestinal 

lumen and thereby plays an important role in dietary fat absorption. It is very similar 

to that of human pancrease lipase as both display the same molecular weight of 

approximately 50 kDa, the same composition of amino acids and a similar reactivity 

in the sulphide groups (Borgstrom, 1975). But the enzyme has also been isolated from 

a number of mammalian species, such as pig, rat, dog and mouse. These, too, show 

clear homology amongst them. Triglyceride hydrolysis is inhibited by physiological 

concentrations of bile salts and a major conformational change occurs upon activation 

of the enzyme at the enzyme-substrate interface. The enzyme was supplied by Sigma 

Chemical Co. (St. Louis, MO, USA) as 100 g powder. The batch number was 

21K/230 and the EC-number was 232-468-9.

1.4 a-amylase test kit

In order to assess the enzymatic activity of a-amylase a diagnostic kit (Amylase 3 

577-3, 20 X 3.5 ml vials, batch-Nr.: 040K6000) supplied by Sigma (Sigma Diagnos

tics, Inc., St. Louis, MO, USA) has been used. In the chemical reaction of this assay 

a-amylase hydrolyses the a-(l,4)-glucosidic linkage in polysaccharides, that is 

amylose, to dextrines such as maltose.

The kit contains 4 ,6 -ethylidene(G7)-p-nitophenyl-(Gi)-a-D-maltoheptaside (ET- 

GyPNP) as the substrate for a-amylase (Wallenfels et al., 1978). The ethylidene group 

in the 4,6-position prevents spontaneous degradation as well as hydrolysis by 

auxiliary enzymes during the reaction. The underlying enzymatic reaction (Equation 

2.1) is as follows (Rauscher et a l, 1986):

5 ET-GvPNP 2 ET-Gs + 2 G2PNP + 2 ET-G4 + 2 G3PNP + ET-G3 + G4PNP 

2 G2PNP + 2 G3PNP —> 4 PNP +10 Glucose E q u ation  2.1
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The reaction is held throughout at 37 °C and spectrophotometrically measured at 405 

nm. The a-amylase activity is calculated based on the absorptivity of p-nitrophenol, 

which is 9.1 for 37 °C (Product Info Sigma diagnostics, 1997, Procedure No. 577).

1.5 Buffers

1.5.1 Phosphate buffer

Enzymatic hydrolysis was carried out in phosphate buffer (PB), pH 6 .8 , in a solution 

containing 6.8045 g potassium dihydrogen orthophosphate (batch number: 

146A552725; Merck, Poole, England) and 0.946 g sodium hydroxide (batch number: 

146C162548; Merck, Poole, England) in 1000 ml purified water.

1.5.2 Saline-calcium-phosphate buffer

During an exploratory experiment, enzyme hydrolysis was carried out in saline- 

calcium-phosphate buffer, pH 6 .8 . The solution contained 1.00 g disodium hydrogen 

orthophosphate (batch number: F862181040), 2.0 g potassium dihydrogen 

orhtophosphate (batch number: 146A552725; Merck, Poole, England), 8.5 g sodium 

chloride (batch number: 146C162548; Merck, Poole, England) and 1.0 g calcium 

chloride (batch number: 176H457923; Merck, Poole, England) in 1000 ml purified 

water.

1.6 Model drug phenylpropanolamine hydrochloride (PPA-HCI)

The International Nomenclature Name of Phenylpropanolamine hydrochloride is 

(R*, S*)-(+/- )-a-(l -aminoethyl) benzene methanol hydrochloride whereas the British 

Approved Name is norephedrine hydrochloride. The chemical net formula is 

C9H 13NO HCI. The molecular weight of the un-ionized molecule is 187.7 g/mol 

whereas that of the free base is 151.2 g/mol. The pKa is 9.4. The solubility in water is 

1 in 2.5 whilst that in alcohol is 1 in 9 by weight. PPA-HCI is a white or off-white 

crystalline powder, odourless or slightly aromatic and has a bitter taste. It is prepared 

by chemical synthesis as the race mate possessing one chiral centre.
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It is an indirectly acting sympathomimetic amine, which is used in a number of 

compound preparations principally as nasal decongestant (Dollery, 1992). In this 

work, it was used in a working solution of 3 % in purified water. The material was 

supplied by S&D Chemicals Ltd. (Harrow, England). The batch number was 5066280 

and the product code was 1405 - G.O.N. 0066.

1.7 Cellulose nitrate membrane filters

Cellulose Nitrate Membrane Filters are used in a variety of routine applications in 

analytical laboratory filtration. Cellulose Nitrate, also known as nitrocellulose or 

pyroxylin, is a variable mixture chiefly consisting of cellulose tetranitrate. It is 

predominantly used in the preparation of plastics (celluloid) and lacquers (The Merck 

Index, 1996). The membranes are flexible and yet strong with a narrow distribution of 

pore sizes. Membranes of a pore size of 1.0 pm were chosen in order to allow the 

molecules of the model drug to penetrate easily during permeability studies. The 

diameter of 47 mm fitted the size of the diffusion cells. The filters were purchased 

from Whatman International Ltd. (Maidstone, England) and the batch number was 

0015608.

1.8 Teflon discs

90-mm-measuring Teflon discs were used during film melting. The heat stable 

material allowed the melting of the films at up to 85 °C. Its non-adhesive surface 

allowed the easy and safe removal of the films after melting. The Teflon discs were 

manufactured at The School of Pharmacy, University of London.

1.9 Plastic Petri-dishes

Enzymatic incubation of the films was carried out in disposable Petri-dishes 

measuring 80 mm in diameter. The surface of the dishes was uncoated since it could 

have interfered with the enzyme activity. The Petri-dishes were purchased from 

Sterilin Ltd. (Stone, England) and were 90 mm in diameter.

92



Chapter 2

1.10 Water

The water used throughout all experiments was obtained from a water purifier (Option 

4 water purifier, USF Elgar, USA). The water purification involved a pre-filtering step 

through an active-carbon membrane filter to remove chlorine and particulate contami

nations. This was followed by reverse osmosis and finally ion-exchange to remove 

organic and inorganic ionic impurities. The water used was tap water provided to The 

School of Pharmacy, London.

2 Methods

2.1 Determination of melt temperature

The determination of the melt temperatures of the individual materials and material 

blends assessed during the material screening was carried out using either a 

minimum-film-forming-temperature bar or a hot stage microscope.

2.1.1 Minimum-film-forming-temperature bar

The minimum-film-forming-temperature bar (MEET bar) used in this work was 

fabricated at The School of Pharmacy, London, by modifying the commercially 

available MEET bar by Sheen Instruments, England. The modified MEET bar 

comprises a U-shaped metal block constructed of one horizontal bar and two shorter 

perpendicular ones on either end. The horizontal bar is sectioned into seven moulds 

along its entire length. Prior to use, the moulds were lined with one-sided adhesive 

tape in order to facilitate sample removal after the test. Eor measurements, the two 

shorter bars of the block were placed into two water baths (Type SB2, Grant 

Instruments, Ltd., Cambridge, England) of different temperatures (Ti, T2), so that a 

temperature gradient along the horizontal bar was created. The MEET bar was left in 

this state for around one hour for the temperature gradient to stabilize. Then, the 

samples were evenly spread along the entire length of the moulds to form a 

continuous layer. In order to measure the temperature at a particular length of the 

mould, the horizontal bar was equipped with openings at 5-cm distances into
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which a digital-display temperature probe could be inserted. The limitation of this 

technique lay in the fact that the maximum achievable temperature in the moulds was 

only about 70 °C, when T% was at room temperature and T2 at boiling point.

2.1.2 Hot stage microscope

A hot stage microscope was used to examine the melting onset and behaviour of the 

potential film forming materials during their screening process (FP 52 hot stage and 

Mettler FP5 control unit, Mettler Instrumente AG Zurich, Switzerland). The device 

was chosen after the MFFT bar proved inadequate for melt temperatures higher than 

70 °C. It also allowed the microscopic observation of the onset of the melting process 

as well as its progressing. For measurements, a small amount of sample was held 

between a microscopic slide and a cover slide placed onto the hot stage and covered 

with a round glass lid so that the temperature of the hot stage equalled that of the 

sample. The temperature was raised at a rate of 5 °C per minute. The melting progress 

was observed through the microscope (Olympus BX50F microscope, Olympus 

Optical Co., Ltd., Japan) at a magnification of 5Ox and the onset and termination 

temperatures recorded. The onset temperature was defined as the temperature at 

which the first particles started to melt, while the termination temperature was the 

point at which the last solid particle had completely melted. The melting point of the 

blend was calculated as the mean temperature of the two points. The drawbacks of 

this technique, however, were the small sample size and the containment of the 

material between two cover slides. This could have led to higher temperatures in the 

material than those measured by the built-in temperature probe.

2.2 Blending of the materials

The film-forming materials had to be blended homogeneously to ensure content 

uniformity of the two components. This was not always possible by simple blending 

in a Turbula mixer (Turbula mixer. Type T2C, Nr. 870290, Willy Bachofen AG, 

Basel, Switzerland; Blender cage: Type 32-422, Glen Creston, Stanmore, England) so 

that a preparatory blending step had to be included. This step was necessary when the 

particle size and flow behaviour of the components varied considerably. In addition.
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the somewhat waxy consistency of Dynasan 114 caused occasional clumping of the 

material both alone or the mixture. To circumvent this, the materials were jointly 

forced through a 420-pm-aperture sieve (Endecotts Test Sieves, Ltd., London, 

England) whereby clusters in either component were dispersed so that a homogeneous 

compound was obtained. Both components were applied onto the sieve in their 

accurately weighed amounts and the entire material recovered after sieving. 

Subsequently, the materials were blended in a Turbula mixer at 42 rpm for 10 

minutes. Throughout the following experiments the samples were handled gently in 

order to avoid particle separation.

2.3 Calculation of the blend weights per film

The calculation of the amount of blend to be applied onto one filter membrane was 

based on the following parameters: membrane diameter, desired film thickness and 

starch proportion. The additive densities of the respective starch and the matrix 

material were transformed into the total weight per unit volume, which was needed to 

obtain the desired film thickness.

As an example, the calculation for the film blend of a film of 10 % Hylon 5 and 50 

pm thickness is shown below (Equation 2.2 -  2.5) whilst all data are summarised in 

Table 2.1.

"D
— X T X ;rFilm volume 

Density of blend

Blend weight per film = (x x dstarch + y x doyn) x

V2,

X X dstarch 4" y X düyn

/
D 2 >

— X T X
V. 2 . /

E q u ation  2.2  

E q u ation  2.3

E q u ation  2 .4

where

D (membrane diameter)

T (film thickness)

dstarch (density of Hylon 5)

doyn (density of Dynasan 114)

= 47 mm

= 50 pm

= 1.46 g/cm^

= 1.03 g/cm^
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X (blend ratio Hylon 5) = 0 . 1

y (blend ratio Dynasan 114) = 0.9

= (0.1 X 1.46 mg/mm^ + 0.9 x 1.03 mg/mm^) x (552.25 mm^ x 0.05 mm x n)
E q u ation  2.5

= 93.08 mg per film

T able 2.2: B len d  w eigh ts app lied  on to  filter  m em branes for  each  film  com b in ation . T h e b lend  
w eigh ts are g iven  in  m g.

Starch
content 10% 20% 20% 30% 30% 30% 40% 40% 50%

Thickness 50 pm 35 pm 65 pm 20 pm 50 pm 80 pm 35 pm 65 pm 50 pm
Hylon 5 93.08 67.77 125.85 40.22 100.54 160.86 72.99 135.55 108.00

Hylon 7 93.17 67.89 126.08 40.32 100.80 161.28 73.23 136.00 108.43

LAPS 91.87 66.07 122.70 38.76 96.90 155.03 69.59 129.24 101.93

PURE 91.52 65.58 121.79 38.34 95.86 153.37 68.62 127.43 100.19

Acetate starch 91.17 65.10 120.89 37.93 94.81 151.70 67.65 125.63 98.46

Com starch 93.51 68.37 126.98 40.74 101.84 162.95 74.20 137.81 110.17

Waxy starch 92.82 67.40 125.18 39.90 99.76 159.61 72.26 134.20 106.70

2.4 Film preparation

The required blend quantities were weighed onto the filter membrane directly placed 

on an analytical balance (Type 1702, Sartorius GmbH, Gottingen, Germany). The 

filter membrane was then transferred onto a Teflon disk and the blend evenly spread 

across the membrane using an aluminium spatula. The uniform distribution of the 

material was judged visually since even the smallest uncovered area would have 

compromised the later film intactness. The membrane was then placed in a ventilated 

drying oven for melting at the necessary temperature for 80 minutes. The membrane 

was then removed from the oven, covered with a disposable Petri-dish and left to cool
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down for two hours. It was found to be crucial that the membrane be left on the 

Teflon disk during cooling of the film as this prevented the membrane fi*om curling. If 

the fihn was not used immediately it was stored in a disposable Petri-dish at room 

temperature and room humidity.

2.5 Measurement of film thickness

Despite the application of a calculated amount of blend per film the film thickness had 

to he double-checked since a discrepancy between calculated and true film thickness 

could occasionally arise. During the measurement with a micrometer (measuring 

accuracy ± 0.001 mm, Mitoyo, Tokyo, Japan), the film was placed between two 

microscope slides (0.8 -  1.0 mm thick/plain, Merck, Poole, England) against whose 

thickness the micrometer was zeroed. Thus, the actual film thickness could be read 

directly from the digital display of the micrometer.

The discrepancy in film thickness was most certainly due to a volume deflation during 

melting of the film on the membranes. Also, when applying blends containing starch 

granules larger than the desired film thickness, these granules were removed from the 

membranes and only particles smaller than the desired film thickness were used. The 

unavoidable material loss was compensated for with the application of a slightly 

higher amount of blend so that the true film thickness was that measured instead of 

that calculated.

2.6 Assessment of film permeability

The film permeability was measured twice during one experimental series: first, after 

film production in order to verify the film intactness and secondly, after the enzymatic 

incubation to determine the extent of the hydrolysis.

In both steps, the films were mounted in a diffusion cell (manufactured at The School 

of Pharmacy, London, England), which consisted of two 25-ml chambers containing 

an opening on the top through which the sample loading and removal was executed. 

The films were mounted in such a way that the coated side of the membrane faced the 

loading cell so that the recipient medium would not be contaminated by occasionally 

detaching coating material. This could have interfered with the drug detection by UV-
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spectrophotometry. The recipient chamber was filled with purified water while the 

loading chamber was filled with a 3-%-phenylpropanolamine solution (w/v, PPA in 

water). Sampling consisted of removing 2 ml of medium from the recipient chamber 

with a graduated pipette (5-ml glass pipette Ex, Griffin & George, England) at time 

intervals of 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 105 and 120 minutes. The removed 

medium was replaced by an equal amount of purified water. Since the cells were static 

the concentration gradient in the recipient chamber was disturbed prior to sampling. 

The solution in the recipient chamber was pipetted up and down repeatedly before the 

actual sample was retained. The amount of PPA permeating the film was measured as 

the absorbance of PPA in the recipient chamber. Finally, the films were either 

discarded or repeatedly rinsed by swirling with purified water if they were to be kept 

for enzymatic incubation.

The PAA concentration in the samples was measured by UV-spectrophotometry using 

quartz cuvettes (3 ml, 10 mm path length, UV-silica 6030, Merck, Poole, England). 

Throughout the experiment, two different UV-VIS-spectrophotometers were used: the 

first one being a double-beam instrument (Perkin-Elmer 554, Perkin-Elmer & Co., 

GmbH, Überlingen, Germany) and the second one being a mono-beam device 

(Beckman DU-62, Beckman Instruments, Inc., Fullerton, CA, USA). However, since 

the instruments were changed only in between two different experimental series and 

not in the middle of one, the use of different pieces of equipment was tolerable with 

respect to a potential systematic error this could engender. The change of the 

instruments was due to their reduced availability.

2.7 Enzymatic film incubation

All a-amylases were reconstituted (if in powdered form) and diluted to 50 U/ml in 

phosphate buffer, pH 6 .8 . This corresponded to 1250 units per film whose starch 

content ranged from 9.1 mg (Acetate-starch film: 10 %, 10 pm) to 55.1 mg (Com

starch film: 40 %, 65 pm). Pancreatin, too, was dissolved to obtain 1250 units a- 

amylase activity per film so that a lipase activity of 100 units, i.e. 4 U/ml, was 

reached. By definition, 1 lipase unit hydrolyses 1.0 pm equivalent of fatty acid from 

olive oil (USP 24, 2000). The amount of lipase units was equal to that of the a- 

amylase for reasons of consistency despite the fact that others (Delie et a l, 1995) used
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lipase working concentrations of 52 U/ml. This concentration of lipase activity would 

have increased the a-amylase activity by 13 times.

Each film was placed in a disposable Petri-dish and 25 ml enzyme solution were 

added. It was ascertained that the film floated freely facing the solution in order to 

guarantee maximum contact with the enzyme. The films were then placed in an 

incubator (B&T Unitemp Incubator, Unitemp Ltd., High Wycombe, England) set at 

37 °C for 16 hours. Subsequently, the films were removed fi*om the digestive medium, 

repeatedly rinsed in water and finally subjected to the second permeability test.

2.8 Digestibility test for a ceiiuiose nitrate membrane

The digestibility of cellulose nitrate membranes was tested in order to determine the 

influence of the starch firaction on film digestion. Here, one filter membrane was cut 

into 5 segments whose individual weights were recorded. Each piece was incubated in 

a different volume concentration of B.licheniformis-o.-dimy\2iSQ in phosphate buffer, 

namely 0.2, 0.6, 1.0, 5.0 and 10.0 %. The corresponding numbers of units per 25-ml 

Petri-dish were as follows:

0 .2 % - 1250 units/25 ml

0.5%  - 3125 units/25 ml

1 .0 % ~ 6250 units/25 ml

5.0% - 31250 units/25 ml

1 0 .0 % ~ 625000 units/25 ml

After incubation the pieces were rinsed and dried at 40 ®C in a ventilated drying oven 

over four hours. Their respective weights were re-determined and compared with the 

first measurements.

2.9 Incubation in 0.1 N HCi

A series of films were incubated in 0.1 HCI, which corresponds to pH 1. Each fihn 

was placed in a Petri-dish containing 0.1 N HCI and incubated at 37 °C over four 

hours. The films were then rinsed in water and subjected to further analysis.
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2.10 Measurement of degree of swelling

The swelling behaviour of the seven starches was determined by modifying the 

method described by Podczeck and Révész (1993). Graduated 25-ml measuring 

cylinders were used, into which 1.5 g of each starch was placed. The material was 

compacted by tapping the cylinder on a hard surface until no further compaction was 

observed. After recording the tapped volume the cylinder was filled up to 25 ml with 

37-°C-prewarmed phosphate buffer and the starch thoroughly suspended by shaking 

the cylinder several times. The cylinder was placed in the incubator set at 37 °C and 

volume readings were taken after 1,15, 30, 45, 60, 120, 180, 240 and 600 minutes. 

The final volume was reached when no more volume change occurred in any of the 

starches. This was calculated by subtracting the initial tapped volume from the final 

volume. The experiment was run in triplicate so that the average values of three 

observations could be obtained.

2.11 Measurement of water loss

The amount of water loss from the starches during thermal decomposition was 

determined by thermal gravimetric analysis (TGA). The method comprised a 

thermogravimetric analyser (Hi-ROS TGA 2950, DuPont Instruments, Wilmington, 

DE, USA), which was attached to a data processor (Thermal Analyst 2000, DuPont 

Instruments, Wilmington, DE, USA) and operated in an inert nitrogen environment. 

Before the samples were tested, an algorithm was written and saved in the system so 

that all samples were analysed by the same method. The samples, in their moisture 

state under handling conditions, were weighed into small aluminium pans (PE Sample 

Pan Kit alum. Lot 45199, The Perkin-Elmer Corp., Norwalk, CN, USA) and left 

unsealed. The sample weights were similar and ranged between 11.2 mg and 13.6 mg, 

as recommended by DuPont Instruments for better reproducibility of the results. The 

temperature was raised firom 20 ®C to 150 ®C since within this range most water loss 

was expected. However, the instrument lacked a cooling device so that the start 

temperature of 20 °C could not always be reached within the available time firame so 

that a number of measurements started at a nominal temperature of approximately 30 

”C. At this low temperature only surface bound water could escape while the major
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fraction bound in the starch molecules would still remain in the material. The data 

analysis was carried out on the derivative of the weight-loss curve by marking the 

initial weight of 100 % and the final constant weight. The analysis was run in 

triplicates for each starch.

2.12 Assessment of thermal behaviour during temperature rise

The structural changes that occur during temperature rise within the starches were 

examined using differential scanning calorimetry (DSC). The analysis was carried out 

in an inert nitrogen atmosphere using an unmodulated differential scanning 

calorimeter to which a refrigerated cooling system was connected (Perkin-Elmer 

DSC-7, The Perkin-Elmer Corp., Norwalk, CN, USA). The temperature and energy 

calibrations of the instrument were performed with indium and an empty crimped pan 

used as a reference throughout all analyses.

Approximately 10 mg of the dry starch samples were accurately weighed into 

aluminium pans (PE Sample Pan Kit alum. Lot 45199, The Perkin-Elmer Corp., 

Norwalk, CN, USA) and hermetically crimp sealed.

The samples of the first experimental round were heated from 20 ®C to 230 ®C while 

those included in the second one were heated from 50 °C to 200 ®C. The heating rate 

was 10 °C/min in both cases. The use of two temperature ranges stems from the 

observation that no structural changes occurred in any of the materials approximately 

before 60 ®C and after 180 °C so that the temperature range used initially could be 

reduced at either end.

Enthalpy changes and onset temperatures were calibrated on the basis of the indium 

standard and computed with reference to a straight baseline joining the onset with the 

final temperature. The two temperature points selected were the points at which 

deviation from the linear portions of the traces before and after the respective 

endotherms occurred. The peak between these two points was denoted the peak 

temperature at the maximum endothermie heat flow. All data analysis was performed 

using the Pyris-software (Pyris Analysis, Perkin-Elmer, The Perkin-Elmer Corp., 

Norwalk, CN, USA).
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2.13 Measurement of apparent particle density

The apparent particle density of the materials was measured using a helium- 

pycnometer (Quantachrome multipycnometer, Model-Nr. MVP-1, Quantachrome 

Corp., Syosset, NY, USA). Before use, the instrument was allowed to warm up and to 

stabilize for one hour. At the beginning of each experimental series a calibration was 

performed using the smallest of the three available calibration spheres belonging to 

the instrument. The sphere had a volume of 1.078 cm^. For the first calibration cycle 

one sphere was used in the small sample cell unit while two spheres were used in the 

same unit during the second cycle. This enabled calibration of a small volume, i.e. 

1.078 cm^, and larger one, i.e. 2.156 cm^. The starch samples were accurately 

weighed into the tared sample cell and the weights recorded. The samples were then 

subjected to measurement in the pycnometer following the standard operating 

procedure. Each sample was analysed three times and the mean value of the three 

observations used for the evaluation.

2.14 Measurement of particle size

The particle size distributions of the starches were analysed by laser diffraction 

(Mastersizer, model MSS, 1997, Malvern Instruments Ltd., Malvern, England). The 

instrument uses the principle of Low Angle Laser Light Scattering using vertically 

polarised light in the form of a low power helium-neon laser beam.

The laser diffraction analyser was fitted with a lens with a focal length of 300 mm 

while the active beam length was 14.3 mm. This setting allowed measurement within 

the range from 0.5 pm to 900 pm. A polydisperse analysis model and a suggested 

refractive index of 1.53 for starch materials were used. The particle size intervals were 

defined by the manufacturer and followed a logarithmic scale yielding 104 data 

points.

The samples were prepared immediately before measurement as to prevent possible 

volume changes of the starch granules due to swelling in the suspension medium 

(99.9 % ethanol, analytical grade. Lots LI 21307, 008907, L906407, Merck, Poole, 

England). A few milligramms of starch were dispersed in scintillation vials (5 ml, 

FBG-Anchor, London, England) containing 5 ml of analytical-grade ethanol and the
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suspension vigorously shaken to accomplish complete particle dispersion. Then, 2 ml 

were removed with a Pasteur pipette (150 mm, John Poulten Ltd., Barking, England) 

and transferred in a dropwise fashion into the ethanol-filled measurement cell, which 

was equipped with a magnetic stirrer. When the degree of obscuration reached 15 % 

to 20 % the measurement was commenced. The sample loading was a crucial step as 

it involved an inherent risk of removing a sample fraction unrepresentative of the true 

size distribution in the entire starch due to rapid sedimentation in the dispersing 

medium. Prior to each analysis, the laser beam was aligned and the background noise 

of the ethanol-filled measurement cell removed by zeroing. It was also important that 

the two glass fronts of the measurement cell be absolutely clean as to avoid the 

inclusion of foreign particles in the measurement. This was also true for occasional 

bubbles in the measurement cell. While the cleaning of the glass front was carried out 

using a lint-free tissue, the purging of the bubbles was accomplished by repeatedly 

accelerating and reducing the speed of the stirrer. A number of runs were performed 

for each starch until three valid measurements with a residual value < 1 were 

obtained. The particle size distributions were expressed as the volume proportions in 

each class of particle size and the total volume of each distribution was set equal to 

one. This was computed by the instrument’s software (Mastersizer Malvern Version 

1.2 b, Malvern, England).

2.15 Measurement of surface area

The surface areas of the starches were determined by the gas absorption method based 

on the Brunauer-Emmett-and-Teller equation (Brunauer et a l, 1938) and performed 

on a surface area analyser (SA 3100 Surface Area Analyzer, Beckman Coulter U.K. 

Ltd., High Wycombe, England).

The unit is an automated bench top instrument measuring the specific surface area 

from 0 . 0 1  m^/g to 2 0 0 0  m^/g and pore size distributions from 2  nm to 2 0 0  nm in 

diameter by using the static equilibration method to obtain discrete data points in a 

multi-point mode. The instrument included a sample port, three outgassing stations, a 

vacuum pump and a built in data processor, which, for maximum accuracy, performed 

a helium free-space calculation for each sample analysed. A saturation-vapour-
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pressure thermometer was used to determine accurately the conditions at the 

temperature of analysis by recording the saturation pressure for every data point.

The sample preparation started with the drying of the samples using an electronic 

moisture balance (Sartorius Thermocontrolled Moisture Balance, YTCOIL, Sartorius 

GmbH, Gottingen, Germany). Here, approximately 5 g of sample were evenly spread 

onto a disposable aluminium plate of 80 mm in effective diameter. The drying cycle 

was programmed at 100 ®C and 30 minutes during which time the weight loss was 

recorded in 1-minute intervals. The samples were subsequently stored in a silica-filled 

dessicator for at least three days in order to equilibrate.

For surface area measurement, about 5 g of sample were weighed into the flat- 

bottomed sample tubes, a glass rod inserted to reduce the free space in the sample 

tube and the whole tube sealed at the top with glass wool and a rubber cap. The 

weight of the empty sample tube, including glass rod, glass wool and rubber cap, was 

determined beforehand so that the sample weight could be calculated by subtraction. 

The filled sample tube, without the rubber cap, was then inserted in the surface area 

analyser, which could hold three sample tubes simultaneously. The samples were 

outgassed overnight at 90 ”C under vacuum after flushing with pure nitrogen gas. 

Subsequently, the sample tubes were removed from the outgassing station and re

weighed together with the rubber cap in order to obtain the true weight of the now 

degassed sample. The sample information in the data processor was corrected with the 

new weight. One of the samples was then transferred to the measuring port, while the 

other two were left at room temperature until further analysis. The measuring port was 

equipped with a Dewar-vessel, which was filled with liquid nitrogen prior to each 

analysis. After evacuation the sample was analysed during 90 minutes -  using pure 

nitrogen gas -  and the specific surface area recorded. Each starch was analysed in 

triplicate and the mean of the three values used.

2.16 Scanning electron microscopy

Scanning electron microscopy (SBM) was employed to obtain photographic images of 

the outer morphology of the starches. The dry samples were placed on double-sided 

carbon impregnated tape, which was mounted on aluminium specimen stubs. The
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samples were then gold coated (Gold sputterer, Emitech K550 Sputter Coater) at 30 

mA for three minutes after which time a thin gold film of approximately 30 nm had 

formed. This preparatory step is also referred to as ‘sputter coating’. The starches 

were viewed and photographed at various magnifications and the images captured 

onto black and white thermo-photographic paper (Kodak TMax 100 black and white, 

Kodak Co., England). The microscope (Philips XL20 SEM, Eindhoven, Netherlands) 

operated at an accelerating voltage of 10 mV and the secondary electrons were 

detected.

2.17 Sample preparation of digested starches for SEM

In order to produce SEM images of digested starches small samples of each starch 

were subjected to hog-pancreas-a-amylase. 100 mg of each starch were suspended in 

small beakers containing 50 ml phosphate buffer and hog-pancreas-a-amylase at 50 

U/ml. The amount of starch and enzyme activity needed were calculated according to 

the average amount of enzyme units used during film incubation. Here, the smallest 

amount of starch per film was around 4 mg in a 10-%-starch film of 20 pm thickness 

while the largest amount of starch per film was around 85 mg for a 50-% starch film 

of 80 pm thickness. Hence the average amount of starch per film was 45 mg. All films 

were incubated in 25 ml buffer containing an enzyme activity of 50 U/ml.

The starch suspensions were placed in the incubator at 37 °C for 16 hours. 

Subsequently, the largest part of the incubation medium was decanted and the 

remaining starch suspension transferred into conical 15-ml centrifugation tubes 

(screw-cap 15-ml centrifuge tubes. Sigma, Poole, England). The starches were 

centrifuged at 3000 rpm for 20 minutes and the supernatant removed (Centrifuge BB 

VVV, Jouan SA, St. Herblain, France). The open centrifuge tubes were placed in a 

drying oven at 40 ®C until the starches were completely dried. The starch aggregates 

were gently dispersed in order to obtain loose particles suitable for SEM.
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2.18 Determination of amylose-content by NIR

The amylose content in the starches was determined by near-infrared spectroscopy 

(NIR). First, the instrument (Foss/NIRSystems, Series 6500, Serial number 4574, 

Silver Spring, MD, USA) was ‘trained’ for the various amylose concentrations, as no 

library for this material had existed. A set of 21 blends of pure amylose and 

analytical-grade amylopectin were prepared in amylose concentrations from 5 % to 

100 % in 5-% intervals. The components were weighed into 10-ml scintillation vials 

and blended in the Turbula mixer following the procedure as described in section 2.2. 

