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ABSTRACT  
 

DEVELOPMENT OF A NOVEL GASTRO-
RETENTIVE DELIVERY SYSTEM USING 

ALUZOSIN HCL AS A MODEL DRUG  
 

Quan Liu  

Doctor of Philosophy  

Temple University 2010  

Doctoral Advisory Committee Chair: Dr. Reza Fassihi 

  
The objectives of this project encompass the design and development of a drug 

delivery system to continuously deliver therapeutic agents from the stomach to the 

proximal region of the intestine. The delivery system designed would have sufficient 

gastric residence time together with near zero-order release kinetics. The 

physicochemical properties pertaining to the formulation development of the model drug 

(alfuzosin HCl) were evaluated. Excipients were selected based on the studies of their 

physicochemical properties and compatibility with the active ingredient.  

Gastro-retentive dosage forms have been the topic of interest in recent years as a 

practical approach in drug deliveries to the upper GI tract or for release prolongation and 

absorption. These dosage forms are particularly suitable for drugs that have local effects 

on the gastric mucosa in the stomach. Other candidates include drugs that are likely to be 

absorbed in the upper small intestine, or drugs that are unstable in basic environment of 

distal intestine and colon or those with low solubility at elevated pH conditions (i.e. weak 

bases). To develop a gastro-retentive delivery system the following steps were taken. 



 iv

 First, to investigate the possible incompatibility issues between the model drug 

and excipients to be used for the delivery system. Stability and physicochemical 

properties of the active agent and its mixture with excipients were studied using 

analytical techniques such as Raman spectroscopy and Differential scanning calorimetry 

(DSC). No incompatibility issues were detected.  

Second, Kollidon SR as a relatively new release-rate controlling polymer was 

incorporated in the final formulation. For solid dosage form the ability of the final 

powder mix to flow well during manufacturing and the intrinsic characteristics that make 

it compressible are critical. The in-depth compaction study of Kollidon SR was assessed 

with the help of a compaction simulator. The flowability, swelling and erosion behavior 

together with release-rate retarding properties of Kollidon SR were also assessed.  

The final oral delivery system was based on Kollidon SR and Polyethylene Oxide 

(PEO) 303 as a monolithic matrix system. The noneffervescent monolithic matrix was 

made by direct compression. In vitro evaluation of the designed system released the 

active content in a near zero manner. The dosage form was bouyant in pH 2.0 acidic 

buffer with no floatation lag time which minimizes the possibility of early gastric 

emptying. 
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CHAPTER 1 
 

GASTRO-RETENTIVE DELIVERY SYSTEMS 
(GRDDS) 

 
1.1 Introduction 

Although tremendous advances have been made in drug delivery, taking costs and 

patient compliance into consideration, the oral route still remains the preferred route of 

administration for therapeutic agents. Generally, medicines are taken orally for either 

local or systemic therapeutic effects. Starting from stomach to the large intestine, the 

physical and chemical environment of the GI tract varies, which as a result generates 

different impacts on delivery system transit time and drug absorption. Table 1.1 shows 

the salient features of the GI tract. Taking the complicated physiological and anatomical 

variability of GI tract into consideration, together with the introduction of new 

technologies and pharmaceutical excipients having different physicochemical properties 

(e.g. high molecular weight polymers), the formulation scientist is able to develop 

various oral delivery systems which can release active ingredients in specific region of 

the GI tract with versatile release kinetics. Figure 1.1 shows examples of various delivery 

profiles possible using existing technologies for single drug delivery or drug 

combinations. Among all the novel oral delivery systems, gastro-retentive delivery 

systems (GRDDS) appear to be the most challenging delivery systems for local or 

systemic delivery of drugs. The aim of gastro-retentive delivery system is to continuously 

deliver drug solution from the stomach to the intestine via the prolonged gastric retention 

mechanism. 
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Table 1.1. Salient features of GI tract (Hwang et al., 1998) 

Segment  Function Size (Diameter×length) Surface pH 
Stomach   Digestion of food 12cm×20cm 3.5m2 1-3.5 
Duodenum Neutralization of 

acids 
3-5cm×20-30cm 2m2 4-6.5 

Jejunum Absorption of 
nutrients 

3-5cm×240cm 180m2 5-7 

Ileum Absorption of 
nutrients 

3-5cm×360cm 280m2 6-8 

Colon Absorption of water 3-9cm×90-125cm 1-3m2 6-8 
 

 

 

Figure 1.1. Examples of various delivery profiles possible with geometric modifications 
for a single drug or drug combinations (Fassihi, unpublished data). 
 