The blends were measured in the scanning near-infrared spectrometer equipped with a 

monochromator unit and a rapid content sampler operating in reflectance mode (Rapid 

content sampler. Series 226, Foss/NIRSystems, Silver Spring, MD, USA). The 

scanning was performed 64 times over the wavelength range of 1100 to 2500 nm 

during approximately 40 seconds. The data were analysed by the Partial-least-square 

model (PLS) using two wavelengths as the two variables. Before data acquisition, a 

system suitability test consisting of checking the wavelength and absorbance scale as 

well as the noise, was performed. Prior to placing the sample into the sampler 

chamber, the instrument was zeroed against the ceramic standard. Each sample was 

handled with latex gloves and vigorously shaken before being insertion in the sampler 

chamber. Both precautions were necessary to avoid grease deposits on the vial, which 

could interfere with the reading and to assure a homogeneous blending of the two 

components, which allowed a true quantification of the amylose proportion. The 

results of the 64 scans were averaged, the mean spectrum for each starch recorded and 

a calibration curve of all 21 blends established. In order to confirm the accuracy of the 

calibration set, a validation set was prepared. This encompassed eight amylose 

concentrations out of the calibration set but which were prepared independently. This 

step served to verify that no systematic errors were included in the calibration set. The 

validation set concentrations were 5, 15, 25, 35, 45, 55, 65 and 90 % whose regular 

distribution allowed a representative spread of all concentrations. The validation 

samples were measured as previously and a validation curve was established.

The analysis of the starch samples was carried out likewise and repeated once.

Data acquisition and analysis were performed by the built-in software of the 

instrument (Vision 2.51, Foss/NIRSystems, Silver Spring, MD, USA).
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2.19 Statistical data processing

The statistical data analysis in this work was performed using the commercially 

available software packages SPSS 10.1 for Windows (SPSS 10.1 for Windows, SPSS 

Inc., Woking, England) and Microsoft Excel for Microsoft Windows 2000 (Microsoft 

Corp., USA).
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CHAPTER 3 

Physicochemical Characterization

1 Introduction

The investigation of the physicochemical characteristics of the starches formed an 

important part of this work. The knowledge about these parameters allows a better 

understanding of the starches’ behaviour during film formation and enzymatic 

digestion and facilitates the prediction of the latter if experimental conditions are 

altered. Studying the material properties also reveals the importance of a particular 

material property or production parameter, which is essential when working with 

different batches. This aspect is crucial for the implementation of laboratory findings 

in any manufacturing scale process. Owing to the biological nature of the starches, the 

physicochemical description is a very complex process, requiring the consideration of 

a multitude of factors. During this study a total of eight characteristics, that seemed 

most important with respect to starch behaviour, were investigated. These comprised 

outer granule morphology, amylose content, particle size, particle density, surface 

area, degree of swelling, water loss and thermal behaviour. However, numerous other 

factors, which also contribute to the starches’ performance but which were not further 

analysed include genotype, geographical origin, harvest time, storage conditions and 

degree of purity. Since the investigation of all these factors was beyond the scope of 

this work, only those deemed most important to film performance and manufacture 

were more closely characterized. After all, the practicability of the different analyses 

undertaken as well as the availability of the technical equipment also determined the 

criteria of choice.

Thus, the results generated in the course of the following analyses represent a priori 

the properties of the particular starches tested with special respect to fulfilling the 

required demands.
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2 Results and discussion

2.1 Scanning electron microscopic images

Images were produced by scanning electron microscopy (SEM) in order to gain a 

visual impression of the morphology of the starches. A convenient and 

straightforward method, SEM gives a real and immediate image of the object. 

Nevertheless, it has to be borne in mind that the observed sample fraction was 

selected under considerable subjective bias so that the details displayed can only be 

judged on their own rights instead of being relied upon as a representation of a whole 

sample population. For this reason, SEM does not have any statistical power. For each 

starch, the image of the 773-fold magnification is shown, which provides a picture of 

several individual particles and their constellation in a small fraction of the larger 

population.

F igures 3 .1 .1 -3 .1 .7 : SEIM im ages o f the starches in a 773-fold  m agnification .

%f

i
F igure 3.1.1: H ylon 5.
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Figure 3.1.2: H ylon 7.

The images of Hylon 5 and Hylon 7 (Figures 3.1.1 -  3.1.2) are almost identical. The 

various particle shapes and sizes range from slightly cubic forms over ovoid shapes to 

almost perfect spheres. The surfaces are smooth and poreless. The occasional cracks 

are due to the sample preparation during sputter coating with gold when the starches 

are subjected to elevated temperatures. The highly energized gold atoms are directed 

onto the granules, which generates heat tension on their surfaces. The overall 

impression however is that of discreet and intact granules.

'ê '• ' I•fi :
F igure 3.1.3: LAPS.
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The particle shapes of LAPS are more varied than those of the Hylon starches. 

Besides spheroid and ovoid forms a number of rod-like particles also stand out. The 

latter seem to result from the fusion of several smaller granules. The surfaces appear 

smooth and undisturbed except for occasional cracks, which are due to the sample 

preparation as explained above. The largest part of the sample exists as discrete 

particles while a small fraction is gathered in clusters.

«

;

Figure 3.1 .4: PUR E.

The particle shapes of PURE are clearly more varied and no prevailing form can be 

discerned. The particles seem ovoid in their basic form but numerous protuberances 

bestow them with a rather edgy appearance. This is reflected by the eroded surface to 

which, in some instances, minuscule granules are attached. The granules exist in more 

or less individual states although smaller agglomerates are to be seen. The little 

pronounced particle shape is the result of the enzymatic treatment of LAPS from 

which PURE is derived.
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Figure 3 .1 .5  A cetate starch .

The shape of the Acetate-starch granules can be described as round. The surface 

however is strikingly rough with large crevices and deep pores throughout the entire 

area. This lends the granules a disturbed and unnatural aspect. This is the evidence for 

the acétylation during which the starch underwent a drastic chemical modification.

M
Figure 3 .1 .6 : C orn starch.

The particle shapes of Com starch are similar to those of Hylon 5, Hylon 7 and LAPS, 

which are characterized by a variation of particle sizes and shapes. The granules are
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spherical or polyhedral and the latter shape could have been formed during the milling 

process. However, the granule surfaces are smooth and the particles are individually 

dispersed.

I.-V-r* «

m

Figure 3 .1 .7: W axy starch .

The granules of Waxy starch resemble those of Corn starch although a small number 

of depressions and occasional punctures are discernible. The particle sizes are quite 

varied with a good proportion of larger polyhedral particles. The surface seems less 

even than that of Corn starch but which could have been equally inflicted by the 

milling process.

In conclusion, the microscopic images of the outer morphology of the starches help to 

describe the granules with respect to shape and surface properties, which reflect to a 

large extent their botanical and chemical origin as well as inner structural make-up. 

However, since the depictions do not have any statistical power they are unsuitable 

for the determination of the particle size.
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2.2 Amylose content

The amylose content of the starches was determined by near-infrared spectroscopy 

(NIR) in order to verify or correct the values provided by the supplier. Despite a 

number of more conventional methods available to analyse the amylose content, such 

as complex formation with iodine or n-butanol (Ring et al, 1985), the NIR technique 

seemed most practical because of its rapid and non-destructive principle. Assuming 

that the starches consist exclusively of amylose and amylopectin the proportion of the 

latter was derived by subtraction.

First of all, the instrument had to be ‘trained’ with standards of different amylose 

concentration for a calibration curve to be established. For this, a standards-set of 21 

blends of pure amylose and analytical-grade amylopectin were prepared with amylose 

weight-concentrations of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 

85, 90, 95 and 100 %. The blend with 0 % amylose corresponded to analytical-grade 

amylopectin. In addition to the calibration set a validation set was prepared in order to 

verify independently the calibration curve. Here, eight regularly distributed 

concentrations covering the range from the calibration set were chosen and newly 

prepared. This step is necessary to obtain two separately generated sets so that 

possible inhomogeneities within the blends or even concentration errors can be 

detected. The amylose concentrations for the validation set were 5, 15, 25, 35, 45, 55, 

65 and 90 %. The measurement of the two sets was carried out independently as 

another means of reducing the probability of potential systematic errors.

NIR spectra often exhibit a baseline shift, which is due to variations, such as 

temperature, humidity, sample compaction, scatter on the particle surface and the 

particle size of the material itself. Particle size, for example, determines the spectral 

path length, which can lead to a substantial disturbance of the results. To minimize the 

influence of these various parameters the raw spectra are usually subjected to 

mathematical pre-treatments. The spectral region at a wavelength of 1740 nm 

correlated best with the amylose-amylopectin concentrations and had a correlation 

coefficient of 0.999 and an F-value of 8888.88. The F-value is an indicator of how 

well the accuracy of the calibration equation for the calibration samples can be 

expected to hold up when unknown samples not included in the calibration are 

measured. If the F-value is low, the calibration is not robust, and the performance on
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future unknown samples is likely to be substantially worse than on the calibration 

samples. If the F-value is large, then the calibration should have approximately the 

same accuracy on future unknown samples as on the calibration samples (Mark, 

2001a). The spectral region is shown in Figure 3.2.
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6,2417

5.2508
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1.2873

0.2965

-0.6944

-1.6853

-2.6762

Amylose

Amylopectin

1752 17591703 171 1724 1731 1738 1773 1780
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F igure 3.2; Spectral region  chosen  for  analysis. T he spectra d ep ict the 21 ca lib ration  b lends 
consisting  o f  am ylose and am ylopectin  in various ratios. T he arrow s ind icate the  
spectrum  o f pure am ylose and pure am ylop ectin , resp ectively .

The instrument’s software developed the best-fit model for the calibration set by 

spectral pre-treatments, namely standard normal variate (SNV) and second derivatives 

(SD). SNV is suitable to remove the multiplicative interference as mentioned earlier 

while SD is used to remove or suppress constant background signals converting these 

to zero level. Here, the ratios of the absorbances at the two wavelengths 1704 nm and 

1740 nm after second-derivative treatment were used, which is given in Equation 3.1.
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y = 1.673 - 1.112
Al 740

Al 7 0 4 /
E q u ation  3.1

In Equation 3.1, ‘y’ is the amylose concentration in [%], ‘A ’ the absorbance at the 

subscribed wavelength, and ‘1.673’ and ‘1.112’ the coefficients found in the fitting 

process. The model had a standard error of calibration (SEC) of 0.014 and, when 

applied to the validation set, a standard error of prediction (SEP) of 0.012. Hence, the 

validation set verified the predictive ability of the calibration model. The formulas for 

SEC and SEP are given in Equations 3.2 and 3.3 while the calibration and validation 

plots are shown in Figures 3.3 and 3.4, respectively.

SEC = 'S(y-yr
nc - 2

E q u ation  3.2

SEP = Z  (y - y)‘
nv

E q u ation  3.3

where

y = reference value 

y = predicted value 

Uc = number of calibration samples 

nv = number of validation samples

The plot of predicted amylose concentration against the reference values for the 

calibration set gave a good straight line with a slope of 1.000 and an r^-value of 1.000, 

whose good fit it reflected by the very high F-value of 42707.424. Similarly, the plot 

for the validation set (Figure 3.4) gave a straight line with a slope of 1.008 and an re

value of 1.000. The F-value in the latter case was 18249.024.
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Calibration plot
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F igu re 3.3: C a lib ration  p lot. T he p lot dep icts the pred icted  and m easured  am ylose  con cen tration s  
in 21 am ylose-am ylop ectin  b lends.

Validation plot
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F igu re 3.4: V alid ation  p lot. T h e p lot dep icts the p red icted  and m easu red  am ylose  con cen tration s  
in 8 am ylose-am ylop ectin  b lends.
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As for sample analysis, the samples were likewise measured over a wavelength range 

from 1100 nm to 2500 nm, the respective results of which were analysed using the 

aforementioned calibration model. Apart from the absorbance areas at 1704 nm and 

1740 nm, various molecular bonds exhibit first-, second- and third overtones of the 

fundamental vibrations observed across the entire wavelength range of the infrared 

region. These various absorbance characteristics, inversely expressed as ‘reflectance’, 

arise from the nature of the chemical bond and are therefore characteristic of the 

material studied. The nature of diffuse reflectance measurements is that they are 

influenced not only by the chemical properties of the sample but also by the scattering 

properties as pointed out earlier. Figure 3.5 shows the mean SNV-pre-processed 

spectra of each of the seven starches as well as that of pure amylopectin.
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01595

H
J  00632 

O
^  00150

-00332

-0.0614

- 0.1296

- 0.1778
2300 2400 25001200 1300 1400 1500 1600 1700 1800 1900 2000 2100 22001100

Wavelength [nm]

Figure 3.5: S tandard-n orm al-variate  pretreated spectra o f  a ll 7 starch es and A m ylopectin .
L egend: blue: H ylon 7, light-blue: PU R E, grey: L A P S, yellow : C orn  starch , red: 
H ylon 5, pink: W axy starch , green: A cetate starch , cyan: am ylop ectin .
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Unsurprisingly, the spectra are very similar to each other, owing to the common origin 

of the starches. The spectrum of Acetate starch however is atypical because of its 

obvious differences. Not only does it show lower or higher intensities at certain 

wavelengths but it also contains two additional peaks in the range between 1650 nm 

to 1750 nm. Peaks in these regions indicate ketonyl bonds -  the double bonds between 

the oxygen and carbon atoms -  which are the characteristic feature of acetyl groups. 

Since the remaining spectra are of a more or less identical shape they shall henceforth 

be discussed together.

All starches were analysed in a state of relative humidity as under handling 

conditions, which is why two distinct moisture peaks are discernable -  one at 1450 

nm and the other at 1930 nm. These wavelengths are characteristic for hydroxyl 

groups, such as in water, which makes up the moisture in the samples. Furthermore, 

the spectra depict the absorbances for the impurities contained although these are very 

hard to assign in NIR. The peak at 1700 nm could be ascribed to lipid traces, while 

those at 2000 nm and 2200 nm could be attributed to proteins. In between these two 

points a slight separation of the spectra is visible at around 2130 nm. This irregularity 

can partly be assigned to the impurities but it is mainly caused by the different 

amylose concentrations. The three lower spectra, that is those for Com starch, Waxy 

starch and amylopectin, represent the low-amylose starches, so that the four upper 

spectra can be attributed to the high-amylose types Hylon 5, Hylon 7, LAPS and 

PURE.

Figure 3.6 shows the window around the wavelengths 1704 nm and 1740 nm, which 

were those used in the calibration model. It encompasses the spectra of amylopectin 

and the different starches except that of Acetate starch. This starch was excluded from 

the analysis because of its chemically modified amylose fraction, which resulted in 

the spectrum being different from those used to ‘train’ the instrument.
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Figure 3.6: Sp ectral detail. It com prises w avelengths 1704 nm  and 1740 for  starch es H ylon 5, 
H ylon 7, L A PS, PU R E , C orn starch. W axy starch  and am ylop ectin . L egend: 
blue: H ylon 7, light-blue: PU R E, grey: L A PS, red: H ylon 5, yellow : C orn , cyan: 
W axy, pink: am ylopectin .
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Figure 3.7: Spectra  o f  second  derivatives o f  H ylon 5, H ylon 7, L A P S, P U R E , C orn  
starch . W axy starch  and am ylopectin . Legend as in F igu re 3.6.
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Finally, Figure 3.7 displays the data as pre-processed by second derivative for the six 

starches and amylopectin. The quantification of the amylose content is shown as a 

histogram in Figure 3.8.
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Figure 3.8: A m ylose conten t o f  starches as determ ined by near infrared  sp ectroscopy. Each 
colum n dep icts the average value o f 2 m easurem ents.

T able 3.1: M easured and averaged  am ylose concentration  o f  each starch d eterm ined  by near- 
infrared spectroscopy. T he values for L A PS and A cetate starch  have been corrected .

Starches
Measurement Average of 

1 and 21 2

Hylon 5 56.0 56.0 56.0

Hylon 7 69.0 69.0 69.0

LAPS 82.0 81.0 81.5

PURE 98.0 97.0 97.5

Acetate starch 69.0 69.0 69.0

Corn starch 24.0 24.0 24.0

Waxy starch 0.08 0.07 0.08
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The amylose content coincides approximately with the supplier’s information while 

the slight deviations can he explained as follows: the NIR technique failed to detect 

the acetylated amylose fraction in Acetate starch giving the unrealistic value of 207 

%. Since the instrument was only ‘trained’ for amylose hut not for its acetylated 

derivative, the latter escaped detection. Therefore, the amylose value was equalled to 

the amylose content of Hylon 7 as Acetate starch is the acetylated derivative of Hylon 

7 whose amylose content was determined as 69 % hy NIR. It was also assumed that 

the percentage of acetylated amylose in Acetate starch is equivalent to the amylose 

fraction in Hylon 7. However, the acetylated amylose in Acetate starch will 

henceforth still he referred to as ‘amylose’ for reasons of convenience. Com starch 

was found to comprise 24 % amylose, which is close to 27 % as claimed by the 

supplier. Hylon 5 contains 56 % amylose thus lying 6 % above the stated value. As 

mentioned previously, Hylon 7 showed 69 %, which is in almost perfect accordance 

with the supplier’s value. NIR gave an amylose content of 65 % for LAPS, which was

far below the declared value of 95 %. This discrepancy arises from fact that LAPS is

made up of 75 % high-MW amylose and 20 % low-MW amylose with the rest being 

amylopectin. Assuming that only the high-MW amylose was detected during NIR the 

value for the total amylose fraction must he corrected to 82 % as follows:

Amylose content:

as declared bv supplier: as measured hv NIR:

75 % high-MW 65 % high-MW
20 % low-MW 17 % low-MW (derived)

Total amylose content: 82 %

The corrected value of 82 % is still considerably below 95 % thus representing the 

largest divergence between observed and declared value. PURE gave an amylose 

content of 97 %, which is acceptable if considering that the manufacturer merely 

indicated a minimum content of 95 %. Nonetheless, the literature usually refers to 

PURE as a 99-%-amylose starch. Finally, the amylose content in Waxy starch was 

almost undetectable, i.e. 0.08 %. This value, too, is clearly lower than the supplied 

one of 2 % and it can therefore he presumed that Waxy starch be an amylopectin-only
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material. The analytical-grade amylopectin was determined as -0.02 %, which 

confirms the absolute absence of amylose.

In conclusion, the measured and corrected values for the amylose content as generated 

by NIR are fairly similar to those declared by the supplier thus making further 

analytical methods unnecessary.

2.3 Particle size

The determination of the particle size seemed important for two reasons: first, the 

homogeneous mixing of the binary blends of starch and matrix former Dynasan 114 

required both materials to be compatible in their particle sizes, which helps to 

ascertain the homogeneous distribution of both components. Moreover, since for film 

preparation only small amounts of film blend were applied onto the membranes, the 

even distribution within the blends was all the more important. Second, knowledge 

about particle size is likewise crucial in order to evaluate and understand better further 

physicochemical properties, as they will be discussed later on.

The particle size analysis was carried out by laser diffraction using a Mastersizer 

particle analyser. This method seemed most appropriate as the starches could be 

readily suspended in ethanol without any preparation step. The results are depicted in 

Figure 3.9 and listed in Table 3.2.

The spread of granule sizes is considerable as it ranges from 15.72 pm in Com starch 

to 56.06 pm in PURE. This wide spectrum of particle sizes among starches of various 

origin and nature is typical and was also mentioned by Planchot et a l (1995). When 

plotting the results of the particle size analysis in a histogram as in Figure 3.9 it 

becomes apparent that the starches could be grouped into a number of subgroups 

representing similar particle sizes.
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F igure 3.9: P article sizes o f each starch  as determ ined by laser d iffraction . E ach  colum n depicts 
the m ean and standard deviation  o f 3 observations.

Table 3.2: M ean particle size and standard deviation  o f 3 observations.

Starches Particle size [pm] SD (n = 3)

Hylon 5 23.34 0.284

Hylon 7 24.12 1.398

LAPS 21.99 1.289

PURE 56.06 1.431

Acetate starch 51.14 0.211

Com starch 15.72 0.085

Waxy starch 21.35 0.127

The statistical difference between the particle sizes was analysed by ANOVA, which 

calculated an F-value of 931.0. This corresponded to a p-value of 0.000 at the 

significance level threshold of 0.05 so that performing a Scheffé-test was justified. 

This generated four subsets of particle sizes as shown in Table 3.3.
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T ab le  3 .3: S ch effé-test o f  p artic le  sizes o f  all starch es (N  =  n u m ber o f  ob serva tion s).

Scheffe

starch type N
Subset for alpha = .05

1 2 3 4
Corn starch 3 15.7167
Waxy starch 3 21.3533
LAPS 3 21.9933
Hylon 5 3 23.3367
Hylon 7 3 24.1200
Acetate 3 51.1367
PURE 3 56.0567
SIg. 1.000 .093 1.000 1.000

Means for groups in homogeneous subsets are displayed. 
3- U ses Harmonic Mean Sample Size = 3.000.

It has to be recalled that laser diffraction particle size analysis refers to ‘particle size’ 

as the diameter of a sphere closest in volume to the measured particle. That this can be 

a very rough approximation is visible in the SEM photographs in section 2.1 

suggesting a considerable degree of a possible statistical error.

The first subset comprises Com starch alone with a particle size of 15.72 pm. The 

second subset includes Waxy starch, LAPS, Hylon 5 and Hylon 7 with a mean 

particle size of 22.7 pm. The third and fourth subset contain Acetate starch with 51.14 

pm and PURE starch with 56.06 pm only, respectively.

It is correct to say that the particle size of Com starch represents the average particle 

size of native starch whereas the markedly increased sizes of the other six starches are 

the product of genetic or chemical modifications. However, there is only a moderate 

difference in particle size between the first and second subset whose starches have an 

amylose content ranging from 50 % to 17 %.

A more radical chemical treatment is reflected in the particle sizes of Acetate starch 

and PURE, which stand out significantly from among the other starches. The 

introduction of acetyl groups to the starch molecule as in Acetate starch, that is 

estérification of the amylose hydroxyl groups in Hylon 7, is likely to alter the 

granule’s integrity radically in that the once compact and smooth stmcture is loosened
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and eventually broken up. This can be clearly seen in the SEM photograph of the 

native Acetate starch granule (Figure 3.1.5).

The large particle size of PURE can be ascribed to its manufacturing process, which is 

based on the enzymatic digestion of LAPS. Hydrolysis of large parts of the 

amylopectin fraction disrupts the internal micellar network of the starch in such a way 

that a compact agglomerate of amylose molecules is left behind. Consequently, the 

size plainly differs from that of the original granules.

2.4 Apparent particle density

The density analysis was performed on a helium-pycnometer for all seven starches as 

well as Dynasan 114. The technique is non-destructive thus permitting the recovery of 

the samples for further studies. Since the starches were used in their original state that 

is, without any mechanical processing such as micronization, the apparent density of 

the particles could be measured. In the hypothetical case that micronization had taken 

place a powder of minute or no porosity would have been obtained and the true 

material density would be measurable. This is noteworthy as the SEM images of 

PURE and Acetate starch (Figures 3.1.4 and 3.1.5) suggest a high degree of porosity-  

the common appearance of open and closed pores. Since the latter escaped the 

measurement, a discrepancy between measured particle density and true material 

density arises: the first value being smaller than the second one. In addition, the 

precision of the method is limited by the accuracy with which the fluid volume of the 

helium penetrating the pores can be determined. However, the small helium atoms are 

able to invade even very small pores and other open spaces. In addition, the density of 

Dynasan 114 was determined with 1.03 g/m^ but has not been included in the further 

discussion. The density values of all starches are shown as the mean values of three 

observations and their standard deviations in Figure 3.10 and Table 3.4.

ANOVA determined an F-value of 1.361 for the variance between the densities of the 

starches. This corresponded to a p-value of 0.296, which is far above the set 

significance level of 0.05. Hence, no significant difference between the densities of 

the starch granules existed which leads to the conclusion that the densities of all 

starches were quite similar.
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Figure 3.10: A pparent density  o f  each starch as determ ined by a helium -p ycnom eter. Each  
colum n depicts the mean and standard deviation  o f  3 observations.

T able 3.4: M ean density  and standard deviation  o f  3 observations o f  each starch .

Starches Density [g/cm^] SD (n = 3)
Hylon 7 1.47 0.004

Hylon 5 1.46 &039

LAPS 1.32 0.058

PURE E28 0.013

Acetate starch 1.24 &038

Com starch 1.51 &052

Waxy starch 1.43 0.044

Acetate starch has the lowest density with 1.24 g/cm^ but is closely followed by 

PURE with 1.29 g/cm^. In general, the material density of acetylated starches 

decreases with increasing DS (Korhonen el ai,  2000). It could be argued that the 

acétylation and enzymatic digestion of the respective material caused a volume 

increase of the particles while the mass remained unchanged. This could be likened to 

a loosening of the granular structure, which is supported by the respective large 

particle sizes of 52.14 pm and 56.06 pm. It can furthermore be argued that these
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materials possess large amounts of closed pores which pretend the existence of matter 

where void volumes are actually the case. For this reason, solid materials should 

always be micronized if such measurements are to be undertaken. Since in this work 

the material properties of the starches were determined in their state of handling 

during the film production a micronization step would have meant too vigorous an 

intervention. In addition, the network of the polysaccharide molecules within the 

granules is less dense with the amylose proportion being slightly prevalent. This 

confers a relatively low weight to the individual granule. By definition, the density is 

directly proportional to the weight per fixed volume, so that a small number in the 

numerator engenders a small density value.

This relationship is less obvious for LAPS, Waxy starch, Hylon 5 and Hylon 7, which 

will be discussed in collaboration. Both, Waxy starch and LAPS are almost identical 

in their particle size (average of 21.67 pm) but slightly different in their densities -  

the density of Waxy starch being around 8 % higher than that of LAPS. It could be 

understood that Waxy starch has a much more compact inner granular structure owing 

to its amylopectin-only nature, which thus bestows on it a higher granular weight. The 

opposite could be discussed for LAPS, which predominantly consists of amylose 

(82%). As argued previously, the micellar network is probably more spacious due to 

the presence of both amylose and amylopectin. The densities of Hylon 5 and Hylon 7 

are almost identical (1.46 g/cm^ and 1.47 g/cm^) as are their particle sizes (23.3 pm 

and 24.1 pm). It is likely that the densities are controlled by the amylose-amylopectin 

ratios, which are almost equally balanced.

Finally, the highest apparent density was obtained for Com starch, which suggests a 

dense inner stmcture. If taking into account both the fact that Com starch is the sole 

native starch among all starches as well as the SEM image (Figure 3.1.6), which 

depicts smooth and solitary sphere-like particles, this finding comes as no surprise.

It can be summarized that the apparent densities of the starches are only slightly 

different despite the different natures and chemical treatments.
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2.5 Surface area

The surface area was measured by surface area analysis based on the Brunauer- 

Emmett-and-Teller theory (Brunauer et al,  1938). This approach provides a key to 

evaluating further surface properties of the granules, such as porosity. Knowledge 

about surface area is required when discussing the enzymatic digestibility of the 

starches. The affinity of the enzyme for the substrate, in this case starch, is a function 

of the surface interaction between the two and therefore a crucial parameter for how 

efficiently hydrolysis can take place. Moreover, the surface properties are an 

important determinant for swellibility and water loss. The surface areas were 

measured in triplicates whose mean values are shown in Figure 3.11 and Table 3.5.

Surface area
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Corn Waxy Hylon 7 Hylon 5 PURE LAPS Acetate

F igure 3.11; Su rface area o f  each starch determ ined by B ru n au er-E m m ett-and -T eller  theory  
(B ru nau er et al., 1938). Each colum n depicts the m ean and standard  deviation  o f  3 
observations.

As can be seen from Figure 3.11 and Table 3.5, the surface area of Acetate starch is 

distinctly larger than that of the other six starches. This is hardly surprising since the 

SEM image in Figure 3.15 already revealed a high porosity of this material. By 

contrast, the values of the remaining starches are fairly similar although slight 

differences among them are distinguishable. In order to see whether these are 

statistically relevant an ANOVA was performed.
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Starches Surface area [m^/g] SD (n -  3)

Hylon 5 0.707 0.044

Hylon 7 0.682 0.005

LAPS 0.960 0.035

PURE 0.949 0.153

Acetate starch 2.986 0.008

Com starch 0.479 0.007

Waxy starch 0.529 0.008

In order to see whether any significant differences between the starches existed an 

ANOVA was performed. The calculated F-value was 602.85, which correlated with a 

p-value of 0.000. This indicated significant differences at an a-level of 0.05. The 

consequently carried out Scheffé-test generated four subsets for the particle sizes of 

the starches, which are shown in Table 3.6.

T able 3 .6: S ch effé -test o f  d ifferen ces betw een  surface areas o f  th e  starch es (N  =  n u m ber o f  ob ser
vation s).

Scheffe

starch type N
Subset for alpha = .05

1 2 3 4
Corn starch 3 .4787
Waxy starch 3 .5293 .5293
Hylon 7 3 .6817 .6817
Hylon 5 3 .7067
PURE 3 .9493
LAPS 3 .9597
Acetate 3 2.9863
Sig. .060 .126 1.000 1.000

Means for groups in homogeneous subsets are displayed, 
a- U ses Harmonic Mean Sample Size = 3.000.
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The first group contained Com starch, Waxy starch and Hylon 7 with the two latter 

starches being likewise part of the second subset. Here, they form one subset with 

Hylon 5. A clear distinction can be discerned between the surface areas of PURE and 

LAPS in subset 3 and that of Acetate starch in subset 4.

The only untreated and thus natural starch in this work. Com starch, can be regarded 

as a reference value for the other six starches. Particle size and surface area are not 

solely determined by the polysaccharide molecules but likewise by impurities, such as 

lipids and proteins, which clearly showed up in the NIR spectra (Figure 3.5). 

However, owing to their unpredictable occurrence their contribution to particle 

surface morphology should not be overestimated. The slightly higher values for Waxy 

starch, Hylon 5 and Hylon 7 in both aspects are evidently due to chemical 

modifications. In the case of Waxy starch, the larger surface area could be ascribed to 

the much reduced amylose-to-amylopectin ratio in favour of amylopectin. Its 

considerably higher degree of branching compared to that of amylose leads to a 

proportional increase of the specific surface area of the granule.

The Scheffé-test results for Hylon 7 and Waxy starch are similar in that both share the 

same subset including the overlapping grouping of subsets 1 and 2. Hylon 5 is most 

similar to Hylon 7 with respect to particle size but it belongs to the second subset only 

in the surface area. This is possible since the two qualities are unrelated to each other. 

Considering their similarity in terms of amylose content and thus chemical make-up 

these two starches are comparable to one another. Both have a fairly equal distribution 

of either amylose or amylopectin (56 % amylose for Hylon 5, 69 % for Hylon 7), 

which is why both factors, particle size and surface area, are subject to the effects 

exerted by both macromolecules. Although the smaller percentage of amylopectin in 

Hylon 5 and Hylon 7 would suggest a smaller surface area than that found for Waxy 

starch, the effect could be outweighed by the still more intact inner micellar structure 

of the Hylon 5 and Hylon 7 granules, which are less dense than that of an 

amylopectin-only aggregate, such as in Waxy starch.

PURE and LAPS have an almost identical surface area of 0.9493 m^/g and 0.9597 

m^/g, respectively, which classifies them into subgroup 3. Yet their distinct inequality 

in particle size, i.e. 56.1 pm for PURE and 23.0 pm for LAPS, suggests a marked 

difference in their surface properties. This is in line with the SEM images in Figures 

3.1.3 and 3.1.4, where PURE starch manifests a rather eroded surface as compared to 

that of LAPS.
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Finally, Acetate starch assumes a position of extremes almost like Com starch. With 

an outstandingly large surface area of 2.99 m^/g it occupies its own subgroup. The 

large surface area suggests a high degree of porosity, which is clearly visible in the 

SEM photograph in Figure 3.1.5. The latter implies the presence of large amounts of 

open pores and deep crevices, which enlarge the surface area even more. This atypical 

property can be easily explained by the fact that Acetate starch is the most chemically 

modified starch among all seven materials.

2.6 Swelling

The quantification of this property will be expressed as ‘degree of swelling’. The 

degree of swelling is expressed as the difference between the initial volume of the 

tapped material and the final volume of the suspended mass when at equilibrium. The 

rationale for this analysis was to study the influence of the aqueous medium during 

enzymatic digestion on the starch fraction of the films. It was argued that water uptake 

increases the volume and hence passage length of the drug, which could affect the 

film performance by decreasing the rate of permeability in vitro and in vivo. 

Moreover, the degree of swelling is also an indicator of the water affinity of the 

starch, the knowledge of which is crucial for prediction of storage behaviour or water 

loss during drying.

With respect to Acetate starch, the swelling behaviour was altered radically by 

chemical modification: granular starch is treated with warm acid below the 

gelatinization temperature, hydrolytic cleavage occurs in the more accessible inter- 

micellar areas, thereby weakening the network within the granule. As a consequence, 

the granules fragment on pasting and show greatly increased swelling (Leach, 1965). 

Starches of increased viscosity are commonly produced by estérification. In these 

reactions, the internal bonding within the granules is weakened by the introduction of 

substituent groups into the starch molecule. This lowers the gelatinization temperature 

and increases granule swelling. The extent of increase in swelling is dependent on the 

degree of substitution and the chemical structure of the substituent group (Leach, 

1965).

In contrast to the literature, where swelling is mostly tested under temperatures close 

to gelatinization, the experiments in this work were conducted at 37 °C to comply
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with the digestion temperature of 37 °C of the starch films. For this reason, the results 

do not exemplify the swelling behaviour of starch under standard conditions but are 

specific for this particular experimental approach. In the cases of Hylon 5, Hylon 7 

and Waxy starch no further volume increase occurred after 15 minutes, while this 

point was reached after 30 minutes for LAPS and Corn starch and after 45 minutes for 

PURE and Acetate starch. The last two starches produced a highly diffuse solution in 

which the particles settled only slowly. This can be explained by their low densities 

and thus relatively lighter granular weights. In Acetate starch, moreover, this effect 

was surely enhanced by the extra amounts of air entrapped in the numerous pores in 

the particles. At reaching the final volume, it was assumed that the swollen granules 

occupied virtually the entire volume; thus, there was almost no ‘free’ water between 

the swollen granules. The results of the swelling experiment are shown in Figure 3.12 

and Table 3.7.
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Figure 3.12: Sw elling b ehaviour expressed  in volum e increase o f  the tapped  volum e after 45 min 
at 37 “C. Each colum n dep icts the m ean and standard  deviation  o f  3 observations.
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T ab le  3 .7: V a lu es for sw ellin g  b eh av iou r expressed  as m ean vo lu m e in crease  and stan d ard  
d ev ia tion  o f  3 ob servation s.

Starches Volume increase [%] SD (n = 3)

Hylon 7 62.50 6.25

Hylon 5 63.06 3.37

LAPS 55.42 5.05

PURE 155.56 9.62

Acetate starch 184.13 1.37

Com starch 16.32 0.82

Waxy starch 66.07 15.78

Both, Figure 3.12 and Table 3.7 demonstrate the different swelling behaviour of the 

starches. PURE and Acetate starch swell to more than 150 % of their initial volume 

while Com starch does so only to 16 %. LAPS, Hylon 5, Hylon 7 and Waxy starch 

show an average volume increase of 62 %. In order to define the statistical differences 

between the outcomes an ANOVA was carried out. This produced an F-value of 181.1 

and a corresponding p-value of 0.000 hence justifying a Scheffé-test. The results are 

shown in Table 3.8.

T ab le  3 .8: S ch effé-test o f  vo lu m e increase  durin g  sw ellin g .

Scheffe

starch type N
Subset for alpha = .05

1 2 3 4
Corn starch 3 16.3248
LAPS 3 55.4167
Hylon 7 3 62.5000
Hylon 5 3 63.0556
Waxy starch 3 66.0684
PURE 3 155.5556
Acetate 3 184.1270
Sig. 1.000 .818 1.000 1.000

Means for groups in homogeneous subsets are displayed. 
3- U ses Harmonic Mean Sample Size = 3.000.
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The first subset contains only Com starch with a volume increase of 16.32 %. This 

value is distinctly smaller than the average of 61.76 % of LAPS, Hylon 7, Hylon 5 

and Waxy starch, which are grouped together in subset 2. A large difference is 

observed between subsets 2 and 3, where the latter encompasses PURE showing a 

volume increase of 155.56 %. Subset 4 is occupied by Acetate starch with a volume 

increase of 184.13 %. The grouping of the Scheffé-test is well reflected in the 

histogram in Figure 3.12. The fact that ordinary unmodified starches, like Com starch, 

show restricted swelling is well illustrated by its only moderate volume expansion. 

Here, the swelling is less constrained by the linear amylose molecules -  making up 24 

% of the whole polysaccharide -  than by the insoluble complexes of amylose and 

fatty acids, the naturally present impurities (Leach, 1965). Thus, although swelling 

should be largely due to the amylopectin fraction the contribution of the amylopectin 

is significantly outweighed by the effect of the amylose-lipid complexes.

Subset 2 is demarcated by LAPS at the lower and Waxy starch at the upper end. 

LAPS shows a volume expansion of 55.42 % owing to its small amylopectin content 

in favour of amylose. The values of Hylon 5 and Hylon 7 are slightly higher, which is 

in line with the somewhat larger amylopectin fraction. Higher still is the volume 

increase of Waxy starch, which can be exclusively ascribed to the swelling of the 

amylopectin part.

The swelling behaviours of PURE and Acetate starch are exceptionally different from 

the remaining starches. This can easily be recognized in Figure 3.12 as well as by the 

fact that both starches represent their own subset in the Scheffé-grouping. This is 

linked to their large particle size and low density, which are responsible for the 

following two effects: first, the aforementioned loose inner stmcture is able to 

accommodate large amounts of water having penetrated the outer shell. Second, the 

swollen granules impede dense packing of the material, as can be deduced from the 

high proportion of suspended material as well as the extended time required for 

sedimentation.

The degree of swelling of both starches was more than 1.5 times their dry volume. 

This magnitude reflects weak internal bonding as inflicted by radical chemical 

alteration, such as the esterfrcation of LAPS to Acetate starch. In this reaction, the 

introduction of an acetyl group into the starch molecule weakens the internal bonds 

within the granules, which typically increases granule swelling. It is thought that the 

presence of ionisable esteryl groups, or else acetyl groups, assists swelling by way of
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mutual electrical repulsion, thus facilitating the uptake of water dipoles into the 

micellar network. In general, the extent of increase in swelling depends not only on 

the degree of substitution but also on the electrochemical nature of the substituent 

group (Leach, 1965).

In summary, amylose content and chemical nature of the starches have proved to be 

reliable determinants of swelling behaviour. The greatly modified starches acetate and 

PURE showed a clearly elevated degree of swelling whilst Com starch showed only a 

moderate increase.

At this point, an experiment carried out by Leach (1965) shall be mentioned in order 

to assist the better understanding of the swelling mechanism: here, cornstarch was 

treated with high concentrations of amylolytic enzyme, which resulted in greatly 

eroded and fragmented granules. When comparing the extent of swelling with the dry 

starch no big difference between the two was observed. This indicated that the 

swelling of cornstarch granules is not controlled by a peripheral membrane, nor does 

it involve an osmotic process. It was deduced that the internal bonding within the 

eroded granule remains intact and can thus control swelling as in native granules.

2.7 Water loss

The water loss was determined by thermal gravimetric analysis (TGA) under handling 

conditions of the starches. That is, no preparatory procedures, which could have 

changed the water content of the material at 20 °C room temperature, had been 

undertaken. The water loss was determined to obtain additional information on the 

water binding affinity of the starches and thereby to back up the findings of the 

swelling experiment. TGA seemed the method of first choice owing to instrument 

availability and requirement of only small sample sizes. Despite the commonly 

appreciated accuracy of this technique it has to be pointed out that superficially bound 

water often escaped detection in this experiment. For lack of a cooling unit the system 

could not be chilled down to room temperature, so that starting temperatures about 40 

°C were unavoidable. This was relevant when another analysis had been run 

previously. To illustrate this, two TGA traces are shown in Figures 3.13.1 and 3.13.2: 

the trace in Figure 3.13.1 was recorded from 20 °C to 150 °C while that in Figure
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3.13.2 started at 40 ®C. It is obvious that the water loss in the fist trace (6.045 %) is 

higher than that in the second (5.787 %). Thus, the difference can be ascribed to the 

surface bound water, which was still present at 20 °C but not at 40 °C. Therefore, the 

amount of water loss detected when starting the analysis at 40 °C is 4.26 % less than 

that at 20 °C. Nonetheless, the error caused when starting at 40 “C was judged 

tolerable for the purpose of this work. The results for each starch are shown in Figure 

3.14 and Table 3.9.

The graphical depiction of the water loss in Figure 3.14 suggests marked differences 

between the individual starches varying between 3.7 % in Acetate starch and 6.1 % in 

Waxy starch. To find out whether these differences are statistically relevant an 

ANOVA was performed. The analysis computed an F-value of 102.86, which 

correlates to a p-value of 0.000. Since this lay clearly below the significance level of 

0.05 it was proved that significant differences between the starches were present. The 

subsequent Scheffé-test produced three subsets of starches between which no 

overlapping occurred (Table 3.10).

T able 3 .9: M ea n  and stan d ard  d ev ia tion  o f  w ater  loss o f  all starches.

Starches W ater loss [%] SD (n = 3)

Hylon 7 4.78 0.16

Hylon 5 5.72 0.08

LAPS 4.60 0.12

PURE 4.42 0.13

Acetate starch 3.69 0.30

Com starch 6.08 0.03

Waxy starch 6.12 0.08
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Water loss
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Figure 3.14: W ater loss as determ ined by therm al gravim etric analysis. Each colum n depicts the 
mean and standard deviation  o f  3 observations.

T able 3.10: S ch effé-test for w ater loss determ ined by therm al gravim etric analysis

Scheffe

starch type N
Subset for alpha = .05

1 2 3
Acetate 3 3.6857
PURE 3 4.4233
LAPS 3 4.5983
Hylon 7 3 4.7817
Hylon 5 3 5.7147
Corn starch 3 6.0813
Waxy starch 3 6.1213
Sig. 1.000 .330 .208

Means for groups in homogeneous subsets are displayed, 
a Uses Harmonic Mean Sample Size = 3.000.

The first subset comprises only Acetate starch with a water loss of 3.69 % whereas the 

second subset includes PURE, LAPS and Hylon 7 with an averaged value of 4.60 %. 

The third subset encompasses Hylon 5, Waxy and Corn starch, whose averaged value 

is 5.94 %.
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As implied earlier, the water binding capacity of starch is a function of the amount of 

hydrophilic groups in the molecule as well as the strength of the electrostatic forces. 

The groups are either part of the polysaccharide itself, i.e. amylose and amylopectin, 

or belong to the impurities contained, i.e. lipids and proteins.

Normally, starch establishes an equilibrium with the humidity of its surrounding 

atmosphere by sorbing water reversibly. The quantity depends on the relative 

humidity, temperature and electrochemical situation within the polysaccharide, which 

varies for different botanical and chemical species. It has been postulated that water 

be bound by starch in three forms: as crystallized water, as absorbed water or as 

interstitial water (Ulman and Schierbaum, 1958). The total bound water in the 

material not only includes those amounts which have diffused and penetrated freely 

into the micellar network, but also those quantities which are held in cavities and 

naturally existing pores. Therefore, the different water holding mechanisms of the 

starches call for a differentiated discussion of this parameter.

Acetate starch showed the smallest percentage of weight change among all starches 

owing to the altered binding forces between the polysaccharide and the water 

molecules of the atmosphere. Either the binding forces are too weak to retain any 

substantial amounts of water in the micellar network of the starch or, they are too 

strong to be overcome by the energy supplied during TGA. That is, the removal of 

water requires much higher energy than those amounts liberated during the 

association process in the first place. However, the second argument is somewhat less 

likely as an exchange of hydroxyl with acetyl groups entails an increase in 

hydrophobicity in the molecule. Korhonen et al. (2000) proposed that the 

hydrophilicity of starch acetates is directly proportional to their hydroxyl content and 

inversely proportional to the hydrophobic acetyl content. Besides the effects 

influenced by the chemical nature of the granules, their morphology could likewise 

contribute to the observed effect. As found out earlier, the high degree of porosity of 

this starch most certainly involves the entrapment of water molecules in the pores and 

crevices in which the water dipoles are interstitially bound. The size, shape and 

properties of the inner surfaces of the pores and crevices have a respectable impact on 

how easily the water molecules can be detached from them. This will either impede or 

assist the removal of the molecules. If relating the behaviour of the starch during 

water loss to that during swelling the following explanation can be given: the high 

degree of swelling indicates a high affinity of the starch for hydrophilic media, wich
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once bound, can only be dissolved in an endothermie way. This explanation seems 

most plausible and should thus be preferred.

The amount of water loss of PURE is distinctly higher than that of Acetate starch but 

rather equal to that of LAPS and Hylon 7. Hence, the three starches share the same 

Scheffé-subset as shown in Table 3.10. However, the swelling behaviour of PURE is 

similar to that of Acetate starch, which is why the underlying physicochemical 

principle must be different. It could be argued that PURE starch entraps large amounts 

of water in the interstitial spaces of the granules from where the water can be more 

easily removed than when it is bound in the pores and crevices of a highly porous 

material. As a matter of fact, interstitially bound water dipoles are generally less 

tightly bound than those involved in van-der-Waals bonds.

The other two starches of subset 2, LAPS and Hylon 7, are similar in their water loss 

behaviour but less so with respect to swelling. Evidently, since both belong to the 

middle subset a good combination of the various factors influencing water loss and 

swelling can be held responsible for their behaviour during the two processes. This 

seems credible as both starches have a not very polarized amylose-to-amylopectin 

ratio (82 % and 69 % respectively) and did not undergo any particular chemical 

modifications.

The third subset in the Scheffé-grouping includes Hylon 5, Com and Waxy starch, 

which is in agreement with the similar amounts of water loss. Despite the fact that the 

physicochemical laws governing the binding behaviour between the polysaccharide 

and the water molecules are identical, the interactions of the water molecules with the 

morphological and biochemical properties of the starches are clearly different. As for 

Hylon 5, the relatively high proportion of non-linear amylopectin allows 

accommodation of larger quantities of the loosely bound water molecules and their 

easy removal in return. That neither effect dominates is implied by the average 

swelling behaviour.

Com and Waxy starch are similar in that both produce maximal water loss but 

minimal swelling. Yet, the reasons for this relationship are different for the two 

starches: in Com starch the absorbed water is bound to, and easily removed from, the 

lipid components, which are hydrophobic by nature and thus do not possess any 

strong affinity to water. Waxy starch, on the other hand, consists mainly of
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amylopectin whose branched structure provides a larger capacity for interstitially 

rather than chemically bound water. This fairly weak association between the water 

and starch molecules does not call for high disassociation energy.

2.8 Thermal behaviour

The thermal behaviour during temperature rise was studied using differential scanning 

calorimetry (DSC) in order to obtain an insight into the structural changes in the 

starches during film melting. Although film melting was carried out at temperatures 

between 65 °C and 85 °C the DSC analysis was monitored first between 20 ®C and 

230 ®C and then between 50 ”C and 200 ®C. Both approaches allowed study of the 

changes before and after film melting. DSC analysis in starch is routinely employed to 

study gelatinization behaviour, as this is the essential property governing starch-gel 

formation. While gelatinization requires not only temperatures about 120 °C but also 

the material to be present in an aqueous suspension both the dry state of the samples 

and the incubation temperature of 37 °C during film formation are unable to bring 

about gelatinization. Taking into account that the starches were used in their dry state 

for film formation that is, in an ungelatinized form, no water was added during DSC. 

This modification meant a crucial deviation from the common practice, which is why 

the comparison data from the literature is not relevant.

The depicted results are those temperatures at which the endothermie heat flow was 

maximal during the structural changes in the material -  also referred to as ‘transition’ 

by Sievert and Pomeranz (1989). Owing to the fact that the maximum heat flow is 

similar for each starch an average value of 53 mW is given.

The maximum temperatures were determined in adaptation of the method used by 

Sievert and Pomeranz (1989) who joined the initial transition temperatures with the 

final temperatures by a straight baseline. The peak temperature and maximum heat 

flow were subsequently read from the peak points of the adjusted curve. The untreated 

(original) and treated heat flow curves of Com starch are given as an example in 

Figures 3.15.1 and 3.15.2. The temperatures of the averaged maximum heat flow for 

each starch are represented as a histogram in Figure 3.16 and listed in Table 3.11.
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Figure 3 .15 .1: U ntreated  DSC trace o f  Corn starch.
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F igure 3 .15 .2: T reated  D SC  trace o f C orn starch.

143



Chapter 3

«0)
a .

120

115

110

105

100

DSC

Acetate Waxy Corn Hylon 7 PURE Hylon 5 LAPS

Figure 3.16: T em peratures at m axim um  heat flow  (average 53 m W ) during d ifferen tia l scanning  
calorim etry. Each colum n depicts the mean and standard deviation  o f  3 observations.

T able 3.11: M ean peak tem peratures at m axim um  heat flow  and standard  d eviations for all 
starches.

Starches Peak T [“C ] SD (n=3)

Hylon 5 111.60 5.19

Hylon 7 109.20 1.07

LAPS 111.15 2.67

PURE 109.64 1.32

Acetate starch 102.44 0.41

Corn starch 109.18 4.91

Waxy starch 108.76 2.39
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T ab le  3 .12; L o w er  and u p p er boun d  o f  the 95-%  confiden ce in terva l for  th e  m ean  p ea k  
tem p eratu res o f  all starches.

Starches
95 % Confidence interval for mean

Lower bound Upper bound

Hylon 5 98.60 124.50

Hylon 7 106.54 111.86

LAPS 104.52 117.78

PURE 106.37 112.92

Acetate starch 101.43 103.45

Com starch 96.98 121.38

Waxy starch 102.82 114.70

ANOVA calculated an F-value of 2.86 corresponding to a p-value of 0.049. Although 

the p-value implies differences between the thermal behaviours the subsequent 

Scheffé-test was unable to confirm these as it produces only one subset. This was 

surprising since the value of 102.44 ®C for Acetate starch is clearly smaller than the 

other results and should therefore stand out from the test. The closer examination of 

the primary data of each starch revealed large variations among the three observations 

for Hylon 5 and Com starch. This explains the respectively high standard deviations 

of 5.19 and 4.91 as well as the wide confidence intervals, which are listed and 

graphically visualized among those for all starches in Table 3.12 and Figure 3.17.
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F igure 3.17: M ean  peak tem peratures o f  all starches. T he values are represen ted  w ith  their low er  
and upper hounds o f  the 95-%  confidence in terval.

Both data provide evidence that the outcomes for Hylon 5 and Com starch are not 

very reliable and further experimental runs should therefore have been undertaken 

until more reproducible results were obtained. Observing the statistical rule that at 

least three values are needed to calculate their means none of the observations could 

be deemed an outlier and thus be omitted. This inaccuracy during data collection had 

to be accounted for by ignoring Hylon 5 and Com starch during the data analysis and 

continuing instead with the five remaining starches Hylon 7, LAPS, PURE, Acetate 

and Waxy starch. The reduced data set was first tested for variance homogeneity 

using the Levine test, which did not find any significant inhomogeneities (p = 0.154). 

The following ANOVA revealed an F-value of 10.68, corresponding to p = 0.001. 

This was a clear indication of the existence of differences between the five starches as 

was initially suspected with their relation to Acetate starch. The differences were 

specified using the Scheffé-test whose results are displayed in Table 3.13.
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T ab le  3 .13: S ch effé-test for  therm al b eh av iou r d eterm ined  b y  d ifferen tia l ca lorim etry  an alysis.

Scheffe

starch type N
Subset for alpha = .05

1 2
Acetate 3 102.44
Waxy starch 3 108.76
Hylon 7 3 109.20
PURE 3 109.64
LAPS 3 111.15
Sig. 1.000 .623

Means for groups in hom ogeneous subsets are displayed, 
a U ses Harmonic Mean Sample Size = 3.000.

The Scheffé-test produced two distinct subsets with Acetate starch belonging to the 

first and Waxy starch, Hylon 7, PURE and LAPS belonging to the second subset. To 

the latter set the mean values for Hylon 5 and Com starch, i.e. 111.60 and 109.18 

respectively, could be added for a better overall impression of the relationships but 

this step is statistically incorrect. The assigning of Acetate starch to its own subgroup 

reflects the different thermal behaviour of this chemically modified starch. The lower 

onset temperature of stmctural transformations in comparison to the other starches 

could be ascribed to the altered macromolecular network, which seems more prone to 

thermal changes than those of the unmodified starches. Moreover, the standard 

deviation of 0.41 is by far the lowest among all starches, which indicates that this 

starch type shows a rather consistent and thus predictable behaviour. It could be 

suspected that the acetyl groups cause a maximum heat flow within a very narrow 

temperature window. By contrast, the large deviations in the results for Hylon 5 and 

Com starch could be due to systemical or material-related errors. It could either have 

been possible that during sample preparation the starches were exposed to room 

humidity for too long a period of time so that the moisture content in the samples 

varied strongly. Or, the crimping of the sample pans was done poorly so that the pans 

were not completely hermetically sealed or that starch particles leaked from the pans 

during analysis. Given the fact that starches are biological materials, the variations in
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granule size could also have led to a different heat flow in the material. Finally, since 

the peak search during the plot analysis is subject to the operator’s judgement a 

certain bias is unavoidable. However, this would cause only minimal deviations, 

which are negligible with respect to this work.

If assuming that the mean peak temperatures of Hylon 5 and Com starch are around 

the values given, then the average peak temperature for all starches except Acetate 

starch is 109.9 mW and the average maximum heat flow 53.0 mW. Shi et al. (1998), 

who used Hylon 5, Hylon 7 and LAPS in suspension, obtained average values of 95 

®C as peak temperature and 76.6 mW as heat flow after rescanning. Since the 

gelatinization temperature of starch lies around 120 °C, the authors ascribed the 

observed changes to the melting of the amylose-lipid complexes preceding 

gelatinization. This indicates that suspending starch in an aqueous medium lowers the 

temperature at which the changes in the crystalline stmcture in starch occur. This fact 

is corroborated by the rise in endothermie heat flow reflecting the energy needed for 

stmctural changes to occur.

With respect to film melting it is manifest that the film formation when carried out at 

85 “C is exclusively due to the melting of the Dynasan 114 and that therefore the 

starch is still present in its native state. However, Sievert and Pomeranz (1989) advise 

that limitations of DSC of detecting phase transitions below the sensitivity limit 

should be taken into account when evaluating the thermal profiles.
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3 Spearman’s rank test of the physicochemical properties of 

each starch

Spearman’s rank test, a non-parametric correlation analysis, revealed the strength of 

the relationship between any two of the physicochemical characteristics. The strength 

is numerically expressed by the correlation coefficient rho, which can assume either a 

positive or a negative value depending on the direction of the relationship. That is, a 

negative correlation between the two factors means that high scores on one scale 

associated with low scores on the other scale. The Spearman coefficient was corrected 

by calculating the coefficient of determination B, which provides information about 

the amount of variance being shared between the two factors (Hartung and Elpelt, 

1984). This is also referred to as ‘overlap in variance’. The coefficient of deter

mination, adjusted for n, is calculated using Equation 3.4:

n / 2 \
B =  —\ l - r h o  ) [n =  7 starches] E q u ation  3 .4

The correlations between all pairs of factors are listed in Tables 3.14 and 3.15 in 

descending order of strength of the relationship. While Table 3.14 contains those 

correlations, which are significant at the 0.01 and 0.05 a-level. Table 3.15 contains 

those beyond any significance. Although the latter are of no further analytical value 

they have been included for reasons of completeness of the statistical analysis.
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T ab le  3 .14: S ign ifican t factor  correla tion s as id en tified  b y  S p earm an ’s ra n k  test. T h e sign ifican ce  
va lu e p , th e  correla tion  coeffic ien t rho and th e  co effic ien t o f  d eterm in ation  B  ad ju s
ted  for  n (H artu n g  and E lpelt, 1984 ) are listed .

Factor 1 Factor 2 Significance 
p < 0.05

Correlation
coefficient
rho

Coefficient of 
determination 
B

water loss swelling 0.000 -0.964 90.10%

water loss surface area 0.003 -0.929 80.82 %

density swelling 0.007 -0.893 71.64%

surface area swelling 0.014 0.857 62.82 %

density surface area 0.014 -0.857 62.82 %

water loss particle size 0.014 -0.857 62.82 %

water loss density 0.014 0.857 62.82 %

water loss amylose cont. 0.027 -0.811 52.08 %

swelling particle size 0.036 0.786 46.50 %

T ab le 3 .15: N on -sig n ifica n t factor correla tion s as iden tified  by S p ea rm a n ’s ran k  test. T he sign i
fican ce v a lu e  p , the correla tion  coeffic ien t rho and the coeffic ien t o f  determ in ation  B  
adjusted  for  n (H artu n g  and E lp elt, 1984 ) are listed .

Factor 1 Factor 2 Significance 
p > 0.05

Correlation
coefficient
rho

Coefficient of 
determination 
B

particle size surface area 0.192 -0.559 3.75 %

particle size density 0.119 -0.643 17.88 %

particle size surface area 0.094 0.679 24.55 %

amylose cont. surface area 0.068 0.721 32.78 %

amylose cont. swelling 0.058 0.739 36.46 %

amylose cont. particle size 0.058 0.739 36.46 %
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The interpretation of rho has to be conducted in a multilateral manner since the 

biological nature of the starches entails a multitude of structures and behaviours, 

which are unique for each starch type. This means that any relationship revealed is the 

result of the concertation of a number of factors and therefore has to be judged in 

view of the physicochemical qualities of the particular starch of interest. Also, often 

one reason given for one starch might not be applicable to the rest of the starches or 

only to a restricted extent. In Figures 3.18 to 3.26, the significant parameter 

correlations are depicted in cartesian diagrams, which help to visualize the strength 

and direction of the relationships. This can be read from the slope of a fitted line 

through the data points.

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

W ater loss [%]

F igu re 3 .18: R ela tion sh ip  betw een  d egree  o f  sw ellin g  and w a ter  loss.

The strongest relationship exists between degree of swelling and water loss as both 

factors share 90.10 % of their variance (Figure 3.18). The correlation coefficient bears 

a negative sign giving a negative slope if the data points were aligned along a straight 

line. The correlation means that a high degree of swelling corresponds to only little 

water loss, such as for PURE, Acetate and Com starch. The relationship can be 

discussed with respect to the water binding capacity of the starch, which obeys basic 

physicochemical laws of dipole interactions with electrically charged fimctional 

groups or polarized bonds within the macromolecule. Therefore, this particular

151



Chapter 3

correlation is fairly robust against the influences of other material properties, which 

explains the high degree of overlap and thus consistency throughout most starches., 

Although the water loss in Waxy starch is rather high (6.12 %), the degree of swelling 

is only moderate. The explanation of this phenomenon could be that the high- 

amylopectin granules absorb substantial amounts of water into the inside but only 

small quantities into the interstitial volume. Hence, despite a considerable water 

uptake the overall volume of the material has not changed.

The quantity of bound water is a function of the amount of hydrophilic groups in the 

molecule, which are either part of the polysaccharide itself, i.e. amylose and 

amylopectin, or of the impurities contained, i.e. lipids and proteins. The induced 

forces between the functional groups and the water dipoles, i.e. van-der-Waals forces, 

determine the nature and strength of the association. A high water uptake during 

swelling indicates a high affinity for the water molecules to the polysaccharide and 

vice versa. Consequently, the removal of water requires energy much higher than that 

liberated during the association process. In addition, this relationship would also be 

observed in highly porous materials where the major part of the water is tightly 

trapped within the pores.

The second-strongest and negative relationship exists between surface area and 

water loss whose variances overlap by 80.82 % (Figure 3.19). This indicates that a 

small surface area of the granules is linked to a high amount of water loss. One case 

would be starches of large granules holding the water only loosely to their surfaces 

and releasing it easily from them. This effect would have to outweigh that of the large 

interstitial spaces, which accommodate extensive amounts of water. Another reason 

could be starches of high porosity in whose pores considerable amounts of water can 

be held and thus readily freed again. Both effects are true for Acetate starch, which 

therefore is a sound example. The same would be true for particles of small sizes and 

with a loose packing pattern providing extra interstitial space, such as Com and Waxy 

starch. The still relatively high water loss in Hylon 5 could be due to a high water 

holding capacity, which is unrelated to surface area as rather to the advantageous 

dipole interaction with the functional group of the polysaccharide.

152



Chapter 3

CO 0 0

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch
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W ater loss [%]

F igure 3 .19: R ela tion sh ip  betw een  su rface  area and w ater  loss.

The third strongest relationship was revealed between the swelling behaviour and the 

apparent starch density overlapping by 71.64 % of their variances in a negative 

direction or, slope (Figure 3.20).

«  100

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

Density [g/cm3]

F igu re 3 .20: R ela tion sh ip  betw een  degree o f  sw ellin g  and ap p aren t density .
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This suggests that a high granule density allows only limited water uptake into the 

inner structure. In this case, the granules have a low water affinity, thus discouraging 

the penetration of the water molecules into the granules. This is well illustrated by the 

almost linear alignment of all starches in the diagram. A slight deviation can be 

observed for Hylon 7 in which case the water loss is only moderate despite a rather 

high degree of swelling. Compared with the behaviour in Hylon 5 it could be argued 

that the higher proportion of amylose in the material either causes the retention of 

water under heating or hinders most water absorption in the first place.

The relationships shown in Figures 3.21 to 3.24 are equal in that their correlation 

coefficients are all 62.8 %, yet bearing positive or negative signs depending on the 

starch.

1 =  A ceta te  starch

2 =  P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

Surface area [m2/g]

F igure 3 .21: R ela tion sh ip  b etw een  degree o f  sw ellin g  and su rface area .

The positive relationship between swelling behaviour and surface area (Figure 3.21) 

is confirmed by Hylon 5, Hylon 7, Acetate and Com starch. In the first three cases this 

outcome could be ascribed to the relatively low amylopectin content, which restricts 

the water absorption capacity markedly. In Acetate starch, however, the high degree 

of swelling can be linked to its highly porous surface, which accommodates large 

amounts of water both in the inside and on the outside of the pores. Adsorption in
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particular accounts for the increase in total volume of the material as it loosens the 

packing of the granules. Thus, the effects of porosity as discussed for water loss in 

section 2.7 do apply here too.

c/5 0.0

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

1.2

Density [g/cm3]

F igu re 3 .22: R ela tion sh ip  betw een  surface  area and ap p aren t density .

The negative correlation between surface area and apparent density as indicated by 

the negative B-value can be recognized for all starches (Figure 3.22). The negative 

slope of the line aligning all data points would confirm this too. The starches are 

related in such a way that high-density materials have a small surface area. Waxy 

starch, however, seems to represent the only exception while Acetate starch has an 

outstandingly high surface area. This has been discussed in section 2.5. Nevertheless, 

it is advisable not to try to establish any universally applicable relationship between 

surface area and apparent density since both factors are a function of other material 

characteristics, such as amylose-to-amylopectin ratio or porosity.

The negative relationship between particle size and water loss is shown in Figure 

3.23. The relationship is particularly true for Com, Waxy and Acetate starch as these 

assume extreme positions in both factors. The remaining four starches assume 

intermediate positions, among which a clear ranking is less discernable. In this 

correlation, starches of small particle sizes have a higher water loss than their smaller
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counterparts. It could be argued that the largest part of water uptake is due to water 

absorption into the granules instead of adsorption onto the surfaces or filling of the 

interstitial spaces. This argument would complement the explanation given for the 

relationship between degree of swelling and water loss (Figure 3.18), where water 

absorption into the large granules rather than into the interstitial volume was 

suggested.

N  20-

1 =  A ceta te  starch

2 =  P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

W ater loss [%]

F igure 3 .23: R ela tion sh ip  betw een  partic le  size and w ater  loss.

The relationship between apparent density and water loss (Figure 3.24) is positive. 

While low-density granules, such as PURE and Acetate starch, show minimal water 

loss those possessing a denser inner structure produced a rather high water loss. This 

is clearly visible from the constellation of the data points in Figure 3.24 with the 

exception of Hylon 7 and Waxy starch, which deviate slightly. Generally, high- 

density starches, such as Hylon 5 and Com starch, were less able to absorb water into 

their granular stmctures than to adsorb it onto their surfaces. Additional water uptake 

into the interstitial volume could have enhanced the outcome. The high water loss of 

Waxy starch, despite only an average apparent density, could be due to the large 

amylopectin fraction in this starch. The micellar structure of amylopectin is able to 

incorporate large amounts of water, which yet remains loosely bound and can thus be 

freed quickly. Moreover, high-amylose starches have a naturally low water affinity
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and therefore do not retain much water altogether. This is true for PURE, LAPS and 

Hylon 7 whereas Acetate starch behaves atypically due to its chemical modification.

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H y lon  5

6 =  W axy  starch

7 =  C orn  starch

W ater loss [%]

F igu re 3 .24: R ela tion sh ip  betw een  ap p aren t d en sity  and  w ater  loss.

A much lower overlap in variance, 52.08 % with a negative direction, was calculated 

for the relationship between amylose content and water loss (Figure 3.25).

1 =  A ceta te  starch  

2 = P U R E

3 =  L A P S

4 =  H ylon  7

5 =  H ylon  5

6 =  W axy  starch

7 =  C orn  starch

W ater loss [%]

F igu re 3 .25: R ela tion sh ip  b etw een  am ylose con ten t and  w ater  loss.
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Owing to the rather small B-value this correlation is only conditionally valid and shall 

thus be discussed with reservations. As stated earlier, amylose has only a weak 

affinity to water so that the water content of the respective starches under normal 

conditions is naturally low. For this reason, the discussion of the small water loss 

owing to high binding forces between the dipoles and the polysaccharides is not 

relevant. The above revealed relationship is true in nearly all starches except for 

Acetate and Waxy starch, which are chemically modified or free of amylose. In Waxy 

starch the high water loss could be due to large amounts of water released from large 

interstitial spaces of the amylopectin, which does not bind water via van-der-Waals 

forces.
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F igure 3 .26: R ela tion sh ip  b etw een  degree o f  sw ellin g  and p artic le  size.

Finally, the weakest, but still significant, positive correlation of 46.50 % was detected 

between the degree of swelling and particle size (Figure 3.26). As explained 

previously, the low percentage of overlap indicates that this relationship is only 

moderately relevant. This is due to the fact that the particle sizes of Hylon 5, Hylon 7, 

LAPS and Waxy starch are very similar so that the data points are accumulated in one 

region rather than being distributed over a wider area. While the high degree of 

swelling in Acetate starch should also be linked to its high degree of porosity, it has to 

be ascribed to particle size alone in PURE starch. Despite the fact that amylose does 

not bind water to any notable degree it could be argued that large amounts of
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molecules are attached to the surface of the granules -  possibly even in a multi-layer 

fashion. The small particle size of Com starch allows only a small degree of swelling. 

Either the granules are too densely packed in order to create sufficient interstitial 

volume for the water molecules to occupy or, the particle surfaces are unable to 

adsorb the dipoles for want of electrostatic charge.

In summary, the manifold factor relationships, which can be extremely complex and 

specific depending on the starches, do not always allow a straightforward and general 

prediction of their strength. Rather, since starch is a biological material a wealth of 

other variables, such as origin, degree of crystallinity or presence of non-starch 

impurities, have to be considered. Lastly, the effects of industrial processing, as 

during purification, milling or chemical modification, can markedly alter the 

properties and, as a consequence, the performance of the native material.
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CHAPTER 4: 

Film Formula Identification

1 Introduction

The purpose of the work described in this chapter was the identification of a suitable 

film formula with respect to film forming materials and later applicability as a coating 

for solid dosage forms. The initial idea of this approach was based on a dry coating 

method described by Obara et a l (1999) in which a hydroxypropyl methylcellulose 

acetate succinate was used in a dry coating procedure for tablets as enteric delivery 

devices. The rationale was to achieve enteric coating bare of any solvent by applying 

the polymer coating powder directly to the tablet core to form a film. However, despite 

the fact that this technique was called ‘dry coating’ a small amount of water was still 

required for the final curing process to achieve film formation. In addition, the core 

tablets were coated with hydroxypropyl methylcellulose prior to dry coating as 

otherwise no satisfactory gastric resistance could be achieved. Therefore, this method 

did not exclusively consist of applying a dry coat but was still dependent on a 

subcoating and small amounts of water. The group fiu*thermore claimed that the 

processing time of this new method was dramatically reduced, which is generally 

desirable from an economic point of view.

Nonetheless, this novel method seemed interesting insofar as the absence of any 

solvent allows the formulation of solvent sensitive drugs and excludes most potential 

health hazards, which are inherent in many organic solvents. As a result, the first steps 

of this part of the work comprised reproducing the above proposed method in an 

altered fashion, which involved using high-amylose starch in place of polymer as well 

as a triglyceride ester (Dynasan 114) as plasticizer and melt matrix.

The main reason for using starch resides in the fact that high-amylose starches in their 

glassy state have been used as a coating for drug delivery to the colon where they are 

digested by a-amylases (Milojevic et a l, 1996). The production of starch films in the 

absence of any solvent was therefore believed to be a novel approach. Another motif
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for choosing starch was its organic nature as opposed to that of many other polymers, 

with which incompatibilities or health risks are often associated.

In this study, a suitable formula for a film containing any one of the seven starches and 

a plasticizer was defined as were the optimum production variables leading to 

functional films. The film functionality was then tested by investigating the 

digestibilities of the different film combinations under simulated colonic conditions 

using a-amylase of B.licheniformis. This generated a large amount of different results 

because not only did the different natures of the starches have to be considered but also 

the different variables for film production -  these were film forming temperature, film 

thickness and starch concentration.

In order to conduct the experiments in a statistically valid format the experiments were 

designed and analysed using standardized statistical methods. The experimental part 

was composed of a 3-factorial and 2-factorial design, the arrangement of which was 

based on a central composite design (Box et a l, 1978). In the 3-factorial experiment, 

the three factors ‘film forming temperature’, ‘film thickness’ and ‘starch content’ were 

tested using four starches and subsequently analysed by ANOVA. The results obtained 

led to the omission of the factor ‘film forming temperature’ so that the remaining 

factors were tested again in a 2-factorial experiment. At this point, another three 

starches were introduced to broaden the range of starches of different amylose content 

and chemical properties. All seven starches were tested as previously. For this reason, 

the discussion of the results will be carried out for each individual experimental series. 

Finally, the diffusion kinetics of a model drug across the films will be discussed in 

order to understand the release mechanisms engendered by the films when used in 

potential solid dosage forms.

2 Results and discussion

2.1 Identification of the film-forming material

During this process a variety of potentially suitable matrix materials were screened, 

which were not only of various chemical natures but also harmless for use in humans. 

The majority of these matrix materials are commonly used as plasticizers in the 

pharmaceutical industry and thus have a melting point typically far below 100 ®C.

161



Chapter 4

The materials were tested for their melting temperature, which had to be high enough 

for convenient handling during the production process and for storage in, for example, 

tropical conditions. On the other hand, the temperature had to be sufficiently low to 

comply with the thermal restrictions imposed by a large number of drugs.

The melting point was first identified for each material to either confirm the value 

supplied by the manufacturer or else to determine it in the first place if this value was 

missing. Subsequently, the plasticizers were blended with numerous other polymers, 

i.e. mainly polysaccharides of different chemical derivations.

The blends of polymer and plasticizer were prepared in various ratios, usually across 

the entire range from 1% to 100 % in decimal increments. The temperature ranged 

from 30 °C until melting point, which could vary strongly among the different 

materials used. In any case, the main focus was to identify mixtures with melting 

temperatures between 50 °C and 70 ®C, as this range was considered most reasonable 

with respect to drug stability and technical feasibility. The blends were mixed using 

either a mortar and pestle or a coffee grinder. The homogeneous mixing of blends, 

which consisted of components of different particle sizes, was considered vital to 

prevent component separation during handling and especially during film casting. In 

cases of similar particle sizes, the blends were mixed in a Turbula mixer as described 

in Chapter 2.

As described previously, the tests were carried out on a minimal-film-forming- 

temperature bar (MFFT bar) or hot stage microscope. Using one or the other technique 

was complementary in that both had advantages and drawbacks. Using the MFFT bar 

allowed the application of larger amounts of blends, which gave a more comprehensive 

impression of the melting behaviour of the whole sample. Yet, the downside of this 

method was that the temperature could only be regulated by raising or lowering the 

water temperature in the water bath permitting a maximum of only about 80 °C. 

Although this was difficult to control the slow rate of temperature rise allowed a good 

observation of the advancing melting process along the temperature gradient of the 

MFFT bar. The use of the hot stage microscope was certainly more convenient as the 

temperature could be regulated precisely and up to over 200 °C. Also, the microscopic 

observation of the melting process provided a real image of the structural changes in 

the sample, such as loss of crystallinity or sublimation. On the other hand, only small
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amounts of sample could be used, which also had to be covered by a cover slide. This 

condition was unlike that during film melting in the experimental stage, where the 

films were placed in a drying oven, which operated with a fan. The materials screened 

and their respective (averaged) melting points are listed in Table 4.1.

T ab le 4 .1: P o ly sacch arid es and film -form ing p o lym ers used  for m elt tem p era tu re  d eterm ination  
on  a h ot stage  m icroscope. L isted  are trad e  nam e, chem ica l nam e and m eltin g  
tem p eratu re  or else com m ents.

Trade name Chemical name Tm

Methocel E4MCR 
Premium EP

Methylcellulose (European 
Pharmacopoeia)

183°C 
partially melted

HPMCP H50 
HPMCP H55C 
HPMCP HP55

Hydroxypropyl methylcellulose 
phthalate NF

170 "C

Methocel KlOO M 
Premium USP

Methylcellulose ether (United States 
Pharmacopoeia)

156 T

Ethylcellulose N-10 
Ethylcellulose -100

Ethylcellulose 128 °C

AQOAT® AS-LF 
AQOAT® AS-MF 
AQOAT® AS-HF

Hydroxypropyl methylcellulose 
acetate succinate (low fine, medium 
fine, high fine)

> 190 T

Hylon 5 
Hylon 7

High-amylose cornstarch > 1 9 0 °C

Eudragit® RLIOO 
Eudragit® RSlOO 
Budragit*RSPO 
Eudragit® LI 00

Methylmethacrylates

> 100 T

The melting temperatures obtained demonstrate a wide range of melting temperatures 

for the materials alone as well as for their respective blends. The blends were evaluated 

according to their melting temperature, which had to be in the range between 60 and 70 

°C. The various results are summarized in Tables 4.3 to 4.7.
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T ab le  4.2: P lastic izers tested  as film  m ateria l. L isted  are trad e nam e, ch em ica l nam e and m elting  
tem p eratu re  .

Trade name Chemical name Tm

Dimetylphthalate Dimethylphthalate (DM?) 125 "C
Imwitor 900 Mono-, Diglyceryl stearate 68 ”C
Sterotex Hydrogenated soy bean oil (HSBO) 65 ”C
Softisan 142 Caprylic-, Capric-, Stearic-acid 47 °C
Softisan 154 triglyceride 56 T
Dynasan 114 Myristic-acid triglyceride 55 T
Dynasan 116 Palmitic-acid trigylceride 57 T
GMS Glyceryl monostearate (sieved) 76 °C
PEG 3000S Polyethylene glycol (PEG) 55 T
Witepsol W45 Soft fat (Adeps solidus) 37 °C
Magnesium stearate Magnesium stearate >190 °C
Talcum Talcum > 190 T

T able 4 .3: M eltin g  tem p eratu res o f  b inary  b lends d eterm ined  on  a m in im um  film -form in g  tem p e
ratu re  bar. L isted  are the m elting  tem p eratu res or e lse  com m en ts.

Component 1 Component 2

AQOAT® AS-HF AQOAT® AS-MF

1.5%DMP >70"C >70"C
10.0 %DMP ~ 113 ®C, opaque

AQOAT® AS-HF AQOAT® AS-MF

35 % Dynasan 114 >70"C >70»C
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T ab le  4.4: M eltin g  tem p eratu res o f  b in ary  b lends determ ined  on  a h o t stage  m icroscop e.

Component 1 Component 2

Ethylcellulose N-10 Ethylcellulose 100

20 % Dynasan 114 62-83 .5  “C 73.2 °C
20 % Imwitor 900 78.3 °C 81.6 ”C
20 % GMS (sieved) 77.3 T 71.8 T
20 % DMP > 125 °C > 125 ”C

T ab le 4.5: M eltin g  tem p eratu res o f  b in ary  b len ds d eterm ined  on  a h o t stage  m icroscop e.

Component 1 Component 2

Eudragit® RLIOO Eudragit® RS PO

20 % DMP 105 °C 82 °C

5 % GMS 64 "C 64 °C
10 % GMS 6 1 -6 7  T 66 °C
15 % GMS 65 T 67 °C
20 % GMS 65 T 67 °C
25 % GMS 64 °C 65 °C
30 % GMS 60.2 °C 60 °C
35 % GMS 65 T 65 T
40 % GMS 64 T 64 °C

20 % GMS (sieved, 250 pm) 70.5 -  75 T 73.4 °C
20 % GMS (unsieved) 65 T 69.3 °C
30 % GMS (unsieved) 60 °C 59.8 °C

10 % Dynasan 114 7 .4-62 .3  T 6 0 -6 5  °C
20 % Dynasan 114 71.7‘‘C 65 °C
40 % Dynasan 114 73.3 T 66 °C
70 % Dynasan 114 67 T 70 °C, crusty texture
10 % PEG 3000S 72 °C 71 T
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20 % PEG 3000S 68 °C 67 "C
30 % PEG 3000S 61 °C 65 T
40 % PEG 3000S 60 °C 60.5 “C

10 % Imwitor 900 65 ”C 69.7 T
20 % Imwitor 900 6 1 -6 8  “C 6 4 -7 1  °C
30 % Imwitor 900 62 T 68 T

10% HSBO 69 °C 70. r c
20 % HSBO 66 T 70 °C
30 % HSBO 66 °C 68 “C

5 % Witepsol W45 38.7 ”C 43.3 T
20 % Witepsol W45 36 "C 38 T
35 % Witepsol W45 90 °C
50 % Witepsol W45 75 T
20 % Witepsol W45 brittle at 190 ®C

30 % Witepsol W45 + 50 % 
talcum > 1 9 0 °C

35 % Witepsol W45 + 20 % 
magnesium stearate 90 °C

5 % Softisan 142 44 T 47 T
20 % Softisan 142 48.6 °C 45 °C

5 % Softisan 154 56.2 °C 58 T
20 % Softisan 154 60.2 T 59 °C

T able 4 .6: M eltin g  tem p eratu res o f  b in ary  b lends d eterm ined  on  a h o t stage  m icroscop e.

Component 1 Component 2

Dynasan 114 Dynasan 116

5% Hylon 5 70 °C 70 °C
10% Hylon 5 70 °C
20% Hylon 5 70 T 70 ”C
30% Hylon 5 60 °C
50% Hylon 5 60 °C

166



Chapter 4

T ab le  4 .7: M eltin g  tem p eratu res o f  b in ary  b lends determ ined  on a h ot sta g e  m icroscop e.

Component 1 Component 2

Hydrogenated soy bean oil

10 % Witepsol W45 70 T

A small number of blends were tested on the MFFT bar the results of which are shown 

in Table 4.3. Here, AQOAT® AS-HF and AS-MF were blended with DMP or Dynasan 

114, respectively. The initial attempt was to reproduce the film formation as claimed 

by Obara et a l (1999), who used AQOAT® AS as the sole film former. This however 

did not succeed, so plasticizers in the form of DMP and Dynasan 114 were added to 

the material in order to lower the melting temperature and to obtain free films. The 

data in Table 4.3 however demonstrate that none of the desired effects could be 

obtained.

Consequently, ethylcellulose was used to replace AQOAT® AS and tested in blends 

containing either Dynasan 114, Imwitor 900, GMS or DMP. This time, the melting 

process was observed under a hot stage microscope, which allowed a more precise 

determination of the onset temperature and the process itself. The results are shown in 

Table 4.4. It is obvious that a melting state was obtained in the first three of the four 

materials with temperatures ranging from above 62 °C in blends containing 20 % 

Dynasan 114 in Ethylcellulose N-10 to 81.6 ®C in blends of 20 % Imwitor 900 in 

Ethylcellulose 100. In the case of DMP, the temperature increase was stopped at 125 

®C since melting temperatures above this point would not be relevant for the purpose of 

this work. The latter outcome clearly confirmed the failed attempt described earlier 

using DMP, too, as one component in the blend.

During a third screening step, several plasticizers were tested in combination with 

Eudragit® RL 100 and Eudragit® RS PO, since these had been successfully used 

previously in the preparation of free films (Basit, 2000a). The results are shown in 

Table 4.5. In order to reconfirm the results with DMP, this plasticizer was blended to
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20 % with the two Eudragits. The melting temperature for Eudragit® RL 100 was 105 

°C while that for Eudragit® RS PO was 82 °C. It is clear from both values that it 

exceeds by far the temperature limit set earlier on.

In the following, the commonly used plasticizer PEG 3000S was tested in four 

concentrations, namely 10, 20, 30 and 40 %. It is obvious from the results that an 

inverse relationship exists between the two variables plasticizer concentration and 

melting temperature, as the latter decreases with increasing PEG 3000S proportion. 

While the melting points of 10 % PEG 3000S are 72 ®C and 71 °C for Eudragit® RL 

100 and Eudragit® RS PO, respectively, those of a 40 %-PEG-3000S blend are 60.0 °C 

and 60.5 °C, respectively. This clearly illustrates the claimed correlation.

A less consistent relationship could be found for Imwitor 900, which was blended in 

concentrations of 10, 20 and 30 % with the two Eudragits. The melting points range 

from a minimum of 61.0 ”C for 20 % Imwitor in Eudragit® RL 100 to a maximum of 

69.7 ®C for 10 % Imwitor in Eudragit® RS PO.

Another attempt to identify a suitable film-forming blend was made using 

hydrogenated soy bean oil (HSBO). Again, it was used in blends of 10, 20 and 30 % 

with both Eudragits. The melting points of all blends lay around 67 ®C thus suggesting 

that the individual melting point of 65 °C of the material is not altered when it is in 

combination with the Eudragits. In order to see whether this inert behaviour is also true 

for other excipients, HSBO was blended with 10 % Witepsol W45. This time, the 

melting point slightly increased, namely to 70 ®C. However, since a decrease in 

temperature would have been more favourable HSBO was thus rejected for further 

assessments.

Witepsol W45 was the next plasticizer to investigate despite its knowingly low melting 

point of 37 °C. For this reason, it was first used in binary blends with the two 

respective Eudragits and then ternary blend with added talcum and magnesium 

stearate, respectively. The blending of lubricants, such as talcum and magnesium 

stearate, with plasticizer was successfully employed by Schultz et a l (1997) in order to 

improve the mechanical properties of the film. The melting temperatures of the binary 

blends were all about 38 °C, which were still too low with respect to the required
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minimum temperature. By contrast, the melting point of the blend containing 

magnesium stearate was 90 °C demonstrating an enormous increase of the value. The 

blend containing talcum did not show any melting within the tested temperature range 

so it can be assumed that both additives are most unsuitable for the production of the 

desired films.

The next materials tested were Softisan 142 and 154, the melting points of which were 

distinctly different, namely 42 °C for the former and 58 °C for the latter. Both 

plasticizers were blended in proportions of 5 % and 20 % with the two Eudragits, 

which resulted in clearly different outcomes. Blends containing 5 % Softisan 142 

melted at 44 °C and 47 °C with respect to Eudragit® RL 100 and Eudragit® RS PO, 

while those containing 20 % plasticizer melted at 48.6 °C and 45.0 °C, respectively. 

With Softisan 154, the first two blends melted at 5.2 °C and 58.0 °C while the second 

two mixtures melted at 60.2 “C and 59.0 ®C, respectively.

In the following, two glyceryl monostearates, a fine and a coarse powder, were blended 

in concentrations of 5, 10, 15, 20, 25, 30, 35 and 40 % with either of the two Eudragits. 

The obtained melting temperatures ranged fi*om 59.8 °C for a mixture of 30 % coarse 

GMS in Eudragit® RS PO to 69.3 % of 20 % GMS in the same Eudragit®. The fine 

GMS showed slightly higher melting temperatures, ranging from 70.5 ®C to 73.4 °C in 

either Eudragit®.

Subsequently, another glyceryl derivative, Dynasan 114, was tested in order to assess 

the difference between various derivatives of the same material. Dynasan 114 was 

blended in proportions of 10 %, 20 % and 40 % into the respective Eudragits. While 

the lowest and highest Dynasan 114 concentrations engendered melting points between 

65.0 ®C and 73.3 °C, the mixture containing 20 % Dynasan 114 produced a melting 

temperature of as low as 57.4 °C in Eudragit® RL 100 to 65 °C in Eudragit® RS PO. 

The latter result in particular ranged well within the agreed temperature limits.

As a result, Dynasan 114 was tested in blends with high-amylose starch, i.e. Hylon 5, 

the proportions of which were 5, 10, 20, 30 and 50 % (Table 4.6). While the first three 

blends produced melting points of 70 °C the last two blends melted at about 60 °C. 

Owing to the availability of another Dynasan derivative, Dynasan 116, this was mixed
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with 5, 10 and 20 % Hylon 5 too. The melting points were identical to those of 

Dynasan 114, which is not surprising due to the very similar nature of the two 

materials. However, Dynasan 114 was clearly the preferred product of the two since its 

particle size was fine enough to give homogeneous mixtures with the starch used.

Finally, a blend of 10 % Witepsol W45 in HSBO was prepared and the melting 

temperature determined as 70 ®C (Table 4.7). The blend ratio was based on previous 

results in which Witepsol W45 retained its low melting temperature when blended with 

Eudragit® RLIOO and HSBO remained high-melting when blended with either 

Eudragit®. However, the expected temperature drop did not take place and so this 

blend was deemed unsuitable for the envisaged application.

In summary, after narrowing down the choice of film forming materials the two 

plasticizers Softisan 154 and Dynasan 114 proved the decided favourites among all 

materials because their melting temperatures, alone and in the binary blend, fell clearly 

within the agreed limits. Nevertheless, the final decision was made in favour of 

Dynasan 114 based on its particle size and the free flowing behaviour this conferred. 

The latter characteristic was important for its blending behaviour with other solid 

materials. Softisan 154, by contrast, was of a pellet-like shape and waxy consistence, 

which would require an additional step of milling in order to obtain a particle size 

compatible with that of the starch. This is a very crucial consideration, as during film 

production the content uniformity of the blends has to be assured in order to guarantee 

a consistent film composition.

Although the properties of Dynasan 114 were only tested in combination with Hylon 5 

it was assumed that they will not change markedly when Hylon 5 is replaced by other 

high-amylose starches or high-amylopectin starches.

It has to be remarked at this point, that the choice of the materials screened was 

primarily based on their successful use in previous coating processes, even so their 

functions might have been different there. This versatility in application is a trait of 

many excipients, which often exhibit various qualities sought after in pharmaceutics or 

have one particular quality, which can be exploited in different aspects. For example, 

magnesium stearate and talcum are commonly used as lubricants in tabletting, whilst in 

this screening process they were assessed for their capacity to facilitate the mixing of
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Eudragit® RS PO and Witepsol W45 in the blends as described above. The triglyceride 

derivatives Witepsol W45 and Softisan 142 are traditionally used as fatty base in the 

production of suppositories thanks to their physiological melting point between 37 ®C 

and 42 °C. The idea behind including these fatty bases in the screening was to test their 

influence on the melting point and behaviour of a polymer, such as Eudragits. Yet, the 

anticipated shift of melting point towards a lower temperature did not materialize.

2.2 Choice for starch types

Throughout this part of this work all seven starches were tested. PURE, LAPS, Hylon 

5 and Hylon 7 were used in their capacities as high-amylose starches and Waxy starch 

in that of a low-amylose type. Com starch was the only untreated starch and thus 

regarded as the representative of natural starch thus serving as a reference. As 

mentioned earlier. Acetate starch is atypical owing to its highly modified nature. This 

caused a different behaviour in certain aspects, which required its effects to be 

interpreted separately where this was relevant. The reason for choosing several 

starches of different amylose content lay in elucidating whether the amylose 

percentage was indeed cmcial for the film performance or else required for the 

digestibility by the a-amylases.

2.3 Choice for model drug

The following criteria of choice for a suitable model dmg had to be fulfilled: small 

molecular weight to assure membrane passage, good water solubility, good absorbance 

in the UV-range to determine its concentration and finally health and safety standards 

to permit handling within reasonable measures of precaution.

A total of four model dmgs were assessed: ephedrine-HCl, propranolol-HCl, 

paracetamol and phenylpropanolamine-HCl (PPA). While the first two bore potential 

health risks during long-term exposure, paracetamol was rejected because of its poor 

water solubility. Eventually, PPA was the model dmg of best choice thanks to its very 

good solubility and harmlessness to a large extent. The absorbance maximum at 265 

run was found by UV-scanning over the range from 200 to 500 nm and a calibration 

curve was established (Figure 4.1).
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Calibration curve phenylpopanolamine in water

2 .5
E
c 2.0
%
w
8
c
(0■s R2 = 0 .9 9 8 4

8
0.0

0 .5 0.6 0 .70.0 0.1 0.2 0 .3 0 .4

concentration [mg/ml]

F igure 4.1: C a lib ration  cu rve o f  phen y lp rop an olam in e-H C l in w ater.

The equation for the regression line relating absorbance to concentration is given in 

Equation 4.1, Since the R^-values do not equal ‘1’ it is appropriate to express the 

correlation between the two variables in the inversed way, i.e. by relating concentration 

to absorbance. This approach makes use of the two regression lines -  one for f(x) and 

one for f(y) -  which are an inherent feature of correlational data. Exchanging x for y 

and y for x and hence the direction of the relationship between the two variables is a 

common mathematical method. It is a useful tool for the understanding of correlation 

and the relationship between linear regression and correlation and allows making 

predictions in either direction (Keppel and Saufley, 1980). The regression line for x is 

shown in Equation 4.2.

f(x) = y = 3.7019x + 0.0280 (R^ = 0.9984) 

f(y) = X = 0.2697y -  0.0073 (R^ = 0.9984)

E q u ation  4.1 

E qu ation  4.2

The slopes of the two regression lines are a measure for the correlation between the two 

(Keppel and Saufley, 1980). If all points fit the same regression line, i.e. f(x) = f(y), 

then no variability between x and y exists. If the two regression lines are not identical.
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as is the case in this example, the two lines intersect at a specific angle. If this angle is 

not too large then the x- and y-values can be fitted to a common line fi*om which a 

statistically valid equation can be calculated (Adams, 1971). If the angle is too large, 

then the second regression equation should be used. The R^-values for both lines were < 

0.9999, so Equation 4.2 was used for the conversion of the absorbance values into the 

corresponding concentrations.

2.4 Choice for enzymes

The film digestibility was tested using a-amylase firom B.licheniformis, which had 

been routinely used in amylose digestibility studies (Basit et a l, 1999). The enzyme is 

commercially available as a suspension with large amounts of cell debris still present. 

Assuming that the enzyme was contained in both phases it was vital to shake the 

suspension thoroughly prior to removal of aliquots. Owing to the fact that enzymes in 

solution are prone to activity loss over time, activity assays were carried out in 2- to 3- 

week intervals during which only a moderate decrease in activity was observed. The 

change in activity was accounted for by adjusting the volume of the enzyme 

suspension as to guarantee a consistent number of enzyme units used throughout the 

experiments. It has been found (Rahmouni et al, 2001) that most a-amylase was 

preserved during the first 16 hours after dilution in phosphate-buffer, pH 6.8, at 37 °C 

so that constant enzyme activity could be assumed throughout the incubation period. 

Opinions in the literature about how many a-amylase units per milligram of starch are 

needed diverge greatly. Eerlingen et a l (1994) used 47 U/mg starch while Rahmouni et 

al (2001) reported only recently that 13 U/mg is sufficient. In this work, a constant 

quantity of 1250 U/film was used, while the starch amount per film ranged from about 

4 to 85 mg. The enzyme concentration was therefore 50 U/ml buffer, which almost 

equals the working solution of 40 U/ml as used by Basit (2000b).

2.5 Film production

The procedure of film preparation was described in Chapter 2. The cellulose nitrate 

membranes were chosen with respect to both their pore size, i.e. large enough for 

unhindered drug passage, and their material, i.e. robust enough to withstand the
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melting temperature and to resist the enzymatic digestion. The latter was tested as 

described in Chapter 2. Once the films had cooled down after melting their thickness 

was measured anew in order to assure that the intended film thickness was truly 

obtained. In some instances deviations from the calculated value occurred, which was 

caused by material loss during melting in the air-fanned oven. This mainly happened in 

cases of starches with fractions of large granules, such as PURE and Acetate starch, 

and during which most of the larger particles separated from the fines. This was indeed 

necessary when the particle sizes were larger than the intended film thickness.

2.6 Film testing

The testing of the intactness of the films was carried out twice: for the first time after 

the completion of the melting process to check for flaws in the film. Here, a slight 

permeability increase up to 5 % was accepted for a film to qualify for enzymatic 

digestion. Testing took place for the second time after the enzymatic digestion as to 

determine the degree of film degradation. The test was carried out as described in 

Chapter 2. In this context it has to be mentioned that differences in the absorbance 

were not only due to the changed film properties but also to some extent to the varying 

quality of the purified water used. The performance of the filter and ion-exchange 

cartridge of the water purifier naturally decreases over time, which reflects in a 

deterioration of the water quality. As a consequence, the same water batch was used 

throughout one complete experimental series per starch for reasons of consistency but 

it was impossible to proceed in this way throughout the entire experiment. 

Nevertheless, the impact of this systematic error was regarded as negligible and should 

therefore not be overstressed in the evaluation of the results.

2.7 Film digestion

Film digestion was carried out as described in Chapter 2. The amount of 25 ml incu

bation medium corresponded to the size of the Petri-dishes used so that the films could 

float freely in the medium. It should be noted that the Petri-dishes were not shaken but 

were left undisturbed during the incubation period. This caused the sedimentation of 

the debris in the enzyme solution and with it possibly a decrease in enzyme
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concentration near the surface. However, assuming that a sufficient amount of enzyme 

was contained in the supernatant this inevitable gradient in enzyme concentration 

should not have compromised the efficiency of the digestion.

2.8 Reference incubations

At the beginning of the experiment reference incubations were carried out in order to 

obtain reference values for the respective steps of the film assessment. The reference 

incubations consisted of membrane material incubated in different a-amylase 

concentrations as well as the incubation of a Dynasan-114-only membrane.

The digestibility of the cellulose nitrate membranes in B.licheniformis-a-dimy\2iSQ was 

carried out as described in Chapter 2 whereby the extent of digestion was determined 

by the difference in weight before and after the digestion of the filter membrane pieces. 

The results, which are shown in Table 4.8, demonstrated that no significant weight loss 

after the digestion was detected and the membranes were thus resistant to both 

phosphate buffer and a-amylase.

T ab le  4 .8: T est for  d igestib ility  o f  the cellu lose n itra te  filter  m em branes in  B.licheniformis-a- 
am ylase. L isted  are the a-am ylase  con cen tration s and th e  w e ig h t o f  th e  m em brane  
p ieces b efore  and after th e  in cu b ation  and the ca lcu lated  w e ig h t d ifferen ce .

a-amylase
concentration

Weight 1
(before incubation)

Weight 2
(after incubation)

Weight difference

0.2 % 12.0 mg 11.9 mg 0.1 mg

0.5 % 10.1 mg 10.1 mg 0.0 mg

1.0% 10.7 mg 10.7 mg 0.0 mg

5.0% 12.8 mg 12.6 mg 0.2 mg

10.0% 11.9 mg 11.8 mg 0.1 mg
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The incubation of a Dynasan-114-only film was also unsuccessful in that no 

permeability increase was observed after enzymatic digestion. The results are shown in 

Chapter 5 (Figure 5.3), where they are discussed in relation to further enzymes used.

2.9 The 3-factorial experiment

Generally, several variables need to be optimised during optimisation of a 

pharmaceutical product. While some of these variables may need to be maximized, 

others may have to be minimized. In many instances, these responses compete with 

each other meaning that improving one response may have an opposite effect on 

another response. Hence, all the responses that may affect the quality of product should 

be taken into consideration (Gupta et a l, 2001). In this work, a Central-Composite- 

Design was used to study simultaneously the effect of the three film formulation 

variables at five levels on film performance, which was measured via film permeability 

for the model drug PPA.

2.9.1 The 3-factorial design

This experimental series comprised the starches Hylon 5, Hylon 7, PURE and LAPS. 

The three factors starch content, film thickness and melt temperature were found most 

crucial for film formation while the range of the factor combination of the centre 

experiment was derived from the exploratory experiments carried out during the 

identification of a suitable film blend and the range. A blend of 30 % Hylon 5 in 

Dynasan 114 and a melting temperature of 65 °C were found to be necessary for the 

blend to form a homogeneous melt mass. The value range for the film thickness was 

based on the average film thickness used in the art, that is about 20 pm (Chopra et a l, 

2002). The assignment of the numeric values per factor to be tested is shown below 

(Table 4.9).
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T ab le  4.9: A ssign m en t o f  num eric  va lu es per  d esign ation  in  th e cen tra l com p osite  d esign  w ith  3
factors at 5 levels (m in: low er extrem e, minj: in n er  low er ex trem e, c: cen tre , max;: inner  
u p p er extrem e, m ax: upper extrem e).

Factors Factor levels

min mini c maXi max

Film thickness 20 pm 35 pm 50 pm 65 pm 80 pm

Starch concentration 10% 20% 30% 40% 50%

Film forming temperature 65 °C 70 °C 75 “C 80 ”C 85 °C

This arrangement gives a total of 15 film formulas out of 125 possible factor 

combinations, which were tested in an arbitrary order according to random tables 

(Snedecor and Cochran, 1980). The complete list of all combinations is shown in Table 

4.10.

The performance of each film was measured as permeability for the model drug PPA. 

The permeability value is that at 120 min and reflects the concentration of PPA in the 

recipient chamber of the 2-chamber diffusion cell. The permeability at this time is 

related to that of an uncoated membrane, which by convention was set to 100 %. 

Therefore, the individual film permeabilities are henceforth expressed as ‘relative 

permeability’ in % and are furthermore the average of four replicates.

Each film combination of each starch was tested fourfold and the outcomes were 

treated statistically to give arithmetic mean and standard deviation. The latter are 

depicted in Figures 4.2.1 to 4.2.4. The means for each starch were then summed up and 

are graphically shown in Figure 4.3.
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T ab le  4 .10: F ilm  com b in ation s tested  accord in g  to a cen tra l com p osite  d esign  w ith  3 factors (c:
cen ter  experim ent; m ax, m in: upper and low er ex trem es o f  th e  variab le; In teraction : 
factor  com b in ation s at the level o f  the in n er extrem es).

Film
number Designation Film

thickness Temperature Starch
content

Random
experiment
number

1 c 50 pm 75 °C 30% 9

2 m a x  th ick n ess 80 pm 75 “C 30% 14

3 t t l i r it h ic k n e s s 20 pm 75 °C 30% 7

4 m a x  tem perature 50 pm 85 °C 30% 11

5 tm tlte m p e r a tu r e 50 pm 65 °C 30% 2

6 m a X s t a r c h  co n c . 50 pm 75 “C 50% 3

7 tU lt ls ta r c h  co n c . 50 pm 75 °C 10% 5

8 Interaction 1 35 pm 70 “C 20% 4

9 Interaction 2 35 pm 70 °C 40% 6

10 Interaction 3 65 pm 70 °C 20% 13

11 Interaction 4 65 pm 70 *C 40% 12

12 Interaction 5 35 pm 80 °C 20% 8

13 Interaction 6 35 pm 80 °C 40% 10

14 Interaction 7 65 pm 80 °C 20% 15

15 Interaction 8 65 pm 80 °C 40% 1
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Figures 4 .2 .1 -4 .2 .4 : M eans and standard  deviations o f  the four relative perm eab ilities o f  the film  
com binations per starch. T he film com bination  num bers refer to those in 
T able 4.10.
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Figure 4.2.1 : Perm eabilities o f  film s conta in ing  H ylon 5.

Hylon 7

100

film combinat ion

Figure 4.2.2: Perm eabilities o f film s conta in in g  H ylon 7.
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LAPS

100

film combinat ion

Figure 4.2.3: P erm eabilities o f film s conta in in g  LAPS.
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Figure 4.2.4: P erm eabilities o f film s conta in ing  PU R E.
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Sum of permeability means

400
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Hylon 5 Hylon 7 LAPS PURE

Figure 4.3: Sum  o f perm eability  m eans per starch.

This method allowed a rough comparison of the total film performances between each 

starch.

Taking into consideration the increasing amylose content from Hylon 5 to PURE a 

parallel increase in permeability can be discerned from the diagram. However, in order 

to identify the true reasons for this relationship a closer look has to be taken at the 

influence of each of the three factors as well as their interactions. This will be 

discussed at a later stage.

Film combination #3 stands out in all four starches when comparing the permeability 

means of all film combinations with one another. The factors of this film are 20 pm 

film thickness, 30 % starch content and 75 °C melting temperature. As film #3 

performed best it is used as the reference film by means of which the effect of the 

amylose content on film performance is evaluated. This was done on two scales, 

namely that of the starches and that of film #3: first, the amylose content in each starch 

type was correlated with the sum of all permeabilities of the 15 films made of this 

particular starch (Figure 4.3), and second, the amylose content in film #3 was 

correlated with the maximum permeability obtained with each starch. The results for 

both correlations are listed in Table 4.11.
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T a b le  4 .11: A m ylose  con ten ts and p erm eab ilities per  starch  and film  #3 (20  pm , 30 % , 75 "C).
T he va lu es for  th e am ylose con ten t are th ose  ob ta in ed  b y  n ear-in frared  sp ectroscop y .

Starches
Per starch Film #3

Amylose
content

Sum of all 
permeabilities

Amylose
content

Maximum
permeability

Hylon 5 56% 129 16.8 % 28%

Hylon 7 69% 161 20.7 % 33%

LAPS 82% 203 24.0 % 39%

PURE 97% 303 29.0% 49%

2.9.2 Spearman correlation

For a statistical evaluation of the relationships between the permeabilities of either 

starch or film #3 with the respective amylose content the non-parametric Spearman 

correlation was used. Here, the Spearman correlation coefficient rho as well as the 

coefficient of determination B (see Chapter 3) were calculated and have been 

summarized in Table 4,12.

T ab le  4 .12: S p earm an  coeffic ien ts and coeffic ien t o f  determ in ation  for  each  starch  and film  #3 .

p-value Spearman coefficient 
rho

Coefficient of deter
mination B

Starch 0.000 1.000 100%

Film 0.000 1.000 100%

The results are identical in both cases in that maximum significant relationships 

between amylose content and relative permeability exist, which is expressed by a p-
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value of 0.000 for all starches and film #3. The relationships are graphically depicted 

in scatter plots as shown in Figures 4.4.a and 4.4.b.

0) 200

cn 100

1 =  H ylon  5

2 =  H y lon  7

3 =  L A P S  

4 = P U R E

Amylose content In each starch [%]

F igu re 4 .4 .a:

1 =  H ylon  5

2 =  H ylon  7

3 =  L A P S

4 =  P U R E

Amylose content in film #3 [%]

F igu re 4 .4 ,b :

Figures 4.4.a and 4.4.b: Relationship between amylose content and permeability per starch
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The shape of the graph in Figure 4.4.a is slightly curved indicating that an increase in 

amylose content in the starch samples increases the digestibility over-proportionally. 

By contrast, the plot in Figure 4.4.b is almost linear for all starches. However, it can be 

concluded that both plots confirm the strong overlap in variance of the two criteria 

‘amylose content’ and ‘relative permeability’ as suggested by the Spearman 

coefficient. It is evident that starches and films of a low amylose content have a lower 

permeability for the model drug. This is mainly due to a reduced hydrolysis of the 

starch component in the film owing to the reduced number of (l,4)-linkages, which are 

preferably attacked by the a-amylase. This supports the argument that a-amylases have 

only a weak affinity for the (l,6)-linkages as is the case in amylopectin. Furthermore, 

since the increase in amylose entails an over-proportional increase in permeability the 

better digestibility could also be linked to a more favourable steric accessibility of the 

amylose for the enzyme. In summary, the increased digestibility of amylose by a- 

amylases can be ascribed to a high number of (l,4)-linkages as well as a better 

accessibility for the enzyme.

2.9.3 AN OVA results

In order to elucidate which of the three factors does influence the film permeability and 

if so, whether any interactions between the factors exist, an ANOVA was run for each 

starch. The complete ANOVA tables are shown in Tables 4.13.1 -  4.13.4.
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T ables 4 .13.1  -  4 .13 .4: A N O V A  tab les for the fou r  starch es w ith  the sign ifican t factors prin ted  in 
bold type. L egend: CF: correla tion  factor; T H IC K : film  th ickness; T E M P : 
tem peratu re; ST  A R C : starch  concen tration ; (*): In teraction

T ab le  4 .13.1

Hylon 5

Dependent Variable: HYL5_PR0

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 2943.014^ 14 210.215 2.610 .008
Intercept 3163.058 1 3163.058 39.270 .000
CF_THICK 2195.337 3 731.779 9.085 .000
CF_TEMP 253.703 3 84.568 1.050 .380
CF_STARC 108.331 3 36.110 .448 .720
CF_THICK * CF_TEMP 7.678 1 7.678 .095 .759
CF_THICK * CF_STARC 17.851 1 17.851 .222 .640
CF_TEMP * CF_STARC 32.291 1 32.291 .401 .530
CF_THICK*CF_TEMP*
CF_STARC 121.425 1 121.425 1.507 .226

Error 3624.629 45 80.547
Total 10333.972 60
Corrected Total 6567.643 59

a- R Squared = .448 (Adjusted R Squared = .276)

T able 4 .13 .2

Hylon 7

Dependent Variable: HYL7_PR0

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 6323.280= 14 451.663 25.423 .000
Intercept 6479.838 1 6479.838 364.727 .000
CF_THICK 5050.565 3 1683.522 94.759 .000
CF_TEMP 34.463 3 11.488 .647 .589
CF_STARC 371.839 3 123.946 6.977 .001
CF_THICK * CF_TEMP .655 1 .655 .037 .849
CF_THICK * CF_STARC 10.537 1 10.537 .593 .445
CF_TEMP * CF_STARC .778 1 .778 .044 .835
CF_THICK * CF_TEMP * 
CF_STARC 1.984 1 1.984 .112 .740

Error 799.482 45 17.766
Total 16303.459 60
Corrected Total 7122.762 59

a. R Squared = .888 (Adjusted R Squared = .853)
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LAPS

Dependent Variable: LAPS_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 6106.741 = 14 436.196 4.387 .000
Intercept 7510.763 1 7510.763 75.537 .000
CF_THICK 4075.556 3 1358.519 13.663 .000
CF_TEMP 208.812 3 69.604 .700 .557
CF_STARC 401.349 3 133.783 1.345 .272
CF_THICK*CF_TEMP 90.411 1 90.411 .909 .345
CF_THICK * CF_STARC 23.677 1 23.677 .238 .628
CF_TEMP * CF_STARC 429.572 1 429.572 4.320 .043
CF_THICK * CF_TEMP * 
CF_STARC 442.373 1 442.373 4.449 .041

Error 4474.440 45 99.432
Total 21596.714 60
Corrected Total 10581.182 59

a R Squared = .577 (Adjusted R Squared = .446)

T able 4 .13 .4

PURE

Dependent Variable: PUR_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 7548.973= 14 539.212 3.479 .001
Intercept 19096.112 1 19096.112 123.220 .000
CF_THICK 4199.807 3 1399.936 9.033 .000
CF_TEMP 294.821 3 98.274 .634 .597
CF_STARC 805.043 3 268.348 1.732 .174
CF_THICK * CF_TEMP 299.276 1 299.276 1.931 .171
CF_THICK * CF_STARC 22.690 1 22.690 .146 .704
CF_TEMP * CF_STARC 16.087 1 16.087 .104 .749
CF_THICK*CF TEMP*
CF_STARC 334.990 1 334.990 2.162 .148

Error 6973.914 45 154.976
Total 42912.222 60
Corrected Total 14522.887 59

a- R Squared = .520 (Adjusted R Squared = .370)
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A  p-value smaller than 0.05 indicates that the respective factor or factor interaction 

influences the film performance significantly.

The p-values for all four starches reveal that the factor ‘film thickness’ is a strong 

determinant of the permeability, which is indicated by p = 0.000 in all cases. By 

contrast, in none of the starches does the factor ‘temperature’ alone influence the film 

performance. A similar finding is true for the factor ‘starch content’ with the exception 

of Hylon 7, where the effect has a considerable impact as is indicated by the very small 

p-value of 0.001. Thus, the film performance here is not only a function of thickness 

but also one of starch concentration. Furthermore, when looking at the interactions 

between any of the three factors no significant effect can be discerned. It can therefore 

be stated that the film performance in Hylon 7 is influenced independently by film 

thickness and starch concentration.

In LAPS two interactions are significant but at different levels. On the first level, the 

binary relationship between ‘temperature’ and ‘starch content’ is significant with p = 

0.043 while on the second level, a triple relationship between ‘film thickness’, 

‘temperature’ and ‘starch content’ is revealed (p = 0.041). By definition, in cases 

where several relationships between any of the factors are existent only those at the 

higher level are considered. Thus, the influence of temperature and starch 

concentration is dependent on the film thickness. This is represented graphically in 

Figures 4.5.1 to 4.5.4.

Figures 4.5.1 and 4.5.2 depict the interactions between the factors ‘temperature’ and 

‘starch content’ (denoted ‘starch concentration’) for ‘film thickness’ at 65 pm and 35 

pm, respectively. In both diagrams the relative permeability is plotted against the 

respective temperature. In Figures 4.5.3 and 4.5.4 the relative permeability is depicted 

as a function of the starch concentration.
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F igu res 4 .5 .1  -  4 .5 .4: G rap h ica l rep resen tation  o f  th e in teraction s on 2 levels for  th e con cen tration  
o f  L A P S and tem peratu re.
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In Figure 4.5.1 the two levels of ‘starch content’, 20 % and 40 %, are plotted at the two 

levels of ‘temperature’, 70 °C and 80 °C. This generates two lines for the two starch 

concentrations that are parallel both to the abscissa and to each other over the same 

levels of temperature. The parallelism of the lines indicates that no relationship 

between the two factors exists when the film thickness is 65 pm since the difference
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between the means of the starch concentration remains the same at both temperature 

levels. In other words, neither the starch concentration nor the film forming 

temperature is critical. This is not true however if the film thickness is 35 pm (Figure 

4.5.2). Here, the formerly parallel lines cross each other indicating a disordinal 

interaction. The interpretation is such that there is a reversal in the ranking of the 

means for starch concentration under the two levels of temperature.

Figure 4.5.4
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The same interpretation applies to Figures 4.5.3 and 4.5.4 only in that the two lines 

depict the two temperatures at the two levels of starch concentration. Therefore, the 

change in the course of the two lines under varied film thicknesses confirms the 

statement made above that the interaction between temperature and starch 

concentration is dependent on the film thickness. This means with respect to 

permeability that it is determined by both starch concentration and film thickness.

The dependence of the interaction between ‘temperature’ and starch content’ on ‘film 

thickness’ has to be read as follows: it is obvious that films of 35 gm thickness showed 

an overall higher permeability than those of 65 |im thickness. With respect to the 

former, those of 40 % starch performed better than those of 20 % at a temperature of 

70 °C. Yet, this relationship is reversed at 80 ”C, where the films of 20 % starch are 

superior to those of 40 %.

The overall results from ANOVA show that the film performance for all starches 

depends at least on the film thickness. Since in all cases the highest performance was 

obtained with films of 20 pm thickness and 30 % starch concentration it could be 

argued that these film configurations are most favourable. This could be ascribed to the 

short penetration path for the enzyme across the film resulting in a high digestion rate 

over 16 hours. In addition, the minimal amount of indigestible Dynasan 114 poses less 

obstruction to the passage of the enzyme.

However, an important consideration has to be made at this point with respect to 

particle size and film thickness in the case of PURE. The particle size of PURE was 

found to be 56 pm, which would be more than twice the size of a minimum film 

thickness of 20 pm. Since the particle size value is the mean of a large distribution of 

particle sizes it has to be assumed that only granules equal or smaller than the 

respective film thickness were embedded in the matrix material. This is possible since 

during film preparation with PURE the large granules would separate firom the powder 

blend when spread across the membrane. It is therefore likely that those granules larger 

than the given film thickness were not fully embedded in the matrix. This could have 

assisted the penetration of the enzyme, as it did not encounter zones of indigestible 

matrix material.

In conclusion, a thin film of PURE is more likely to be sufficiently digested within the 

16 hours than one of a larger film thickness.
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The film performance of films made of Hylon 7 is likewise influenced by the film 

thickness but also as much by the starch concentration. It could be argued that an 

intermediate proportion of starch enhances film digestibility. This can be seen fi*om the 

results in Figure 4.2.2, where the five highest values of relative permeability were 

obtained with film combinations of 30 % to 40 % starch and the five lowest by films 

containing 20 % to 30 % starch. Hence the highest permeability was obtained by a film 

of 20 pm thickness and 30 % starch.

In LAPS, the relationship between ‘temperature’, ‘starch content’ and ‘film thickness’ 

has to be evaluated for each combination separately owing to either the presence of a 

disordinal interaction or no interaction as a function of ‘film thickness’. This could be 

due to a complicated interplay between amylose content and overall starch amount as 

well as particle size and surface area.

Nevertheless, this statistical analysis revealed which of the three factors are essential 

for the production of the films. The results showed that temperature on the whole does 

not influence the film performance and can therefore be held at any level above the 

melting point of Dynasan 114 and below the gelatinization temperature of the starch. 

Thus, since the observance of temperature is only required within broad limits, i.e. the 

minimum being above the melting temperature of the blend, this factor was omitted 

during further experiments. As a result, the 3-factorial experiment was reduced to a 2- 

factorial one.

2.10 The 2-factorial experiment

2.10.1 The 2-factoriai design

This experimental series was based on the findings of the 3-factorial experiment, which 

means that only the two factors ‘film thickness’ and ‘starch content’ were tested in 

combination with each other and at different levels. Hence a 2-factorial design. 

Combining the factorial design with the central composite design, this results in a total 

of 9 film combinations. The centre experiment in this set-up was 30 % starch and 50 

pm thickness (film #5) with the temperature set at 85 °C. The tabular representation of 

the experimental design for each starch is shown in Table 4.14 and the film 

combinations listed in Table 4.15.
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T ab le  4 .14: A ssign m en t o f  num eric va lu es p er  d esign ation  in  th e  cen tra l com p osite  d esign  (m in: 
low er extrem e, miu;: inner low er extrem e, c: cen tre , max;: in n er  u p p er ex trem e, m ax: 
upp er extrem e).

Factors Factor levels

min mini c maXi max

Film thickness 20 pm 35 pm 50 pm 65 pm 80 pm

Starch concentration 10% 20% 30% 40% 50%

T ab le  4 .15: F ilm  com b in ation s tested  in  the 2 -factor ia l experim ent.

Film number Film thickness Starch content Random experiment 
number

1 50 pm 10% 7

2 35 pm 20% 9

3 65 pm 20% 6

4 20 pm 30% 8

5 50 pm 30% 1

6 80 pm 30% 2

7 35 pm 40% 4

8 65 pm 40% 3

9 50 pm 50% 5

As mentioned earlier, another three starches, namely Acetate, Com and Waxy starch, 

were added in this experimental series so that a total of seven materials were tested.
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2.10.2 Perm eabilities of all 9 film com binations of 7 starches

Each film combination of each starch was tested fourfold and the outcomes were 

treated statistically to give arithmetie mean and standard deviation. The results of each 

starch are shown in Figures 4.6.1 to 4.6.7:

Figures 4.6.1 -  4.6.7: M eans o f the relative perm eabilities o f  the film  com binations per starch. 
T he film  com bination  num bers refer to those in T ab le 4.15.
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Figure 4 .6 .1 : H ylon  5
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Figure 4 .6 .2: H ylon  7
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LAPS
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Figure 4.6.3: LAPS
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Figure 4.6.4: PUR E
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Acetate starch
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Figure 4.6.5: A cetate starch
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Figure 4.6.6: C orn starch
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W axy starch
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F igure 4.6.7: W axy starch

Analogously to the quantitative data evaluation in the 3-factorial experiment the 

permeabilities per starch were added up in order to compare the starches with one 

another. This is shown in Figure 4.7.

Sum of permeability means

400

274300 263259251

200
148132117
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Hylon 5 Hylon 7 LAPS PURE Com Waxy Acetate

F igure 4.7: Sum s o f perm eability  m eans per starch .
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It is apparent that those starches which were also used in the 3-factorial experiment, i.e. 

Hylon 5, Hylon 7, LAPS and PURE, assume the same rank order as previously. 

However, in order to compare the outcomes of both experiments more accurately, 

those of the first four starches, the permeability mean of each starch was divided by the 

number of observations from which the respective sum of means was calculated. This 

adjustment is necessary when comparing means that are calculated from different 

numbers of observations. The adjusted data for the 3-and 2-factorial experiments are 

shown in Table 4.16.

T ab le  4 .16: A d ju sted  perm eab ility  m eans o f  the starch es used  in  th e  3 - and 2 -factor ia l 
experim en t.

Starches 3-factorial 2-factorial
(n =  15) (n =  9)

z ; / i 5 1 ^ / 9

Hylon 5 8.6 13.0

Hylon 7 10.7 14.7

LAPS 13.5 16.4

PURE 20.2 27.9

Acetate starch 30.4

Com starch 28.8

Waxy starch 29.2

The comparison in Table 4.16 shows that the results of the 2-factorial experiment are 

somewhat higher than those in the 3-factorial one. The highest difference exists 

between the two outcomes for Hylon 5, which diverge by 51 %. Those of PURE differ 

by 38 % followed by 37 % in Hylon 7 and finally 21 % in the case of LAPS. 

However, the rank order remained the same suggesting that the discrepancies be due to 

systematic changes during the course of the second experiment. These could have been 

caused by the two different UV-spectrophotometers used or by the unstable water 

quality, which was referred to earlier. It has likewise to be home in mind that the 

comparison is based on the summation of all means in the 3-factorial experiment
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irrespective of the different temperatures used. Lastly, a certain ‘learning curve’ in 

casting the films could have developed over time with the result of a successively 

better film quality. Nevertheless, comparing the permeabilities within each experiment 

it is obvious that the mean of PURE starch is clearly higher than that of Hylon 5, 

Hylon 7 and LAPS. Rather, it is closer to the permeabilities achieved by Acetate, Com 

and Waxy starch.

Looking at the permeability profiles for one starch it is apparent that in all seven 

starches film #4 shows the largest permeability among the nine films tested per starch. 

The factor combination of film #4 is 20 pm thickness and 30 % starch content, which 

is identical to film #3 in the 3-factorial experiment. The maximum relative 

permeabilities obtained with film #4 range from 53.2 % in Hylon 7 to 76.0 % in Com 

starch.

To judge the impact of the amylose content on the film performance, especially for the 

three additional starches, the values for amylose content per starch and film #4 as well 

as the respective (total) permeabilities were listed in the same way as in the 3-factorial 

experiment. The values are displayed in Table 4.17.

T able 4 .17; A m ylose  con ten t as determ ined  by N IR  and p erm eab ility  p er  starch  and film  #4  (20  
pm , 30 % ).

Starches

Per starch Film #4

Amylose
content

Sum of all 
permeabilities

Amylose
content

Maximum
permeability

Hylon 5 56% 116 16.8 % 54.1 %

Hylon 7 69% 131 20.7 % 53.2%

LAPS 82% 148 24.0 % 58.4 %

PURE 97% 251 29.0% 59.7 %

Com starch 24% 259 7.2% 76.0 %

Waxy starch 0% 263 0.0 % 68.4 %

Acetate starch 69% 274 20.7 % 74.8 %

198



Chapter 4

To see whether a significant relationship between the amylose content and perme

ability per starch and film exist the significance of this correlation was determined. The 

strengths of the relationships were evaluated by means of the Spearman coefficient 

rho, which was corrected and expressed as the coefficient of determination B. The 

results, which are listed in Table 4.18, revealed that the two parameters do not share 

any noteworthy amount of their variances. This can be deduced fi*om the rather low 

rAo-value and the very low B-value.

T able 4 .18: S p earm an  co effic ien t and coeffic ien t o f  determ in ation  p er starch  and film .

p-value Spearman coefficient 
rho

Coefficient of deter
mination B

Starch 0.613 -0.234 32.3%

Film 0.452 -0.342 23.6%

The graphical depiction of the two relationships is shown in Figures 4.8.1 and 4.8.2 in 

which the constellation of the parameters does not comply with any relationship at all. 

Instead, the almost circular course suggests that no relationship between the factors 

exists. However, if dividing the scatter plot area of Figure 4.8.1 by a horizontal line 

Waxy, Com, Acetate and PURE starch would be grouped in the upper part while 

Hylon 5, Hylon 7 and LAPS would be found in the lower part. With respect to the first 

four starches, no relationship between amylose content and permeability can be 

discerned as all are aligned on more or less a horizontal line. The three starches in the 

lower part, however, form a fairly straight line with a positive slope. It is thus apparent 

that at least among these three starches a relationship between the two parameters 

exists. This could indicate that the processing to obtain Hylon 5, Hylon 7 and PURE 

plays a role in the digestibility of the starches. All three starches are modified in their 

genotype but not so in their chemical makeup after harvesting. It could be argued that 

their ‘naturally’ high amylose content, which rises steadily from Hylon 5 over Hylon 7 

to PURE, entails a proportional increase in a-amylolytic hydrolysis, which is easily 

predictable due to the high similarity of the three starches.
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per film  (4 .8 .2).

With regard to the factor relationship within film #4 as shown in Figure 4.8.2, the plot 

area can likewise be divided into two groups of starches. One group encompasses 

Waxy, Com and Acetate starch, which align along a slight curve, whereas Hylon 5, 

Hylon 7, LAPS and PURE form a line. The grouping here is different from that for the 

starch types in that PURE starch aligns with Hylon 5, Hylon 7 and LAPS instead of
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Waxy, Com and Acetate starch. This shape is similar to that found in the 3-factorial 

experiment suggesting that within films #3 and #4 a positive relationship between 

amylose content and permeability exists. Nonetheless, this interpretation does not have 

much statistical power as the curve described by the latter three starches only consists 

of three data points.

In summary, the very low values of the Spearman coefficient as well as the irregular 

constellation of the data points in Figures 4.8.1 and 4.8.2 both confirm that no full 

correlation between the two factors exists.

Nevertheless, it was likewise interesting to investigate which of the two factors, 

amylose content and film thickness, influenced the film performance or to what extent 

these two interacted. This was tested by ANOVA whose tables are shown in the next 

section.

2.10.3 ANOVA results

T ables 4 .19 .1 -4 .19 .7 : A N O V A  tab les for the four starch es w ith  th e  sign ifican t factors p rin ted  in 
bold  type. L egend: CF: correla tion  factor; T H IC K : film  th ick ness; ST A R : 
starch  con centration ; (*): In teraction

T able 4 .19 .1 : H ylon  5

Hylon 5

Dependent Variable: HYL5_PR0

Source
Type III Sum 
of Squares df Mean Square F Slg.

Corrected Model 9422.5703 8 1177.822 34.353 .000
Intercept 6737.547 1 6737.547 196.510 .000
CF_STAR 1171.559 3 390.520 11.390 .000
CFTHICK 6647.345 3 2215.782 64.626 .000
CF_HYLON * CF_THICK .912 1 .912 .027 872
Error 925.724 27 34.286
Total 16423.680 36
Corrected Total 10348.300 35

a- R Squared = .911 (Adjusted R Squared = .884)
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Hylon 7

Dependent Variable: HYL7 PR0

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 8226.5453 8 1028.318 53.415 .000
Intercept 7927.899 1 7927.899 411.806 .000
CF_STAR 474.169 3 158.056 8.210 .000
CF_THICK 6934.806 3 2311.602 120.074 .000
CF_HYLON * CF_THICK 43.063 1 43.063 2.237 .146
Error 519.791 27 19.252
Total 16476.127 36
Corrected Total 8746.336 35

a- R Squared = .941 (Adjusted R Squared = .923)

T ab le  4 .19 .3 : L A P S

LAPS

Dependent Variable: LAPS_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 9123.5763 8 1140.447 118.551 .000
Intercept 9623.833 1 9623.833 1000.410 .000
CF_THICK 6831.267 3 2277.089 236.706 .000
CF_STAR 527.674 3 175.891 18.284 .000
CF_THICK * CF_STAR 116.039 1 116.039 12.062 .002
Error 259.737 27 9.620
Total 19055.902 36
Corrected Total 9383.313 35

a- R Squared = .972 (Adjusted R Squared = .964)
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PURE

Dependent Variable: PURE_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 14540.394® 8 1817.549 82.747 .000
Intercept 27526.461 1 27526.461 1253.189 .000
CF_THICK 7449.508 3 2483.169 113.051 .000
CF_STAR 6715.022 3 2238.341 101.904 .000
CF_THICK * CF_STAR 515.500 1 515.500 23.469 .000
Error 593.058 27 21.965
Total 43099.266 36
Corrected Total 15133.453 35

a R Squared = .961 (Adjusted R Squared = .949)

T ab le  4 .19 .5: A ceta te  starch

Acetate starch

Dependent Variable: ACET_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 15938.893® 8 1992.362 11.697 .000
Intercept 30631.966 1 30631.966 179.838 .000
CF_THICK 13309.938 3 4436.646 26.047 .000
CF_STAR 839.633 3 279.878 1.643 .203
CF_THICK * CF_STAR 516.005 1 516.005 3.029 .093
Error 4598.935 27 170.331
Total 53816.047 36
Corrected Total 20537.829 35

a R Squared = .776 (Adjusted R Squared = .710)
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Corn starch

Dependent Variable: CORN_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 22870.317^ 8 2858.790 35.668 .000
Intercept 28447.829 1 28447.829 354.928 .000
CF_THICK 12867.542 3 4289.181 53.514 .000
CF_STAR 6684.352 3 2228.117 27.799 .000
CF_THICK * CF_STAR 2421.115 1 2421.115 30.207 .000
Error 2164.075 27 80.151
Total 54944.891 36
Corrected Total 25034.391 35

a R Squared = .914 (Adjusted R Squared = .888)

T ab le  4 .19 .7 : W axy  starch

Waxy starch

Dependent Variable: WAXY_PRO

Source
Type III Sum 
of Squares df Mean Square F Sig.

Corrected Model 16425.763= 8 2053.220 41.433 .000
Intercept 29445.946 1 29445.946 594.210 .000
CFTHICK 15495.463 3 5165.154 104.231 .000
CF_WAXY 610.347 3 203.449 4.106 .016
CF_THICK * CF_WAXY 60.315 1 60.315 1.217 .280
Error 1337.979 27 49.555
Total 48570.079 36
Corrected Total 17763.743 35

a R Squared = .925 (Adjusted R Squared = .902)

The factor ‘film thickness’ is highly and consistently significant for film performance 

of all starches. This is nearly true too for the factor ‘starch content’ with the exception 

of Acetate starch where p exceeds the significance level considerably. While in
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Hylon 5, Hylon 7 and Waxy the two factors act independently, in the cases of LAPS, 

PURE and Com starch the two factors do actually interact. In Acetate starch it is solely 

the film thickness, which determines the film permeability. The graphical represen

tation of the interactions is shown in Figures 4.9.1 to 4.9.3.

F igures 4.9 .1  -  4 .9 .3: G rap h ica l represen ta tion  o f  th e  in teractions on  2 leve ls  b etw een  ‘film  
th ick n ess’ and ‘starch  co n ten t’ for  L A P S , P U R E  and  C orn  starch .

LAPS

-àr-  20%

# — 40%

20 -

th ickness  [pm]

F igu re 4 .9 .1 : L A P S

PURE

6 0  -

^ 2 0 %
# — 40%

4 0

th ic k n e ss  [pm]

Figure 4.9.2: PURE
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Corn sta rch

>, 6 0  -

^ —20%
■♦— 40%

4 0  -

th ick n ess  [pm]

F igure 4 .9 .3 : C orn  starch

The factor correlation in LAPS is disordinal whilst that in PURE and Com starch is 

ordinal. To recall, a disordinal relationship exists where the two lines cross as there is a 

reversal in the rank order of the two means of one variable under the two levels of the 

other one. Accordingly, in an ordinal relationship the two lines do not cross, which 

means that the rank order within one variable is the same for both levels of the other 

one. With respect to the aforementioned relationship, it demonstrates that the 

differences between the means of films characterized by starch concentrations of 20 % 

and 40 % are not the same for the two levels of ‘film thickness’, which are 35 pm and 

65 pm. In PURE and Com starch the influence of film thickness increases with 

increasing starch concentration. For LAPS, on the other hand, the correlation is the 

inverse with the effects being much smaller.

A disordinal relationship between two factors for LAPS was also found in the 3- 

factorial experiment although this was between ‘starch content’ and ‘temperature’, 

both depending on ‘film thickness’. Since in both cases the factor ‘starch content’ 

interacts with one or the other factor it could be argued that a large amount of influence 

can be attributed to this factor. As mentioned earlier, the amylose fraction in this starch 

is made up of 75 % high-MW and 20 % low-MW amylose, the mixed nature of which 

could lead to inconsistencies in the film properties. It could be argued that large
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amounts of high-MW amylose are required for thick films while only small amounts 

are needed in thinner films. The reason for this inverse relationship could be that in 

thick films a higher proportion of long amylose molecules is necessary in order to 

create a coherent polysaccharide network throughout the Dynasan 114 matrix. A closer 

network like this would benefit the advance of the enzyme through the film thus 

creating open pores in the film. In thin films, on the contrary, a close polysaccharide 

network could impede the even embedding of the amylose in the matrix in the first 

place, which is why only moderate amounts of high-MW amylose would be more 

favourable.

The behaviour of films made from PURE is different in the 2-factorial experiment in 

that here the factor ‘starch content’ did influence the film performance significantly 

and did even interact with ‘film thickness’. It is visible from the graph in Figure 4.9.2 

that an ordinal relationship between the two exists. This means that despite the uneven 

difference between the means of the starch concentrations at the two levels of ‘film 

thickness’ no reversal in rank order took place. It has to be noted that this statement 

only holds for the factor levels considered in the experiment. Within these limits it can 

be said that a higher content of PURE in the films at either ‘film thickness’ level is 

favourable when wanting to achieve a good film performance. Nonetheless, a high 

proportion of amylose is most effective in thin films. The explanation for this 

observation could be as simple as that a higher proportion of amylose provides more 

substrate for the a-amylase thus engendering an increased permeability of the film for 

the model drug. Yet, comparing these results with those from the 3-factorial 

experiment it was the film thickness alone that affected the film permeability. The 

same irreproducibility was true for Hylon 5. These inconsistencies could be ascribed to 

systematic errors, such as during blending of the film materials or its application onto 

the support membranes. Another reason could be the decrease in enzymatic activity of 

the a-amylase during the 16-hour incubation period, which could have led to the 

erroneous conclusion that varying starch concentrations do engender different degrees 

of permeability after enzymatic digestion. In order to monitor the change in enzyme 

performance over time the a-amylase activity was checked in intervals of two to three 

weeks.

An opposite event could be discussed in which during the 3-factorial experiment the 

starch concentration was actually significant when ANOVA showed it was not.
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However, a comparison between the 3- and 2-factorial experiments is only possible 

with restrictions, if at all. Although the statistical analysis of the 3-factorial experiment 

suggested that temperature is without impact on the film performance this outcome 

could only be based on the factors included in the analysis. Recalling the wealth of 

material properties of each starch it is evident that factors inherent to the material must 

have equally contributed to the outcome. Therefore, the accordance of the results for 

Hylon 7 in the 3- and 2-factorial experiment was only expected.

The results for Com starch in the 2-factorial experiment resemble those for LAPS and 

PURE and the graph in Figure 4.9.3 reveals an ordinal relationship. The interpretation 

is similar to that of PURE with the addition that the film permeability remains nearly 

unchanged at different film thicknesses in low-amylose films. By contrast, in high- 

amylose films the film performance is markedly increased when the film thickness is 

reduced.

The results for Waxy starch correspond to those of Hylon 5 and Hylon 7 although this 

starch type differs profoundly in its nature from the latter two. Thus the significance of 

starch concentration for film permeability must be due to the amylose fraction, which 

is virtually non-existent in Waxy starch. This advocates the finding that amylopectin 

does alter the film performance when subjected to enzymatic digestion. It suggests that 

the hydrolysis of the only scarcely present (l,4)-linkages in the molecule is yet 

sufficient to cause a measurable effect in the degradation of the film or else, that the 

(l,6)-linkages as in amylopectin are equally attacked by the a-amylase.

In summary, the 2-factorial experiment showed that not only the high-amylose starches 

Hylon 5, Hylon 7, LAPS and PURE are digested hy B.licheniformis-o.-2æay\2iSQ but also 

the high-amylopectin types Com and Waxy starch. More surprisingly still, even the 

Hylon-7-derivative Acetate starch underwent hydrolysis to no lesser an extent. 

ANOVA revealed that the factors ‘film thickness’ and ‘starch content’, including their 

interactions, influence the film performance in different ways depending on the starch 

type. This diversity of outcomes is due to the fact that the physicochemical variables of 

the starches were not included in the design of the experiment and thus ignored in the 

data analysis. Therefore, ANOVA may be regarded as a means to test whether there is
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a significant effect despite of or in addition to any interaction between the individual 

starch properties and those factors investigated.

2.11 Diffusion kinetics

The diffusion of the model drug phenylpropanolamine (PPA) through the film 

membrane can be likened to the diffusion of a drug from the inside to the outside of a 

solid dosage form through a permeable film. The same kinetic model can therefore be 

translated for the description of this process. In this work, the concentration increase of 

PPA in the recipient chamber of the diffusion cell was measured over 120 min and a 

concentration-time plot was established. The diffusion profile reveals important 

information about the diffusion mechanism thus implying the performance of the 

dosage form under investigation. As in this study, the comparison of the different 

profiles either between films made of the same type of starch or between films of the 

same starch ratio and thickness permits the judgement about which film combination 

suits best the desired application in practice.

However, in order to decide upon one kinetic model that describes best the underlying 

mechanism, it is statistically incorrect to compare two or more curves based on the 

analysis of the individual points in the graphs. Instead, the areas under the curve 

(AUC) and the relative dispersion coefficients of the concentration-time profiles (RD) 

have to be analysed as well as the mean diffusion time (MDT). The RD provides the 

ultimate information about the kinetic model for the process under study while the 

AUC and MDT describe the extent of the permeability and the rate of the permeation, 

respectively. The RD and MDT are descriptors used in the theory of statistical 

moments, which is based on the assumption that the movement of drug molecules 

through a barrier is governed by laws of probability. It is moreover presumed that the 

drug concentration in the recipient medium at a particular time-point fits a statistical 

distribution curve. Hence, Pinto et al. (1997) listed the RD-values in conjunction with 

their respective release-rate mechanisms and mathematical description. The list is 

shown in an abridged form in Table 4.20.
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T ab le  4 .20: D ifferen t re lease  m odels o f  a drug, based  on  sta tistica l m om en t an a lysis , (m od ified  
after  P in to  et a /., 1997)

Release rate mechanism Description RD-value

First-order Mt/M. = 1 - e“ 1.0

Pseudo first-order M,/M. = kt“^ 0.8

Cube-root M,/M. = 1 - (1 - k t / 0.6

Zero-order Mt/Mc» = kt 0.3

The RD-value for each film was calculated according to Voegele et fl/.(1988) as shown 

in Equation 4.3. The summary of the RD-values for each of the nine films per starch, 

that is mean RD of four identical films, global RD of all films per starch, F-value, p- 

value and the proposed kinetic model are listed in Table 4.21.

RD =
VRT
MDT'

E q u ation  4.3

where 

VRT = 

MDT =

variance of the diffusion time 

mean diffusion time

Table 4.21 implies that two mechanisms prevail throughout all starches: zero-order and 

cube-root kinetics.

The RD-value of 0.321 for Hylon 5 suggests a zero-order kinetic, whilst that of the 

remaining starches could fit both a zero-order and cube-root mechanism. This 

ambiguity indicates that the diffusion process does not follow one single mechanism, 

but that an overlap between the two mechanisms exists. It could be argued that the 

diffusion of PPA across the film depends on different parameters: either the film 

thickness or the degree of swelling of the undigested starch fraction in the film during 

enzymatic incubation in the aqueous medium or during the diffusion test itself.
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T ab le  4 .21: R D  m ean  va lu es and stan dard  dev ia tion s o f  4 ob servation s p er  fîlm  and starch , g lobal 
R D  p er starch , F -va lu es, signiH cance and p rop osed  k in etic  m odel o f  film  perform an ce  
as m easured  d u ring  th e  2 -factor ia l experim ent.

Film
number,
SD

Hylon 5 Hylon 7 LAPS PURE Acetate
starch

Corn
starch

Waxy
starch

1 0.401 0.464 0.511 0.552 0.356 0.382 0.434

SD 0.224 0.176 0.064 0.344 0.050 0.076 0.040

2 0.196 0.342 0.430 0.392 0.318 0.375 0.376

SD 0.224 0.212 0.065 0.342 0.068 0.201 0.056

3 0.378 0.207 0.476 0.315 0.419 0.477 0.394

SD 0.405 0.212 0.072 0.099 0.068 0.218 0.052

4 0.457 0.591 0.519 0.697 0.463 0.512 0.482

SD 0.107 0.206 0.048 0.092 0.073 0.222 0.033

5 0.261 0.570 0.503 0.445 0.357 0.415 0.433

SD 0.118 0.082 0.048 0.085 0.071 0.240 0.041

6 0.181 0.573 0.392 0.448 0.463 0.378 0.388

SD 0.037 0.139 0.072 0.104 0.095 0.079 0.039

7 0.252 0.458 0.511 0.522 0.520 0.467 0.470

SD 0.044 0.125 0.073 0.112 0.199 0.145 0.039

8 0.359 0.335 0.422 0.403 0.477 0.449 0.560

SD 0.213 0.104 0.050 0.097 0.204 0.173 0.044

9 0.403 0.453 0.476 0.605 0.377 0.471 0.542

SD 0.080 0.128 0.046 0.109 0.201 0.234 0.051

Global
mean 0.321 0.444 0.471 0.487 0.417 0.436 0.453

F-value 1.192 2.003 1.186 1.429 0.747 0.452 2.033

p-value 0.340 0.085 0.344 0.230 0.650 0.878 0.080

Kinetic
model zero order

zero-
order,
cube-root

zero-
order,
cube-root

zero-
order,
cube-root

zero-
order,
cube-root

zero-
order,
cube-root

zero-
order,
cube-root
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With respect to film thickness, the different film quantities on the membranes can have 

different effects on the way the model drug permeates through the film. For example, 

larger amounts of starch could first absorb a certain amount of drug during initial 

swelling before releasing the drug into the recipient chamber of the diffusion cell. Or, 

during the initial stages of drug diffusion some drug is trapped in the void spaces in the 

matrix in which the starch fraction was formerly embedded. From there, the drug is 

finally released in a constant fashion. In both events, a zero-order kinetic would be 

observed as is the case under sink conditions. As far as swelling is concerned, the 

swollen granules could hold back the model drug by their enlarged volume the effect 

of which can be likened to a reservoir dosage form operating by releasing the drug in a 

zero-order mechanism. Anyhow, the swelling behaviour of Hylon 5 is intermediate 

among all starches and no true relationship to a zero-order diffusion mechanism can be 

discerned. In order to confirm this further experiments will have to be conducted in 

which films of a distinctly different starch content be used to establish a statistically 

relevant relationship.

The cube-root model, on the other hand, applies where the kinetics of the drug are 

controlled by a limiting factor. This could be drug saturation near the film surface in 

the recipient chamber, where the concentration equilibrium was only disturbed during 

sample removal that is, every 5, 10 or 15 minutes. This regular disturbance established 

a new concentration gradient each time. The oscillation between a state of saturation 

and one of near-sink conditions could explain the overlap of two kinetic mechanisms. 

However, since the concentration gradient in the diffusion cell is unrelated to the film 

properties per se it should influence the permeability behaviour of all starches in the 

same way. It can thus be argued that also the RD-value for Hylon 5 reflects this 

mechanism to a certain degree.

In conclusion, the diffusion processes do not always strictly obey one particular model 

so a compromise has to be made when wanting to validate the experimental data with 

those from the relevant literature.

As implied earlier, the diffusion process is most conveniently visualized in the form of 

a concentration-time plot. Such plots are depicted in Figures 4.10.1 to 4.10.7 for the 

film combination #4, which was found to be most promising during the 2-factorial 

experiment as described in section 2.10. The comparison of the drug diffusion profile
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obtained with a film of identical film thickness and starch concentration but of a 

different starch type enables a meaningful comparison of the starches. In addition, for 

each starch the drug diffusion profile obtained with an uncoated membrane is included 

as reference to the respective film. Therefore, the concentration values given in Figures 

4.10.1 to 4.10.7 are the real values measured in contrast to the relative permeabilities 

as expressed previously.

Figures 4.10.1 -  4.10.7: D iffusion  profiles o f  phenylprop anolam in e for  film  com b in a tion  #4 (20
Hm th ickness, 30 % starch) [■ ] and uncoated  m em b rane [♦].

Hylon 5
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Figure 4 .10.1: H ylon  5
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Hylon 7
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Figure 4.10.2: H ylon 7
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Figure 4.10.3: LAPS
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Figure 4.10.5: Acetate starch
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Figure 4.10.7: Waxy starch
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The diffusion profiles nearly obey a linear law, which is in agreement with the possible 

zero-order mechanism. Notwithstanding, the diffusion was terminated after 120 min 

and thus its continuation was not followed up. A typical diffusion profile approaches 

asymptotically the concentration value when the concentrations in the two 

compartments have reached equilibrium. This happens rapidly when using an uncoated 

membrane as can be seen from the non-linear profiles in Figures 4.10.1 to 4.10.7. Here, 

diffusion follows freely the concentration gradient undisturbed by any other kinetic 

mechanisms.

For each film, the values for the area under the curve (AUC) and mean diffusion time 

(MDT) were calculated and listed in Tables 4.22 and 4.23.
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T able 4 .22: M ean s and stan d ard  d ev ia tion s (SD ) o f  th e  area u n d er th e  cu rve (A U C ) o f  four  
ob servation s for each  film .

Film
number,
SD

Hylon 5 Hylon 7 LAPS PURE Acetate
starch

Corn
starch

Waxy
starch

1 2.866 2.256 2.909 2.505 10.393 4.004 10.800

SD 1.130 2.411 0.988 0.804 7.963 3.509 5.313

2 3.512 5.180 8.054 7.901 15.038 3.965 18.879

SD 0.980 1.791 4.344 1.578 3.535 1.409 5.720

3 2.434 1.578 2.055 3.131 4.417 3.094 2.545

SD 1.415 0.391 0.618 0.440 2.937 2.137 0.933

4 22.661 18.474 19.848 18.092 28.003 26.893 25.091

SD 4.527 5.114 1.086 5.124 1.678 2.242 3.183

5 7.339 2.767 0.967 7.794 11.121 9.157 7.603

SD 9.077 0.336 0.562 1.985 4.195 4.011 1.309

6 1.052 0.552 0.967 4.414 4.869 3.548 2.942

SD 0.550 0.665 0.562 2.313 2.906 1.809 1.468

7 2.833 11.215 4.865 18.649 18.353 26.330 22.897

SD 0.979 3.357 2.440 4.765 8.414 1.534 0.915

8 1.736 4.426 4.885 7.264 4.435 6.993 4.482

SD 0.622 2.455 0.972 2.328 3.923 3.010 1.789

9 11.327 4.558 9.733 17.321 6.415 14.742 7.252

SD 4.698 1.317 1.874 2.717 4.379 7.046 2.101
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T ab le  4 .23: M ean s and stan d ard  deviations (SD ) o f  the m ean  d iffu sion  tim e (M D T ) o f  four  
o b servation s for each  film .

Film
number,
SD

Hylon 5 Hylon 7 LAPS PURE Acetate
starch

Corn
starch

Waxy
starch

1 78.657 28.612 62.147 54.707 56.357 49.592 50.513

SD 34.246 42.187 11.914 11.886 5.636 5.950 3.221

2 66.570 56.097 55.272 56.330 58.384 61.609 56.945

SD 4.737 3.312 2.126 4.189 5.434 13.970 2.449

3 65.786 62.593 60.197 57.099 55.080 56.560 56.214

SD 24.608 5.335 7.229 4.912 11.079 7.289 3.048

4 52.230 43.768 47.025 41.421 50.024 47.010 48.925

SD 5.218 7.255 3.571 10.241 4.658 3.784 3.659

5 60.703 49.520 43.099 53.376 55.608 54.486 51.855

SD 6.730 8.383 21.002 2.168 3.047 7.273 1.187

6 95.764 38.276 43.099 48.806 49.540 57.533 56.589

SD 45.207 14.331 21.002 6.386 5.702 11.868 6.947

7 61.541 50.576 51.679 50.142 48.153 51.298 52.176

SD 1.839 4.151 6.786 4.381 5.856 2.289 0.391

8 102.017 58.658 59.061 52.581 52.414 52.771 48.324

SD 45.019 7.808 2.048 8.093 14.417 6.884 3.196

9 54.975 53.505 58.773 45.841 56.107 49.227 48.444

SD 4.003 5.435 5.899 3.613 8.146 2.722 5.049

When comparing the AUC values of each film combination across all seven starches it 

is plain that those for film #4 are distinctly higher compared to the other eight films in 

any of the starches. A further view on the second- and third-highest values within each 

starch reveals a complete match in rank order with the relative permeability values as 

depicted in Figures 4,6.1 to 4.6.7. This accordance justifies the use of the maximum 

permeability value of each film for the evaluation of the film performance as carried
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out earlier in this chapter. Given the fact that this value is derived from only the last 

data point of the entire diffusion process it does not provide information about the 

actual process. If the latter were to be studied all 12 data points would have to be 

considered.

While the AUC illustrates the diffusion process only quantitatively the MDT describes 

the rate over which this process takes place. The MDT-value is calculated from the 

area between the diffusion curve and its asymptote and the maximum amount of drug 

diffused (Pinto et al, 1997). It takes into account the amount of drug diffused by a 

particular time point, such as after 120 minutes as in this work. Hence, the MDT is 

related to the AUC but respects more precisely the course of the curve. The average 

MDT-value of all values in Table 4.23 is 54.06, in whose vicinity most of all values 

lie. Outliers in Hylon 5 (film #6 [95.764] and #8 [102.017]) and Hylon 7 (film #1 

[28.612]) are negligible. Within the seven values obtained for film #4, that for Hylon 5 

assumes the highest rank. This can be related to the low RD-value thus suggesting a 

zero-order kinetic. Its similarity to its counterparts in the other six starches confirms 

that a strong overlap of the two processes -  zero-order and cube-root kinetic -  exists, 

which impedes a clear discrimination between the two. Nevertheless, the closeness of 

the values is unsurprising since all values are based on the permeabilities after 120 

minutes when the process had not yet reached equilibrium. For this reason, the MDT 

calculated is only reliable until this point and it does not allow the extrapolation of the 

diffusion process until the state of concentration equilibrium. However, the combined 

interpretation of the MDT- and AUC-values provides a clearer insight into the 

diffusion process of films made of different starches.

3 Conclusion

The 3-factorial experiment revealed that temperature changes between 65 ®C and 85 °C 

do not influence the film formation and subsequent film performance. Both, the 3- and 

the 2-factorial experiment proved an optimum film combination of 20 pm film 

thickness and 30 % starch concentration. This film produced the highest permeabilities 

after a-amylase hydrolysis. The comparison of the various starches indicates that 

PURE performed best among the high-amylose starches. However, high permeability 

values were also obtained for Acetate and Waxy starch, which are an acetylated Hylon-
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7-derivative and an amylopectin-only starch, respectively. This showed that a high 

amylose content in the starches alone is not vital for film digestibility by the a- 

amylases used. However, not only the film factors should be taken into account when 

aiming to develop a film formula for colonic drug delivery but also their fate when 

encountering the varied intestinal environment. For this reason, the films have to be 

tested in different enzymes present in the human intestine, with particular emphasis on 

a-amylases of different origin.

The kinetic analysis of the diffusion process suggested an overlap of a zero-order and a 

cube-root mechanism for most starches. Only for Hylon 5 could a zero-order 

mechanism be proposed unambiguously. The analysis of the AUC-values showed that 

the film performances differed clearly within one starch but only slightly among all 

seven starches. Furthermore, the correlation of the various amylose contents of film #4 

with the achieved maximum permeabilities allowed ranking of the starches according 

to their performance in melt films. This was identical for the starches used in the 3- and 

2-factorial experiments. The calculation of the MDT-values complemented the 

discussion of the AUC curves by describing the course of the diffusion process.
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CHAPTER 5: 

Enzyme Studies

1 Introduction

The following studies were designed to test the enzymatic digestibility of the films 

during their passage through the gastrointestinal system when applied as a coating 

onto an oral solid dosage form. The films were incubated in four further enzymes to 

the B.licheniformis-a-2imy\diSQ from the 2-factorial experiment. The three a-amylases 

came from B.amyloliquefaciens, hog pancreas and human saliva, while whole 

pancreatin was of porcine origin. The latter was chosen because of its lipolytic 

activity so its degradative impact on the triglyceride film matrix Dynasan 114 could 

be tested. These experiments were intended to answer the question of which starch in 

general and which film formulation in particular would be most suitable for films 

demonstrating the different enzymatic and technological requirements. In addition, it 

was set out to determine which of the a-amylases was most effective in the film 

hydrolysis in order that it could be used as a model enzyme in further experiments. 

During these studies, two films were tested for each starch, those that showed highest 

and lowest permeabilities in the 2-factorial experiment. The reason for this choice was 

to elucidate if a true difference between the digestibilities of the different films existed 

and if so, whether this behaviour is consistent throughout the different enzymes or 

whether certain selectivity prevailed. As a preliminary, the influence of the buffer 

medium on enzymatic activity was investigated in order to clarify the different infor

mation cited in the literature about which buffer ensures the highest a-amylase 

activity.
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2 Results and discussion

2.1 Choice of enzymes and required activities

The enzymes were chosen from a wealth of commercially available enzymes varying 

in origin, purity and activity. The a-amylase from B.amyloliquefaciens was selected as 

a representative of the microbiota in the human colon in order to simulate the environ

ment at the target site to the nearest possible degree. The smaller size of the experi

mental design and thus the number of films to be tested than those in the 3- and 2- 

factorial experiments was justified by the high purchasing costs of this enzyme. Hog- 

pancreas-a-amylase and whole porcine pancreatin were chosen to approximate the 

milieu of the human pancreas. This area of the digestive system represents a crucial 

barrier for most intestinal substrates since here a multitude of lipolytic and saccharo- 

lytic enzymes exert the first major breakdown on the ingested food. The use of 

isolated a-amylase and whole pancreatin allowed separation of the amylolytic from 

the lipolytic activities. Finally, a-amylase from human saliva was chosen to study the 

importance of the first contact between the a-amylase and polysaccharide in the 

mouth. The conditions in vitro deviated from those in vivo as during the latter the 

contact time between the substrate and the enzyme is only short. In the experiments, 

however, the incubation times were equal for all enzymes, that is 16 hours.

The amount of enzyme units used per film corresponded to that in previous experi

ments, i.e. 1250 units per film. All enzymes in this experimental series existed in their 

dry state so that their activities were assumed to remain unaltered over time, provided 

the enzymes were stored under the recommended conditions. For reconstitution in 

buffer, the enzymes were dissolved at room temperature prior to being heated to 37 

°C. This was a cautionary measure to prevent conformational damage caused by 

temperature shock. Moreover, if stirring was required in order to assist dissolution this 

was carried out gently as to avoid mechanically inflicted injury to the proteins.
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2.2 Choice of buffer

The literature is divided and occasionally even contradictory when recommending 

buffers for the reconstitution of amylases. While some authors (Basit, 2000; 

Rahmouni et a l, 2001) used phosphate buffer pH 6.8 alone, others (Helbert et a l, 

1996; Planchot et a l, 1995) worked in a saline-calcium medium instead. The 

argument for the latter was that not only chloride ions but also calcium ions are 

crucial for stabilisation and activation of the a-amylase protein. This seems tenable 

given that a-amylase holds a chloride ion in the direct vicinity of the active site and 

contains at least one tightly bound calcium ion (Robyt and Whelan, 1968b). Both are 

thought to be essential features for maintenance of the structural intactness and hence 

activity (Brayer et a l, 1995; Larson et a l, 1994). To verify this claim, the test series 

of films to be incubated in hog-pancreas-a-amylase was divided into two: the first set 

was subjected to the standard phosphate buffer while the second was exposed to 

saline-calcium buffer. The results of both series are shown together in Figure 5.1 

where each column depicts the average value of two observations. The results suggest 

that both buffers are equally suitable for use with a-amylase from hog pancreas as no 

systematic difference between the two could be identified. As mentioned earlier, the 

activity of a-amylases stemming from different sources is similar with respect to pH 

but can differ with temperature as well as with regard to the nature and distribution of 

hydrolysis products, e.g. maltose, glucose and dextrins of higher molecular weight 

(MacGregor, 1988). Protons interact with the charged, and hence active sites in the 

protein leading to hydrolysis. Consequently, the amount of protons in the reaction 

medium, expressed by the pH, is a determinant of the activity of the enzyme and thus 

the yield of the hydrolysis. Since the molecular weight among different a-amylases 

ranges between 50000 and 60000 D, the number of active sites per molecule can 

approximately be considered the same. The temperature of the enzyme-substrate 

reaction can yet vary significantly among the amylases and needs to be accounted for 

when aiming for optimum enzyme-substrate complex formation. However, since the 

working temperature throughout all experiments was 37 °C, this parameter was kept 

fixed. It can therefore be reasoned that the activity of hog-pancreas-a-amylase in 

phosphate buffer, pH 6.8, is representative of any other a-amylase so that all enzymes 

could be used in the same reaction medium. This was also desirable for reasons of
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consistency within the study, in particular with respect to the 3- and 2-factorial 

experiments.

Comparison phosphate-buffer and saline-Ca^^-buffer

100

5  60

1 40
Q.
2 20

phosphate-buffer

saline-Ca-buffer

lililh
Hylon 5 Hylon 7 LAPS PURE Acetate Corn Waxy

F igure 5.1; M axim um  perm eabilities o f  film s d igested  by b og-p an creas-a -am ylase  in either  
pbospbate-bu ffer or saline-calcium  buffer. Each co lum n d ep icts the average  o f  2 
observations.

The comparison of the two buffers does not reveal any tendency of one or the other 

towards a higher efficiency. Although smaller or larger differences can be discerned 

within the individual starches these are levelled out in the overall evaluation. The 

starches in Figure 5.1 are aligned by convention rather than by any qualitative or 

quantitative ranking.

As a result, phosphate buffer was used in subsequent experiments, as use of saline- 

calcium buffer did not produce any conclusive difference in outcome.

2.3 Incubation in 0.1 M HCI

A number of films were incubated in 0.1 N hydrochloric acid, pH 1, in order to assess 

their fate when encountering the highly acidic environment in the stomach. Films 

made of 30 % Hylon 7, Acetate or Waxy starch and 20 pm  thickness were used as 

well as a 100-%-Dynasan-l 14 film. These particular films allowed study of the

225



Chapter 5

behaviour of high-amylose and high-amylopectin films as well as that of an acetylated 

starch. The Dynasan-114-only film served as a reference for all three films to allow 

discrimination between the degradation of the starch proportion and matrix material. 

The procedure of this experiment is described in Chapter 2 while the outcome is 

shown in Figure 5.2.

100 1

^  80

ar
:■= 60 mO
ns <D
i  400)o.
"5 20

0

. a : '

Hylon 7

Incubation in 0.1 N HCI

A cetate

a

T
O'-'

W axy Dynasan 114

Figure 5.2: M axim um  perm eabilities o f  film s incubated  in 0.1 N HCI. T he film s consisted  o f
e ither 30 % H ylon 7, A cetate or W axy starch in D ynasan 114 or o f  100 % Dynasan  
114. T he film th ickness w as 20 pm. Each colum n dep icts the m ean and standard  
deviation  o f  3 observations.

Figure 5.2 demonstrates that all films were susceptible to hydrolysis by 0.1 N 

hydrochloric acid as all permeabilities are notably increased. The Dynasan-114 films 

showed an average rise of 37 %, the lowest among all films, while those made of 

Waxy starch showed a maximum value of 57 %. Films containing Flylon 7 or Acetate 

starch produced permeabilities of 49 % and 53 %, respectively. The degradation of 

Dynasan 114 is certainly due to saponification of the myristyl triglyceride esters. 

Whether this reaction was complete after four hours of incubation is uncertain and it 

is therefore questionable whether the entire film was hydrolysed or the saponification 

merely prematurely stopped. Knowledge of this would help to elucidate the degra

dation of the other three films, which only contained 70 % of Dynasan 114. Since 

their overall degradation is clearly above that of the Dynasan-114 film the difference 

in the extent of degradation has to be ascribed to the starch fraction. Slaughter et al.
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(2001) found that acid is able to degrade the amorphous zones of semi-crystalline 

starch, thus leaving just the highly ordered material behind to which the a-amylase 

can only bind poorly. It can thus be argued that the high permeability of Waxy starch 

is the additive result of the degradation of Dynasan 114 on the one hand and that of 

the amylopectin on the other. This finding is not surprising as Waxy starch contains 

almost exclusively amylopectin. The opposite is true for Hylon 7 where the amylo

pectin fraction makes up 31 % so that larger parts of the starch can stay intact. The 

degradation of Acetate starch has to be viewed with particular regard to its chemically 

modified nature.

The hydrolysis of the films in strongly acidic medium demonstrated that, if used on 

oral solid dosage forms, they would not survive passage through the stomach. This 

deficiency in material stability can be overcome by various galenic solutions, which 

will be discussed in Chapter 6.

2.4 Reference incubations

At the beginning of the enzyme study reference incubations were carried out. These 

comprised, first, the incubation of an uncoated filter membrane in a-amylase from 

B.licheniformis, second, the incubation of a Dynasan-114-only film in all five 

enzymes and, third, the incubation of seven films -  one per starch -  in buffer only. 

The results with uncoated cellulose nitrate filter membranes are shown in section 2.8 

of Chapter 4 and have been accepted as the proof that cellulose nitrate is indeed 

compatible with biological materials, such as proteins, as claimed by the 

manufacturer. The results of the Dynasan-114-only films are depicted in Figure 5.3 

while those of the seven films are not shown due to the unequivocally non

digestibility by the buffer medium in all cases.

Figure 5.3 demonstrates that no substantial degradation of the films occurred during 

incubation in any one of the four a-amylases.
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B.lichen. B.amylol. hog pane. saliva pancreatin

F igure 5.3: Incubation o f  D ynasan-114-on ly  films in the d ifferen t am ylases and pancreatin . 
Each colum n depicts the mean and standard deviation  o f  4 observation s.

The permeability of 16 % caused by B.licheniformis-a-dimy\QSQ is negligible since the 

highest permeabilities of starch-containing films ranged between 53.2 % and 76.0 % 

as discussed in section 2.10.2 of Chapter 4. A possible reasons for this slightly higher 

value could be undetected flaws in the films inflicted during handling. The same 

explanation could be given for saliva-a-amylase although here the permeability is 

only 10.2 % and thus even smaller. The incubation in pancreatin, on the other hand 

lead to a significant permeability of 53 %. This was anticipated as pancreatin contains 

a high lipase activity in addition to that of the amylases and proteases. The lipolytic 

enzymes naturally break down fatty components, such as the triglyceride derivative 

Dynasan 114. Dynasan 114 underwent lipolysis to a certain degree, the mechanism of 

which can be explained by the chemical structure of the triglyceride: lipase 

preferentially attacks short chain fatty acids, such as those of myristic acid in Dynasan 

114 (Müller et a l ,  1996). The finding of Müller et a l  (1996) refuted the claim of 

Hawley et a l  (1992) that lipases do not attack Dynasan 114. Nevertheless, the 

findings of this work together with the chronological sequence of the two authors’ 

publications very much support the former assumption. The finding implies a 

shortcoming in view of the envisaged application of the films onto colon delivery 

devices. Nevertheless, these restrictions, as well as those imposed by the low-pH
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environment discovered in section 2.4, can be remedied by pharmaceutical means, 

which will be discussed in section 3 in Chapter 6.

From the results obtained with the a-amylases it can be deduced that Dynasan 114 is 

likewise resistant to the phosphate buffer, which was used throughout all experiments.

The negative results of the incubation of the starch films in buffer solution alone 

demonstrated that the buffer does not compromise the intactness of the films to any 

noteworthy degree. This is prerequisite for any further studies as only then can the 

increase in permeability be ascribed to enzymatic action on the film material when 

exposed to aqueous medium of pH 6.8.

2.5 Results of the films tested

The films tested in this experimental series were those that performed maximally in 

the 2-factorial experiment. As mentioned there, film #4 (30 % starch, 20 pm thick

ness) proved best throughout all seven starches. As a comparison, those films perfor

ming minimally were tested in order to confirm the reproducibility of the 2-factorial 

experiment by more than one film combination. These latter films were identical in 

their specifications for Hylon 5 and Hylon 7, i.e. 80 pm film thickness and 30 % 

starch, but different for the remaining five starches, i.e. 20 % starch and 65 pm 

thickness. It has to be pointed out that ‘minimal performance’ was defined as lowest 

maximum permeability. The reasons for this film behaviour could have been twofold: 

either the matrix was too thick as to permit any access of the enzyme to the starch 

substrate to any effective extent or the related increase in starch concentration was too 

high as to allow amylolysis within the incubation period of 16 hours. The film 

preparation and test procedures were identical to those followed in the 3- and 2- 

factorial experiments.

The results for film #4 are shown in Figures 5.4.1 to 5.4.7, where each figure 

demonstrates the relative permeabilities of all films made of the same starch type after 

incubation in the respective enzyme. For reasons of completeness and better 

comparability, the results for film #4 obtained from incubation in B.licheniformis-a-
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amylase during the 2-factorial experiment have also been included. The display order 

of the enzymes in the above figures is by convention.

Figures 5.4.1 -  5.4.7:

M axim um  p erm eabilities o f film #4 (20 pm th ickness, 30 % starch) a fter incubation  in 4 d ifferent 
a-am ylases and pancreatin  for each starch. Each colum n dep icts the m ean and standard  devi
ation o f  4 observations. T he origins o f  the a-am ylases are abbreviated  as B .lichen. (B.licheni- 
formis), B .am yl. (B.amyloliquefaciens), hog pancr. (hog pancreas) and saliva  (hum an saliva) w hile  
pancreatin  refers to w hole porcine pancreatin .
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Figure 5.4.1: H ylon 5
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Figure 5.4.2: Hylon 7
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LAPS
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pancreatinB.lichen. B.amyl. hog pancr. saliva

F igure 5.4.3: LAPS

PURE
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B.lichen. B.amyl. hog pancr. saliva pancreatin

F igure 5.4.4: PUR E
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F igure 5.4.5: A cetate starch
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Figure 5.4.7: W axy starch

The unmistakable variability of relative permeabilities indicates that the enzymes 

digest different substrates to different degrees, which was the more expected in the 

case of pancreatin. Owing to its triple activity, that is amylolytic, proteolytic and 

lipolytic, pancreatin possesses a broader substrate variability than any of the a- 

amylases. Since the joint evaluation of all enzymes would not discriminate between 

the different active principles pancreatin will be viewed separately.

As indicated earlier, the results of the films of minimal permeability are less 

meaningful so that they are only numerically listed in Table 5.1.

Inspection of the standard deviations of the means in Table 5.1 reveals that the four 

replicates of one film were hardly reproducible with the result that no uniform trend 

amongst either the starches, or the enzymes could be recognized. Owing to the very 

low permeability of all films, just small amounts of model drug were detected by UV- 

spectrophotometry. Technically, the accuracy of this method respects the Lambert- 

Beer-law only within the absorbance range of 0.200 to 1.200 so that inexact readings 

for values below 0.200 were inevitable. Hence the minimum detection threshold lay at
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about 6.2 %. Due to these analytical limitations no further knowledge could be 

gained.

T ab le 5.1: M ax im u m  rela tive  p erm eab ilities o f  m in im al perform in g  film s. T h e film  com b in ation s  
are 30 % starch , 80 pm  for H ylon  5 and H ylon  7 and 20 % starch  and 65 p m  for  the  
oth er  starch es. L isted  are the m eans and stan d ard  d ev ia tion s o f  4 ob serva tion s and the  
ab b rev ia tion s o f  th e  enzym e nam es corresp on d  to  those in  F igu res 5 .4.1 - 5 .4 .7 .

Hylon 5 Hylon 7 LAPS PURE Acetate
starch

Corn
starch

Waxy
starch

B. licheni-
formis-
a-amylase

mean 4.74 15.63 4.43 13.38 14.38 10.02 8.42

SD 3.94 5.35 6.53 6.22 6.53 4.45 5.54
B.amylolique-
faciens-
a-amylase

mean 5.88 5.45 5.92 2.69 2.04 1.73 10.95

SD 4.88 8.07 3.94 2.26 2.44 3.67 6.25
Hog-
pancreas-
a-amylase

mean 13.17 16.01 7.45 7.40 8.47 10.38 4.50

SD 5.32 3.22 4.42 4.09 3.02 4.96 4.55
Human-
saliva-
a-amylase

mean 5.20 4.34 3.57 8.08 15.42 5.41 8.15

SD 2.66 6.37 2.18 9.44 15.26 4.26 2.68

Whole
pancreatin

mean 10.79 12.48 7.72 15.30 11.81 3.04 6.37

SD 7.63 5.76 4.95 8.67 8.25 3.00 2.42

2.6 Statistical analysis

2.6.1 Statistical analysis of a-amylases

In Figures 5.4.1 to 5.4.7 a certain consistency within each starch can be discerned 

with respect to enzyme efficiency. For example, BAicheniformis-a-dimy\diSQ was most 

efficient in all starches except Hylon 5, where it equals saliva-amylase. This is 

unusual compared to the remaining starches where saliva-amylase showed lowest- or 

second-lowest performance in alternation with B.amyloliquefaciens-a-^my\diSQ. In 

order to evaluate statistically how different the four a-amylases digest any one of the
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seven starches, an ANOVA was performed and the F- and p-values calculated. The 

results are summarized in Table 5.2.

T ab le  5.2: F - and p -va lu es o f  A N O V A  for starch  d igestion  by fou r d ifferen t a -am ylases . F -values  
in  p aren th eses are sta tistica lly  n ot defined .

Starches F-value p-value

Hylon 5 (0.668) 0.588

Hylon 7 (0.534) 0.668

LAPS 2.532 0.106

PURE 2.057 0.160

Acetate starch 6.909 0.006

Com starch 13.637 0.000

Waxy starch 4.047 0.033

To determine whether the variances of the observations from each enzyme for any one 

of the four starches differ or else, whether the ratio between the four enzymes within 

any one starch is significantly different, the F-value of the ratios was related to the 

appropriate table p-value. It is of note, that F-values < 1 are statistically not defined, 

which is being ignored in most of the modem statistical software. The p-values for 

Hylon 5, Hylon 7, LAPS and PURE are all well above 0.05 demonstrating that no 

difference in the starch digestibility exists amongst any of the a-amylases. It can 

therefore be assumed that the substrate specificity of the amylases for the different 

starches is very similar. By contrast, the p-values for Acetate, Com and Waxy starch 

are all below the set significance level meaning that the extent to which the starches 

are digested depends on the enzyme species. To detect how much the enzymes differ 

in their digestive action on any one starch the Scheffé-test was carried out. By 

definition, this statistical method assigns the various observations into homogeneous 

subsets, the difference between which is equal to or below the a-level of 0.05. For 

these experiments, the observations are the maximum values of the relative 

permeability per starch and enzyme so that one value represents the mean of four 

observations. The values are shown in Tables 5.3.1 to 5.3.3.
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T ab les 5.3.1 -  5 .3 .3: R esu lts o f  the Sch effé-test for  A ceta te , C orn  and W a x y  starch  w h en  d igested  
w ith  all fou r a -am ylases resp ectively . T he en zym e ab b rev ia tion s correspon d  
to  th ose  in  F igu res 5.4.1 -  5 .4 .7 .

T ab le  5.3 .1: A ceta te  starch

Scheffe

ACETATE

ENZYME N
Subset for alpha = .05

1 2
saliva 4 23.7825
B.amylol. 4 36.7375 36.7375
hog pane. 4 53.1575 53.1575
B.lichenif. 4 74.8075
Sig. .161 .052

Means for groups in homogeneous subsets are displayed, 
a- Uses Harmonic Mean Sample Size = 4.000.

T ab le  5 .3 .2: C orn  starch

Scheffe

CORN

ENZYME N
Subset for alpha = .05

1 2
B.amylol. 4 28.0950
saliva 4 32.3300
hog pane. 4 52.4975 52.4975
B.lichenif. 4 76.0150
Sig. .085 .100

Means for groups in homogeneous subsets are displayed. 
3- Uses Harmonic Mean Sample Size = 4.000.
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Scheffe

WAXY

ENZYME N
Subset for alpha = .05

1
B.amylol. 4 25.7175
saliva 4 29.8250
hog pane. 4 41.2725
B.lichenif. 4 68.3900
Sig. .057

Means for groups in homogeneous subsets are displayed. 
9- Uses Harmonic Mean Sample Size = 4.000.

The Scheffé-test generated two subsets for Acetate and Com starch, while only one 

subset was assigned to the four amylases in the case of Waxy starch. The first subsets 

in Acetate and Com starch contain the same enzymes, namely from human saliva, 

B.amyloliquefaciens and hog pancreas, although the former two are in reversed order. 

Therefore, B.licheniformis-a-dimy\2iSQ is also part of subset 2. In Acetate starch 

B.amyloliquefaciens- and hog-pancreas-a-amylase are also part of subset 2 so that an 

overlap between the two subsets exists. In Com starch, however, only hog-pancreas- 

a-amylase belongs to either subset, thus giving rise to an overlap between the two. In 

spite of being assigned to only one subset, the enzymes digesting Waxy starch share 

the same order with those in Com starch. This is likewise visible from the histograms 

in Figures 5.4 and 5.5. The same order applies for LAPS although no difference 

between the effects of the amylases could be found. With respect to the remaining 

starches, identical orders exist also in Acetate starch and Hylon 7, while Hylon 5 and 

PURE show individual pattems.

If displaying the results from the original experiments in terms of starch digestibility 

per amylase the following four histograms are obtained (Figures 5.5.1 -  5.5.4)
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F igures 5.5.1 -  5.5.4: M axim um  perm eabilities o f  each starch per a-am ylase. E ach  colum n  
depicts the m ean and standard  d eviation  o f  4 ob servations.
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F igure 5.5.1: B.licheniformis-a-Simy\sise
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Figure 5.5.2: B.amyloliquefaciens-a-amyXase

238



Chapter 5

Hog pancreas amylase

100

Hylon 5 Hylon 7 LAPS PURE A cetate Corn W axy

Figure 5.5.3: H og-pancreas-a-am ylase

Saliva amylase
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Q.

Hylon 5 Hylon 7 LAPS PURE A cetate Corn W axy

F igure 5.5.4: H um an-sa liva-a-am ylase.
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As before, an ANOVA was performed in order to see whether the starches behave 

significantly different as substrates for the four amylases. The computed results are 

listed in Table 5.4.

T ab le  5.4: F - and p -va lu es extracted  from  A N O V A  o f  th e  d igestib ility  o f  th e  starch es listed  for
each  a -am ylase . F -va lues in p aren theses are sta tis tica lly  n ot defined .

a-amylase from F-value p-value
B. licheniformis 6.370 0.001

B. amyloliquefaciens 1.074 0.409

Hog pancreas (0.753) 0.614

Human saliva (0.826) 0.562

T ab le  5.5: R esu lts o f  th e  Sch effé-test ior B.licheniformis-a.-2i\ny\2ise for  th e  d igestion  o f  all 7 
starch es.

Scheffe

B.licheniformis

starch N
Subset for alpha = .05

1 2 3
Hylon 7 4 53.1750
Hylon 5 4 54.0500 54.0500
LAPS 4 58.3900 58.3900 58.3900
PURE 4 59.7075 59.7075 59.7075
Waxy 4 68.3900 68.3900 68.3900
Acetate 4 74.8075 74.8075
Corn 4 76.0400
Sig. .279 .054 .144

Means for groups in hom ogeneous subsets are displayed. 
3 U ses Harmonic Mean Sample Size = 4.000.

In Table 5.4 the F-values are displayed with their corresponding p-values. ANOVA 

revealed a significant difference with respect to starch type only in the case of 

B.licheniformis-a-dimyldLSQ where the p-value of 0.001 clearly indicates significant 

differences. The p-values of the remaining enzymes are far above the defined limit
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hence strongly indicating that the amylases do not differentiate between one or the 

other starch in terms of substrate preference. Again, F-values < 1 are statistically not 

defined but they have nevertheless been included for reasons of completeness. In the 

case of B.licheniformis-a-2imy\diS,Q the Scheffé-test was sought in order to elucidate 

whether the starches could be grouped according to their digestibility. The Scheffé- 

table is presented in Table 5.5.

The Scheffé-test produced three subsets, which are more or less distinct from one 

another. Hylon 7 and Com starch alone occupy subset 1 and 3, respectively. Hylon 5 

falls into subsets 1 and 2 as much as Acetate does into subsets 2 and 3. The remaining 

starches, i.e. LAPS, PURE and Waxy starch are part of all three subsets simultane

ously. This fairly high degree of overlap between the subsets suggests that the statis

tically relevant differences between the starches should not be over-emphasized in 

view of practical relevance. Rather, the reasons for the differences in digestibilities, 

either at the starch or the enzyme level, should be discussed with respect to the 

physicochemical properties of the starches as well as biological particularities of the 

a-amylases.

2.6.2 Discussion of a-amylases

It can be seen from Figures 5.5.1 to 5.5.4 that the scope of hydrolysis is different for 

each amylase. Ranking the enzymes according to their overall extent of hydrolysis 

B.licheniformis-a-dmyXdiSQ assumes the highest position. Then follow hog-pancreas-a- 

amylase and B.amyloliquefaciens-a-SLmylsLSQ and lastly saliva-a-amylase exhibiting 

the smallest extent of hydrolysis.

B.licheniformis-a-amy\2ise is different in that it is the only non-mammalian enzyme as 

it originates from Bacillus licheniformis, a bacterium exclusively found in fermented 

plant material. Thus, substrate and enzyme both stem from plant sources, which is 

likely to cause high ligand compatibility between the enzyme and the starches. This 

favourable match could be one reason for the apparent high outcome of the amylolysis 

(Figure 5.5.1).
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B.amyloliquefaciens-a-smylsLSQ is ubiquitous in the small intestine where it digests 

that fraction of starch which has escaped hydrolysis in the upper parts of the GIT. Its 

preference for certain starches can be seen in Figure 5.5.2 where the maximum 

permeabilities between the low-amylose and high-amylose species are visibly 

different. Clearly, amylose is the main substrate for this enzyme as it mainly attacks 

the (l,4)-linkages in the polysaccharide. Its affinity for the (l,6)-linkages in amylo

pectin is evidently lower, which is expressed by the only moderate maximum perme

abilities of Waxy and Com starch. Since the starch compounds are the last to reach 

the lower part of the intestine in an undigested state this finding is unsurprising. It can 

hence be concluded that B.amyloliquefaciens-a-smy\2iSQ is very selective with respect 

to the polysaccharide linkages, which gives rise to an increased degradation of the 

amylose fraction.

Hog-pancreas-a-amylase, by contrast, derives from the pig, which is commonly used 

when simulating the human metabolism. Its pancreatin naturally comprises saccharo- 

lytic, lipolytic and proteolytic activities. The digestive power of each enzyme is 

notably high given the fact that the pancreas is encountered first by all food entering 

the digestive system. However, the contact time between the substrates and the 

enzymes is low, i.e. about three to four hours, owing to the further passage of the food 

to the intestines. This, as well as the fact that the enzymatic breakdown is still quite 

unspecific, explains the fairly high activity of the individual enzymes. This 

substantiates the observation that the maximum permeabilities after 16 hours of 

incubation are almost identical throughout all starches and thus irrespective of the 

substrate nature (Figure 5.5.3). In other words, when terminating the digestive process 

after 16 hours the a-amylase hydrolysis was still in its linear phase during which no 

differentiation between the various starch substrates could yet be made.

Finally, saliva-a-amylase demonstrates the poorest performance among all amylases 

(Figure 5.5.4) although it is still close to that of B.amyloliquefaciens. Under 

physiological conditions, the enzyme has only short contact with the starch substrate 

as it passes on rapidly towards the gastrointestinal system. Furthermore, its activity is 

only moderate since at this stage no stable pH can be established so that the optimum 

pH of 6.8 is rarely reached. Differences in the amounts of permeability between the 

starches can be distinguished, which supports the argument that the incubation period
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of 16 hours was adequate in order to yield maximum digestion of the various 

substrates.

In conclusion, the varying degrees of a-amylase performances on the starches can be 

ascribed to the different provenances of the enzymes, which involve differences in the 

steric conformation at the active sites. Hopkin and Bird (1954) found that the nature 

and amounts of the products that the different a-amylases produced were not identical 

and their quantitative distribution at several stages during hydrolysis were clearly 

different too. This demonstrates that the a-amylase origins have to be taken into 

account when pursuing comparative studies on starch susceptibility to enzymatic 

hydrolysis.

2.6.3 Statistical anaiysis of pancreatin

As mentioned earlier, the results for whole pancreatin shall be dealt with separately 

owing to the additional lipolytic activity present. The lipolysis of triglycerides during 

intestinal absorption involves hydrolysis of the ester bond in positions 1 and 3 of the 

molecule, which leads to the formation of the corresponding monoglyceride and fatty 

acids. Thus, the sensitivity of the drug formulation to pancreatic lipase is a good 

criterion for the in-vivo evaluation of different formulations designed for oral adminis

tration (Delie et a l, 1995).

As for the data analysis of the four amylases, an ANOVA was performed. The F- 

value of 0.344, even though statistically not defined, corresponds to a large p-value of 

0.906, which demonstrated that no difference between the starch-substrates exists at 

all. This supports the previously drawn conclusion that pancreatin exerts its action 

predominantly on the lipid material Dynasan 114. Furthermore, since the Dynasan- 

114 proportion is equal in all films, the amount of digested material should likewise 

be the same. On the other hand, taking into account the amylolytic activity of 

pancreatin it could be argued than an additive effect of film digestion occurs, namely 

that of lipolytic and amylolytic degradation collectively. In order to answer the 

question as to which active principle causes the degradation of the film, the 

comparison of the whole pancreatin to isolated pancreatic a-amylase is indicated. This 

was pursued by an independent-samples t-test for the digestion of each starch with
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either whole pancreatin or hog pancreatic a-amylase. The results are displayed in 

Table 5.6.

T able 5.6: R esu lts o f  t-test b etw een  h og -p an creas-a -am ylase  and w h o le  p an crea tin  for  each
starch . T he m ean  m axim um  p erm eab ilities and stan d ard  d ev ia tion s o f  4 ob servation s  
and the t- and p -va lu es o f  th e  t-test are listed . T he p -va lu es  ̂ 0 .05  are  prin ted  in  bold .

Starches a-amylase Whole pancreatin t-test

mean (n = 4) SD mean (n -  4) SD t-value p-value

Hylon 5 52.92 3.73 43.19 4.50 3.331 0.016

Hylon 7 52.33 13.92 49.34 7.48 0.379 0.718

LAPS 54.64 3.39 42.52 12.67 1.849 0.150

PURE 48.20 8.62 53.80 13.37 0.703 0.508

Acetate starch 53.16 17.56 48.93 19.69 0.320 0.760

Com starch 52.50 5.27 48.28 19.94 0.409 0.696

Waxy starch 41.27 12.70 45.12 9.06 0.493 0.639

It can be seen from Table 5.6 that it is only in the case of Hylon 5 that a significant 

difference in digestion between the two enzymes exists as the p-value of 0.016 is 

below the threshold level of 0.05. This raises the question as to what extent this can be 

ascribed to either the lipase or the amylase or alternatively, the ratio of activity in 

which the two enzymes act. It can further be seen from the mean values that the 

maximum permeabilities obtained with pancreatin are inferior to those with hog- 

pancreas-a-amylase, except from Waxy starch. Considering that a-amylase activity 

was similar in both enzymes similar amounts of starch should have been digested. If 

the lipase in pancreatin exerted a hydrolytic effect too this should have lead to a yet 

higher film permeability. The opposite however is true, thus suggesting that the lipase 

concentration in the incubation medium was far too low, that is 4 U/ml instead of 52 

U/ml as used by Delie et al. (1995). By comparison, Jacobs et al. (1998) hydrolysed 

starch with a pancreatic-a-amylase activity of 0.08 U/mg starch. Assuming a starch 

weight per film in the range of 9.1 mg to 55.1 mg, the enzyme activity would amount 

to 0.73 to 4.4 units per film in 25 ml incubation medium or accordingly, 0.03 U/ml to

244



Chapter 5

0.18 U/ml. These discrepancies show that the literature values for enzyme activities in 

starch hydrolysis vary enormously. Nevertheless, the fact that pancreatin possesses 

lipolytic activity was shown by the reference incubation of a Dynasan-114-only film. 

While permeability was achieved in pancreatin, the incubation of an identical film in 

a-amylases was insignificant (Figure 5.3). The maximum permeabilities of each 

starch for whole pancreatin are shown in Figure 5.6.
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Figure 5.6: M axim um  perm eabilities o f  each starch in pancreatin . Each colum n dep icts the  
mean and standard deviation  o f  4 observations.

2.6.4 Discussion of pancreatin

It is evident that the chosen pancreatin concentration was too low for a measurable 

effect of lipolysis yet sufficient for amylolysis.

An investigation carried out by Reid et al. (1998) is informative as to this issue the 

group assessed the effect of preceding pancreatin digestion and amylose-amylopectin 

ratio in native Corn, Waxy and high-amylose starch on the hydrolysis by a-amylase 

from Clostridium butyricum. The amylose content in the high-amylose starch was 52 

%, which corresponds to Hylon 5 as used in this work. It was found that the amylose- 

amylopectin ratio had little effect on the extent of hydrolysis as demonstrated by 

analysis of the reaetion-products. These comprised acetate, propionate and butyrate as
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short-chain fatty acids in addition to hydrogen, carbon dioxide and methane as gas 

products. No significant differences were observed between the acetate-butyrate ratios 

for the three starches, so that the amylose-amylopectin ratio did not seem to influence 

significantly the way in which the a-amylase acted on these starches. The digestion of 

the starches by pancreatin resulted in a doubling of the acetate-butyrate ratio. Butyrate 

and gas productions were high in Com starch, but significantly lower in the high- 

amylose starch. The digestion of Waxy starch resulted in an increased gas production 

but no change in butyrate production. The group concluded that digestion with 

pancreatin removes some of the hydrolysable material from the high-amylose starch 

but apparently increases the availability of both Com and Waxy starch to hydrolysis 

by the a-amylase used. It was deduced that pancreatin digestion had more influence 

on the products to which the starch was digested rather than its extent and that it also 

accentuated the differences according to the amylose-amylopectin ratio. It appeared 

that high-amylopectin starches, such as Waxy starch, are more accessible to bacterial 

amylolysis after treatment with pancreatic enzymes. Although this effect would be 

desirable in view of the aim of this work, an earlier amylolysis by pancreatic a- 

amylase would be counterproductive for site-specific dmg delivery in the colon. For 

this reason, an additional protective coating will have to be designed to avoid 

premature degradation of the starch-film-coated formulation by both a-amylases and 

lipases. This will be discussed in section 3 in Chapter 6.

2.7 Microscopic images of digested starch granules

Visual examination of the hydrolysed starches was carried out on microscopic images 

generated by scanning electron microscopy (SEM). In a preparatory step, the starches 

were incubated in hog-pancreas-a-amylase under conditions identical to those during 

film digestion. Similar experiments have been cited in the literature (Planchot et a l, 

1995; Helbert et a l, 1996) where various starches were incubated fi*om as short as one 

hour to as long as three days. The purpose of the approach in this work however was 

the assessment of the starch degradation after a time period of 16 hours. It is known 

that during bacterial or pancreatic a-amylolysis, the hard and thus most crystalline 

parts of the granules are less digested than the soft parts, as shown, for example, by 

Gallant et a l (1992) using SEM. The susceptibility of starch granules to digestion
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can be classified by the intensity and the manner by which the granules are eroded and 

corroded, although in most starches the particles are hydrolysed from the outside 

inwards. The diverse hydrolysis patterns are due to the elaborate inner organization of 

the granules, which comprise a mosaic of hard and soft material (Gallant et a l, 1992). 

For each starch two images are shown -  one before and the other after enzymatic 

exposure (Figures 5.7.1.a to 5.7.7.b). In this way the morphological changes can be 

recognized.

Figures 5 .7 .1 .a  -  5.7.7.b: Scanning electron m icroscopic im ages o f  the starches before and after  
digestion by h og-p an creas-a-am ylase shown in a m agnification o f  x l5 4 6 .

'I

Figure 5.7 .2 .a: H ylon 7 (before d igestion) Figure 5.7.2.b: H ylon 7 (a fter  d igestion)

-

Figure 5 .7 .1 .a: H ylon 5 (before d igestion) F igure 5 .7 .1 .b: H ylon  5 (a fter  d igestion)
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The aspects of Hylon 5 and Hylon 7 are almost identical and may therefore be 

described jointly. The formerly smooth and integral granules (Figures 5.7.1.a, 5.7.2.a) 

exhibit pits and larger pores after the incubation (Figure 5.7.1.b, 5.7.2.b). In both 

cases extended areas of erosion of the outer granule shell including circular small 

crater-like depressions are to be seen. These features stem from the attack by the a- 

amylase, which did not advance into the inside of the granule but acted superficially 

only. The light cracks on some of the particles in Figure 5.7.2.a were caused during 

sample preparation: during sputter coating, highly energized gold atoms are directed 

onto the samples thus generating heat tension on the surface of the granules.

Figure 5.7.3.a: LA PS (before d igestion) Figure 5.7.3.b: L A PS (after d igestion )

The aspects of LAPS are similar to those of the Hylon starches with the exception of 

more pronounced erosion. The rather roundly shaped granules in Figure 5.7.3.a have 

become somewhat more polyhedral implying a structural change internally. Solitary 

pores and superficial scratches are present throughout almost all particles and a small 

number of highly rough and perforated granules are discernable. It is likely that in the 

latter cases the interior has disappeared altogether provided that a complete hydrolysis 

of the granules has taken place. Hence, only the outer skeleton is left behind. In one 

instance, a wholly disintegrated and halved particle can be seen -  a possible result of 

weakening owing to complete internal hydrolysis.
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F igure 5.7.4.a: PU R E (before d igestion) F igure 5.7.4.b: P U R E  (a fter  d igestion)

The difference between the undigested and digested starch is especially manifest in 

the example of PURE. The equally porous surface of the native granules (Figure

5.7.4.a) is almost completely disrupted after enzymatic digestion and only a few 

particles have retained their original shape. Erosion of the several layers of the starch 

granule is clearly visible, demonstrating successful penetration of the enzyme into the 

inside. This high degree of degradation harmonizes with the fact that PURE contains 

97 % amylose, which is the preferred substrate for a-amylase. This is enhanced by the 

high porosity of the granules thus offering a large surface area for enzymatic attack.

It is striking in both starches that the smaller granules appear to be more damaged 

than the larger ones. This is in line with the observation made by Planchot et al. 

(1995) that large particle sizes exhibit slower hydrolysis times than smaller ones. The 

investigators found furthermore that transformations of the internal ultra-structure in 

the form of channel pattems had simultaneously occurred. However, this could only 

be detected by means of transmission electron microscopy.

The difference between the two images for Acetate starch (Figure 5.7.5.a and 5.7.5.b) 

is less distinct so that the changes inflicted by a-amylase are only hard to discern. This 

is due to the highly porous furrowed surface structure in which the newly generated 

pores are barely visible. These seem to be preferably located in the few smooth areas 

suggesting that these be more accessible for the enzyme. Nevertheless, one large open 

sphere is indeed visible within which a layered structure can be made out (Figure

5.7.5.b).
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Figure 5 .7.5.a: A cetate (before d igestion) F igure 5 .7.5.b: A cetate (a fter  d igestion)

Finally, the same granule exhibits a major trigonal crack, which is only partially 

visible in the magnification chosen. It is possible that the defect was inflicted during 

the penetration of the enzyme into the granules causing the disruption of the internal 

structure. However, due to the particular chemical modification of Acetate it is not 

quite clear whether and, if so, how this starch derivative was hydrolysed by the a- 

amylases in this study.

" ' • J '  H

Figure 5 .7.6.a: C orn (b efore d igestion) F igure 5 .7 .6 .b : C orn  (a fter  d igestion)

The image of Com starch after incubation in a-amylase (Figure 5.7.6.b) displays 

unambiguously the granular damage imposed by the enzyme. The even surface of the 

spherical and polyhedral shape of the granules (Figure 5.7.6.a) is markedly destroyed 

and large pieces of debris are visible. The granules are profoundly perforated and
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holes and grooves are numerously present. The photographic image very much 

resembles that published by Helbert et al (1996) who juxtaposed it to an image taken 

after three days of enzymatic incubation. The difference in granule morphology is 

unmistakable thus providing an excellent illustration of the transformations under

gone. Furthermore, the image in Figure 5.7.6.b is a good example for the successful 

hydrolysis of a native starch.

Figure 5.7 .7 .a: W axy (before d igestion) Figure 5.7.7.b: W axy (after d igestion)

The a-amylase left typical traces of granular disintegration in Waxy starch as well as 

in PURE and Corn starch. While formerly the particles were of a more or less smooth 

and yet somewhat irregular shape (Figure 5.7.7.a), only lumps of heavily eroded 

granules can be identified after hydrolysis (Figure 5.7.7.b). The layered structure of 

the particles is laid bare and fragments display their virtually void inside. Gallant et 

al (1992) explained this morphology by the high resistance of high-amylopectin 

starch to hydrolysis. While most starches are first hydrolysed superficially, Waxy 

starch remains undigested externally. The pits initially created outside become 

enlarged and canals of so-called ‘endo-corrosion’ sink into the inside. Numerous 

canals are randomly formed around the granule simultaneously. In this way only the 

soft parts of the shells are cut away and only small protuberances containing a pore on 

the top are visible, through which the enzyme penetrates during its digestive action. 

Occasional deep pores and cracks in the surfaces are present and the material seems 

fused into one large cluster. This could be ascribed to the leached-out amylopectin
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provoked by the high temperatures during sputtering as part of the sample preparation 

(leaching takes place above 71”C). Again, the larger particles seem less disrupted than 

the smaller ones, which confirms once more the explanation given earlier that larger 

granules are more disposed to enzymatic attack than smaller ones.

2.8 Discussion of enzymatic activity in relation to physicochemical 
properties of the substrate

According to Helbert et a l (1996) the enzymatic degradation of starch by a-amylase 

can be described as follows: first, random adsorption of the enzyme at the surface of 

the granules; second, start of the hydrolysis; third, progression of hydrolysis in a 

radial manner resulting in pore formation. Here, the pores prevent the free diffusion of 

the enzyme to the outside, which leads to the formation of channels eventually 

reaching the centre of the granule. Fourth, entrapment of the enzyme inside the 

granules occurs, where it can only hydrolyse substrate within reach of its limited 

diffusion range. The advancement of the enzyme from inside the channels to the core 

of the granules is also referred to as ‘centripetal hydrolysis’. The core, which is highly 

sensitive to the a-amylase action, is then completely degraded by erosion of its 

periphery, which is called accordingly ‘centrifugal hydrolysis’. In the core region, the 

enzyme does not operate randomly but rather proceeds by progressing along a 

polysaccharide chain creating an even erosion pattern (Helbert et a l, 1996). At this 

point of hydrolysis, two mechanisms have been proposed to take place: multiple and 

preferential attack (Colonna et a l, 1992). In the first model, all the glucosidic linkages 

have the same probability of being disrupted and, after hydrolysis, one part of the 

macromolecular chain is retained in the enzyme where it slips into the active centre. 

This enables a new hydrolysis and the reaction circle starts anew. In the preferential 

attack model, the interaction between the enzyme and the macromolecular chain leads 

to a single hydrolysis whereby the two parts are released after the catalytic action. In 

this case, the internal linkages of the macromolecule are hydrolysed in a random 

fashion, but as the chain becomes smaller, specific end-effects associated with each 

type of a-amylase, such as the nature of the oligosaccharides produced, become 

dominant.
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The kinetics of hydrolysis are strongly affected by the mode of interaction between 

the enzyme and the polymeric chain (Rahmouni et a l, 2001). By definition, the global 

rate of an enzymatic reaction is controlled by its slowest step. It is assumed that the 

adsorption of the enzyme onto the substrate is the main rate-limiting parameter, which 

was hence deemed the kinetically important step of the reaction. In the case of a- 

amylases, the hydrolysis rate is drastically reduced as the reaction progresses 

(Slaughter et a l, 2001). This must partly be attributed to the transformation of starch 

into a less digestible form and/or the inhibition of the enzymatic degradation by 

reaction by-products, such as di- or monosaccharides (Rahmouni et a l, 2001). 

Planchot et a l (1994) refer to the reaction between a-amylase and starch as a two- 

phase system involving adsorption. The first degradation step corresponds to the 

uniform adsorption of enzyme molecules, creating superficial micro-pores. 

Correspondingly, when the enzyme encounters a less organized structure, degradation 

leads to macro-pores and deeper grooves. The central part of the granule is then 

eroded rapidly, whereas the hydrolysis of the outer shell lasts longer. The authors state 

that macro-pores have not been reported elsewhere and they are certainly a key factor 

in the efficiency of the amylase.

The relationship between reaction rate and enzyme concentration however is not 

exactly 1:1 since the number of enzyme molecules (Es) bound per unit of surface area 

(As) is related to the concentration of the enzyme in the substrate phase. This 

relationship (Es/As) is described by the Freundlich-equation, which is shown in 

Equation 5.1 (Slaughter et a l, 2001).

E s /A s  — k*E b" E q u ation  5.1

Here, ‘Eb’ is the enzyme concentration in the substrate phase, ‘k ’ is a partition 

coefficient and ‘n’ equals 2/3 for enzyme adsorbed on a perfectly smooth surface. For 

adsorption on the edges and/or into cracks in the granule surface, n is predicted to lie 

between 1/3 and 2/3. Equating Es/As with EAs (Equation 5.2), which is the 

‘concentration of adsorbed enzyme’ and is analogous to an enzyme-substrate 

complex, the initial rate u is given in Equation 5.3.1 or else Equation 5.3.2.
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Es/As = BAs E q u ation  5.2

T) =  k c a t  EAs E q u ation  5.3.1

0) =  k c a t  k  Eb" E q u ation  5.3.2

The total enzyme concentration Eo is thus

Eo = [EAs =  Eb] E q u ation  5.4

so that V = kcat k [Eo - EAs]" E q u ation  5.5

If the fraction bound is very small, i.e. EAs «  E q, then

log U = n log Eq + log (kcat k) E q u ation  5.6

Consequently, for enzymes acting on insoluble substrates the rate is not directly 

proportional to the total enzyme concentration assuming that n < 1. A logical step is 

that a linear plot of log u against E q with a slope n < 1 shows that the fraction of 

enzyme molecules bound productively is small compared with the total amount in the 

system. Rahmouni et al. (2001) argued that during the first phase, which takes two to 

four hours, the hydrolysis rate was hyperbolically related to the a-amylase concen

tration in a linear plot but was practically independent of a-amylase-concentration 

during the second phase.

The adsorption of a-amylase onto highly crystalline amylose granules is not only 

specific and reversible but also obeys a mono-layer mechanism (Colonna et a l, 1992). 

A relatively low free-adsorption energy was calculated pointing to a limited number 

of adsorption sites. A maximum amount of enzyme was adsorbed onto the granules 

within two hours, which corresponds to the aforementioned first phase. Besides the 

kinetic properties of the enzyme the physicochemical properties of the substrate are 

also of consequence.

The structural features of the substrate contribute to the variation in hydrolysis rate 

during the first stage and the following hydrolysis time periods (Planchot et a l, 1994). 

One of the limiting factors could be the nature of the granule surface with respect to

254



Chapter 5

crystallinity and adsorbed non-starch material. Both are likely to impede enzyme 

action.

With regard to the starches used in this work, crystallinity and surface area are 

considered to be the most important parameters. Since a-amylase degrades the 

amorphous regions more easily than the crystalline ones, the high-amylose starches 

Hylon 5, Hylon 7, LAPS and PURE should show a higher overall hydrolysis than the 

low-amylose types Com and Waxy starch and the starch derivative Acetate starch. 

This is tme for saliva-a-amylase, hog-pancreas-a-amylase and partly for B.licheni- 

/ormi5-a-amylase but less so for B.amyloliquefaciens-a-MnylsiSQ. Here, the order of 

starches with increasing degree of digestion is in fact the reverse as is evident from 

Figures 5.5.1 and 5.5.2.

The emergence of a layered internal structure in certain starch granules, such as 

Acetate starch (Figure 5.7.5.b) proves the existence of superimposed layers of high 

and low susceptibilities related to different crystallinity levels. Since Acetate starch 

showed an unexpectedly high degree of degradation it can be deduced that it consists 

mainly of high susceptible crystalline regions.

Furthermore, a high surface area was claimed to increase the accessibility of the 

enzyme molecules to the substrate thus engendering an increased rate of hydrolysis 

(Rahmouni et a i, 2001). However, this finding could not be confirmed consistently in 

this study. It is tme for Acetate starch and LAPS that, when digested in hog-pancreas- 

a-amylase, both starches assume the second highest and highest position, respectively, 

as regards digestibility (Figure 5.5.3). Although this holds also for Acetate starch 

when incubated in B.licheniformis-a-amylase it, does not regularly do so for the other 

six starches and two amylases. It could be argued that in the case of Acetate starch -  a 

high-surface-area material -  the pores are too small for the enzyme to be adsorbed 

sufficiently to exert its hydrolytic activity. That is to say, the contact area between 

enzyme and starch particle is inadequate. Contrary to this hypothesis, the results here 

seem to suggest that small particles are equally susceptible to enzymatic attack as no 

clear preference over smaller or larger particles can be discerned. However, Colonna 

et al. (1992) argue that the surface-area-to-starch ratio does play an important role in
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that a larger surface area available to the enzyme leads to a higher initial rate of 

hydrolysis. Their studies showed also that with increasing fragmentation of the starch 

material its susceptibility to amylolysis increases too. This implies that particle size is 

an equally critical parameter. This suggestion is in agreement with Planchot et a l 

(1994) who proposed that large particle sizes account for a slower hydrolysis of the 

starch compared with others. The assumption behind this idea is that large particles 

impede or even prevent the access of water and enzyme to deeply embedded starch 

granules. Thus, it is the longer penetration path of the enzyme into the granules, 

engendering the successive formation of pits and larger pores, and not the diffusion of 

the enzyme to the granule, which is the limiting step during hydrolysis. With respect 

to this work, it is yet not clear whether the incubation period of 16 hours was long 

enough to allow the complete penetration of the enzyme into the larger particles, such 

as in Acetate starch and LAPS. The SEM images in both cases could suggest that this 

not be the case as only few digested particles can be seen (Figures 5.7.5.b and 

5.7.3.b). However, the images do not provide a statistically relevant representation 

since they merely depict a small detail of the entire outcome. For this reason, a 

quantitative judgement must not be made. Again, a prolongation of the incubation 

time might assist in answering this question but would still not reflect the starch 

behaviour under experimental and ultimately physiological conditions. That granules 

are digested at different stages of time is particularly visible in the case of Com starch 

(Figure 5.7.6.b). As in most native starches, hydrolysis occurs granule by granule and 

the attacked granule is then completely hydrolysed (Colonna et a l,  1992). This is well 

confirmed by the debris prevailing in the SEM image. As for the other starches, it can 

be deduced that not all granules are equally degraded at a given time. This can be 

gathered from the observation that many granules showed only limited or no erosion, 

while others were highly degraded.

Another aspect related to natural starches is the behaviour of the widely present 

amylose-lipid complexes. It was found that these are hydrolysed at a slower pace than 

free solubilized amylose (Holm, 1987). However, irrespective of the different types of 

complexant, such as free acid or glyceride, complete hydrolysis of the complexes can 

be obtained if sufficient amount of enzyme is used. This indicates that different starch 

types impose different requirements on enzyme activity, which in this study was kept 

alike for the purpose of consistency.
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With respect to Waxy starch, both the enzyme studies and SEM images suggested a 

considerable degree of degradation despite the virtual absence of amylose in this 

starch. Notwithstanding the specificity of a-amylase for (l,4)-glycosidic linkages, a 

small amount of (l,6)-linkages are attacked too. Hence it could be argued that the 

enzyme concentration was high enough to allow the effective hydrolysis of large parts 

of the amylopectin fraction. The disruption of the macromolecular structure of the 

starch in the films was seemingly sufficient to compromise the intactness of the films 

and thus render them permeable for the model drug. Nevertheless, Waxy starch is 

known for its fairly rapid degradability, which amounts to some 90 % after 1.5 hours 

(Eerlingen et a l, 1994).

The good digestibility of the high-amylose starches Hylon 5, Hylon 7, LAPS and 

PURE by hog-pancreas-a-amylase is in accordance with the observation that these 

species are fermented rapidly and effectively into small oligosaccharides in the human 

digestive system (Christi et a l, 1997).

At a biochemical level, the analysis of degradation products of a-amylolysis showed 

that oligosaccharides in the form of maltose and maltotriose were the main final 

products (Leloup et a l, 1992). It is suspected that these products cause the hydrolysis 

to halt due to product inhibition, which is a common event in physiological processes. 

In more precise terms, the standstill of the hydrolysis is caused by the adsorption 

inhibition between enzyme and substrate. To counteract this event, the addition of 

enzyme shifts the equilibrium from unproductive enzyme-product complexes toward 

enzyme-substrate complexes, which hereby re-stimulates hydrolysis. This could be 

confirmed by the increased enzyme activity engendering an accelerated hydrolysis 

during the final stages and thus a higher level of degradation (Leloup et a l, 1992).
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3 Conclusion

The comprehensive interpretation of native starch-granule degradation is not straight

forward since extra features of granule morphology, such as ultra-structure, crystallite 

size, amylose-to-amylopectin ratio, interactions between amorphous and crystalline 

regions as well as the presence of other components interacting with starch, such as 

amylose-lipid complexes, have to be taken into account. Even so, throughout all 

starches adsorption of the enzyme is a critical process during which the amylase dis

entangles the macromolecular chains of the starch resulting in a better accessibility of 

the substrate. This very ability is specific to each particular a-amylase and depends on 

protein properties, such as molecule conformation and activity.

The different phases characterized by high and low rates of hydrolysis have been 

ascribed to the hydrolysis of amorphous and crystalline regions, respectively (Colonna 

et a l, 1992).

The results of this study showed that all films were extensively hydrolysed by all four 

a-amylases. Although the degradation of the films by whole pancreatin would be 

expected to include the lipolysis of the matrix material Dynasan 114, rather the t-test 

suggested that no clear difference in a-amylase action exist. This outcome is 

furthermore supported by the very low lipase activity in the reaction medium, which 

is unlikely to exert any measurable effect. That Dynasan 114 is digested by the 

pancreatic lipases was indeed shown during the incubation of a Dynasan-114-only 

film. However, this result would be detrimental when considering the use of films on 

oral colonic delivery devices, which is why these shortcomings have to be resolved by 

pharmaceutical means, such as the design of a multi-layer coating system as suggested 

in Chapter 6. It can be concluded that no clear preference of any of the a-amylases for 

any of the seven starches existed so that each enzyme-substrate combination has to be 

judged on its own merits.
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CHAPTER 6: 

Conclusions and Future work

1 Sum m ary

The characterization of the physicochemical properties of the seven starches and the 

analysis of the relationships between them revealed valuable information about the 

starches’ behaviour. A starch derivative, Acetate starch stood out from the other 

starches in most instances due to its acetylated amylose fraction and thus greatly 

altered chemical structure.

The scanning electron microscopic images revealed a high degree of porosity for 

PURE and Acetate starch, while smooth surfaces were detected for Hylon 5, Hylon 7, 

LAPS and Com starch. The granular surface of Waxy starch seemed less pronounced 

so this starch ranged in between the two extremes. The quantification of the amylose 

content of each starch by near-infrared spectroscopy confirmed by and large the 

values given by the supplier. The acetylated amylose of Acetate starch, however, 

could not be measured by this method, which is why the value had to be ciphered out 

theoretically. The particle size determination by means of laser diffraction clearly 

demonstrated large granule sizes for PURE and Acetate starch (average of 53.6 pm) 

while the sizes of the other starches were much smaller altogether (average of 21.3 

pm). The values for the apparent densities measured by a helium-pycnometer were 

less widely spread with an average value of 1.39 g/cm^. A similar trend is tme for the 

surface areas with the exception of Acetate starch once again. This starch deviates 

from the rest in that its surface area of 2.986 m^/g outweighs by nearly four times the 

average surface area of the other starches (0.718 m^/g). The swelling behaviour was 

minimal for Com starch (16 % volume increase) and maximal for PURE and Acetate 

starch (average of 170 % volume increase), in which cases it was ascribed to the 

chemically modified nature of the two. The water loss varied less widely amongst the 

starches where it was lowest in Acetate starch (3.69 %) and highest in Waxy starch
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(6.12 %). Both swelling and water loss are governed by the water binding capacities 

of the starches, which are a function of their electrochemical properties. Finally, the 

investigation of the thermal behaviour by differential scanning calorimetry 

demonstrated that heat-induced structural changes commence at slightly different 

temperatures. The peak temperature of Acetate starch was the lowest at 102.44 ®C and 

that of Hylon 5 the highest at 111.60 ®C. The results showed that the macromolecular 

network of chemically treated starches is more prone to thermal changes than that of 

native starches.

The study of the optimum film-forming parameters showed that film thickness and 

starch concentration influence film performance. On the other hand, the film-forming 

temperature was found to have no impact on the film-forming process provided that it 

was higher than the melt temperature of the matrix material Dynasan 114 of 65 °C. 

The gelatinization temperature of starch at around 120 °C was unimportant as a 

temperature limit since gelatinization requires the presence of water, which was 

strictly excluded in this work.

The film yielding highest permeabilities after enzymatic incubation and hence deemed 

‘best performing’ was found to consist of 30 % starch and 20 pm film thickness. 

However, it was found that all starch types, irrespective of a high or low amylose 

content, showed high enzymatic degradability. Although PURE starch produced the 

highest results -  yet only slightly -  throughout all a-amylases, the degradability of 

any starch type was found to be a function of the a-amylase used. This was shown in 

Chapter 5, where no clear preference of the starches for one particular a-amylase 

could be discerned. However, pancreatin was able to digest the matrix material 

Dynasan 114 to a large extent owing to the lipolytic activity inherent to this enzyme 

mixture. An equally unfavourable effect was observed when incubating the films, 

including a Dynasan-114-only reference fihn, in 0.1 -N-hydrochloric acid. The 

outcome proved that both the starches and Dynasan 114 are not resistant to a highly 

acidic medium.
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2 Conclusions

The experiments showed that both high- and low-amylose starches are equally 

susceptible to a-amylolysis. This moderates the claim that a-amylases hydrolyse only 

the a-(l,4)-linkages in the amylose fraction. Instead, the digestion of the high- 

amylopectin starches Waxy and Com starch proved that film permeability could 

likewise be achieved with low amylose proportions. It could be argued that this is due 

to the hybrid nature of most of the starches used, which, despite being native in their 

origin (except PURE and Acetate starch), possess a modified cornstarch genotype. 

The higher amylose content was therefore due less to habitat conditions or time of 

harvesting than to genotype modification. However, this conclusion has restrictions 

since in this work the hydrolysis tests were not carried out on the starches alone but 

always on the entire melt-film. Therefore, the conclusions drawn are only relevant for 

the starch-Dynasan-114 blends. This is important to point out, as starch is likely to 

behave differently as raw material than as part of a binary mixture. Another aspect to 

consider is that starch degradability was only evaluated by means of film digestibility 

and not by the identification and quantification of the particular degradation products. 

Such an approach would have given exact information about which starch component 

was indeed hydrolysed by the enzyme and to what extent. In this study it was assumed 

that the increased permeability of the films is due to starch degradation even so it 

could have also been caused by starch detaching from the matrix and thereby creating 

pores for the model dmg to permeate. Nevertheless, since starch is poorly soluble in 

water -  if at all -  pore formation caused by starch detachment rather than degradation 

was not regarded as a major contributor to film permeability.

The lipolytic degradation of Dynasan 114 has been described in the literature although 

the results are contradictive sometimes. While Hawley et al. (1992) claimed the 

resistance of Dynasan 114 to lipases Müller et a l (1996) refuted this. The findings of 

this work, however, support the second claim, which seems plausible also with respect 

to the chronological order of publications.

Together with the films’ susceptibility to acidic hydrolysis the observations are 

important for the future implementation of the films as part of solid dosage forms. 

This means that a delivery device will have to be designed, which protects the films 

against both acidic and lipolytic activities in the upper part of the GIT.
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The results proved the digestibility of the seven starches when used in melt films, 

where they are embedded in the mono-myristic acid triglyceride Dynasan 114. 

Furthermore, the minimum film-forming temperature of 65 °C seems practicable in 

view of film manufacture in an industrial-size process. This is an important aspect in 

terms of production costs, which can hence be kept within reasonable limits. 

Reduction of material is furthermore achieved by the minimal film thickness of 20 

pm. Therefore, the findings from this work primarily implied the need for 

technological modifications if the films are to be used on solid dosage forms. 

Suggestions for the design of modified formulations are outlined in section 3.

In conclusion, starch appears to be a promising material for colon-specific drug 

delivery systems when used as the biodegradable component in Dynasan-114 melt- 

films. Such an application of starch in oral drug delivery devices furthermore benefits 

from the material’s non-toxicity, easy handling, low cost and selective enzymatic 

degradability in the colon.

3 Suggestions for future work

A successful colon delivery device requires the triggering mechanism in the dosage 

form to respond only to those physiological conditions that are characteristic of the 

colon (Yang et a l, 2002). The natural changes of the physiological parameters along 

the GIT can be exploited to incorporate certain mechanisms into a delivery system, 

which engender colon-specific drug release. In the literature, four principal 

approaches are commonly cited: prodrugs, microflora-activated systems and pH- and 

time-dependent systems (Yang et a l, 2002).

The disadvantage of the films’ susceptibility to acid hydrolysis as observed in this 

study could be overcome by the following technological solutions:

First, the starch melt-film could be enrobed by an acid-resistant coating, which 

protects the dosage form against the acidic milieu in the gastric region but still 

disintegrates before the actual drug release at the target site. Widely used pH-sensitive 

polymers include methacrylic resins, commercially available as Eudragit®. Among 

others, Eudragit®L is soluble at pH 6 or higher while Eudragit®S dissolves at pH 7 or
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higher, which is due to both polymers containing more esterified than carboxylic 

groups. The two polymers have also been successfully used in the formulation of 

mesalazine, a drug for inflammatory bowel disease and unstable at low pH, which has 

to be protected against the acidic environment in the upper GIT before being absorbed 

in the small intestine (Kinget et a l, 1998). As well as the delivery of mesalazine, 

Eudragit®L and Eudragit®S have been used for the enteral targeting of insulin 

(Touitou and Rubinstein, 1986) and prednisolone (Thomas et a l, 1985).

Khan et a l (2000) achieved drug release in the colon by coating tablets with 

combinations of Eudragit®, such as Eudragit®L100 and Eudragit®S100, which were 

found to be more effective than either polymer alone. The ratio of the two components 

was varied so that drug release could be manipulated within a pH-range from 6.0 to 

7.0. Using such a combination as a coating for a delivery device would allow drug 

targeting to any site of the intestinal region where the pH lies within 6.0 to 7.0. With 

respect to the findings of this work, these various Eudragit®-coatings could be used as 

an additional protection for a starch-Dynasan-114 film, whose starch fraction is 

eventually degraded by the colonic microbiota. As pointed out by Yang et a l  (2002), 

pH-specific drug delivery systems are still rather unpredictable in their site specificity 

owing to inter- and intra-subject variations as well as the pH-similarity between the 

small intestine and the colon. Moreover, while the pH usually changes depending on 

the different natures of the food or the state of inflammation, the intestinal microbiota, 

by contrast, are more robust against such variations. For these reasons, a delivery 

system relying on enzymatic activity rather than pH is more reliable under altered 

physiological conditions, such as during illness.

Second, the modification of the CODES®-system, introduced in Chapter 1, could be 

another solution to the abovementioned problem. The adaptation would consist of 

using a core tablet made of pressed pellets, which were previously coated with a 

starch-Dynasan-114 film. Drug release would directly follow the enzymatic digestion 

of this film instead of having to depend on the extra step of the conversion of the 

oligosaccharide to organic acids, which then degrade the acid-soluble coating around 

the core tablet. The similarity of both approaches lies in the biodegradability of the 

two coatings whilst the novelty resides in economizing on the acid-soluble coating in 

the CODES®-system.
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A similar delivery system, the Colon-Targeted Delivery Capsule (CTDC®), was also 

mentioned in Chapter 1. This system could be modified by replacing the acid-soluble 

bottom layer of the 3-layer coating with a starch-Dynasan-114 one. This would 

likewise reduce material by making the organic acid inside the capsule redundant. 

Following the dissolution of the enteric and hydrophilic layer of the CTDC® upon 

gastric emptying into the duodenum the starch-Dynasan-114 film would protect the 

capsule until it reaches the colon. Here, a-amylases would digest the film so that drug 

release can take place. As opposed to the unmodified CODES®-system, where the 

onset time of drug release is controlled by the thickness of the acid-soluble layer, that 

of the modified CTDC® would depend on the contact time and surface between the 

starch-containing film and the amylolytic enzymes.

A third approach would consist of the microencapsulation of the drug particles with 

glassy-state amylose by means of coacervation. This approach would combine the 

work of Milojevic et a l (1996), who produced amylose films from glassy-state 

amylose degradable by colonic a-amylase, with that of Cui et a l (1996). The latter 

authors prepared microspheres of acebutolol HCl with Eudragit® in a quasi-emulsion 

containing an acetone-ethanol solvent. The subsequent treatment with triethyl citrate 

as plasticizer significantly retarded the drug release rate due to the improved 

embedding of the drug in the polymer. Using glassy-state amylose for the 

coacervation of the drug particles, the created microspheres could be rendered 

resistant to premature digestion. If drug release within a very narrow pH-window is 

desired, the device could be coated instead by an acid-resistant film consisting of 

Eudragit®L or Eudragit®S for the abovementioned reasons. A second novelty could 

consist of filling the glassy-state-amylose micropheres into hard-gelatine capsules, 

which are enrobed by functional layers, such as those used in the CTDC®. In both 

devices, drug release from the microspheres could be further optimised by varying the 

thicknesses of the amylose layers, thus allowing a prolonged drug release as is the 

underlying principle in the CODES®-system. While drug release controlled by 

Eudragit® or as in the CTDC® should be fairly predictable it would be interesting to 

see to what extent the amylopectin-amylose ratio affects the coacervation of the drug 

particles and how efficiently such particles are digested by colonic a-amylases.
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So far, only thermally modified, i.e. pregelatinized, starches have been proposed as 

hydrophilic matrices for controlled oral delivery (Chebli et a l, 1999). Chebli et al. 

(1999) produced tablets from substituted Hylon 7, which consisted of a hydrophobic 

as well as a hydrophilic substituent grafted on the polysaccharide helix. While the 

former exerted a steric effect that caused the reduction or inhibition of the a-amylase 

activity on the molecule the second substituent increased the viscosity of the material. 

It was furthermore found that grafting an ionisable ftmction on the amylose chain 

could indirectly reduce a-amylase activity by complexing the Ca^^-ions in the 

enzyme. The manufacture and direct press-tabletting of substituted Hylon 7 was 

straightforward and the product was innately harmless for the human system. The 

improvement of this approach could be subjecting the starches to substitution in a 

stepwise fashion so that different degrees of substitution will be obtained. It will then 

have to be investigated whether pancreatic and colonic a-amylases hydrolyse the 

respectively substituted starches in different ways. If this is the case a delivery device 

controlling resistance to pancreatic amylolysis but allowing colonic amylolysis of the 

starch film could be developed.

Lastly, the starches could be used as matrices into which the drug of interest could be 

embedded. This would involve the extrusion and spheronization of starch pastes into 

pellets, which could then be coated in various ways to achieve the desired drug release 

patterns. Their underlying principle would be the disintegration of the coating under 

the respective pH-conditions followed by the degradation of the amylose fraction 

through the colonic a-amylases. The pellets could be filled into hard-gelatine capsules 

or be pressed into tablets whereby multiparticulate release systems are obtained. This 

would confirm the commonly held opinion that multiple-unit dosage forms are more 

reliable than single-unit ones for a time-controlled adjustment in drug release owing 

to smaller variations in intestinal transit time. Either vehicle could be further modified 

by applying specially designed coatings withstanding the intestinal environment with 

its characteristic pH and microbiota.
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