 
 

Digested food in the form of chyme will gradually and in a pulsatile manner 

empty into the small intestine. The time spent in each segment of the GI tract varies 

because the transit time in each part of the GI tract differs. Table 1.2 shows the transit 



 3

time in each segment of GI tract. Small intestine transit time remains constant (~3 hours). 

However gastric emptying time is unpredictable under all conditions. Sufficient gastric 

retention time is the prerequisite for gastro-retentive delivery dosage forms. At the same 

time the intake of food would change the physiology (motility) and environmental pH of 

stomach and GI tract, therefore food effect is another concern with regards to the 

performance of gastro-retentive delivery systems. 

 

Table 1.2. Transit time of GI tract (Hwang et al., 1998) 

Type of food Segment 
Liquid Solid 

Stomach 10-30 minutes <1 to >3 hours 
Duodenum Short Minutes to hours 

Jejunum & Ileum 3hrs ±1.5hrs 4hrs ±1.5hrs 
Colon - 20hrs-50hrs 

 

In a recently published work magnetic resonance imaging (MRI) and tablet 

labeling has been used to demonstrate the importance of gastric retention of the dosage 

forms (Steingoetter et al., 2003). Figure 1.2 shows a sketch of coronal view of the 

stomach illustrating the calculation of tablet floating performance based on intra-gastric 

tablet position in various parts of stomach. The location of the tablet within the stomach 

was analyzed at each time point based on the volume scan of MRI. Intra-gastric tablet 

location was calculated relative to the meal content in the proximal stomach and time 

after administration. Floating performance was defined as the ability of the tablet to float 

or remain on the meal surface, expressed as a percentage. A floating performance of 

100% corresponded to the tablet located on the upper most part of proximal stomach, 

whereas 0% corresponded to a tablet position around distal part of the stomach. Figure 
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1.3 shows the actual MRIs images of stomach and relative location of floating delivery 

system at different time point.  It is clearly demonstrated that the swollen matrix and 

floating system under investigation can remain in the stomach for at least 3.5 hours 

(Steingoetter et al., 2003).   
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Figure 1.2. Sketch of coronal view of the stomach illustrating the calculation of tablet 
floating performance based on intragastric tablet position (Steingoetter et al., 2003).   
 

 

 

 
Figure 1.3. Three-dimensional visualization of stomach volume and tablet position at 
times t =30, 90, 150, and 210 min of a volunteer that ingested a GRDDS. In this 
volunteer, the tablet was constantly swimming on the meal surface (floating 
performance of 97%). (Steingoetter et al., 2003).   
 

   30min                           90min                        150min                   210min 
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1.2 Drug Candidates for GRDDS 

Two main factors determine the oral bioavailability of certain drugs, solubility 

and permeability of the drug. With the introduction of Biopharmaceutics Classification 

System (BCS), drugs are assigned into 4 classes according to their solubility and 

permeability (figure 1.4). Drugs from BCS class 2 are highly permeable with low 

solubility (over the range of 1.5-7.5 pH). Since a drug must be in a solubilized and stable 

form to successfully cross the biological membrane, specific regional delivery in the GI 

segment where higher solubility exists would impact drug bioavailability. Weak bases 

would have a lower solubility in the less acidic intestinal environment, but most of the 

basic drug molecules would exist as ionized and soluble form with higher solubility 

under acidic condition with pH at least 2 units below their pKa. For weak bases from 

BCS class II such as verapamil, prolonged gastric retention would result in improved oral 

bioavailability due to the higher solubility in acidic stomach environment. 

 

Class I: High solubility 
             High permeability 

Class II: Low solubility 
               High permeability 

Class III: High solubility 
                Low permeability 

Class IV: Low solubility 
                Low permeability 

Figure 1.4. Biopharmaceutics classification system (BCS) (Amidon et al., 2004) 

 

A major constraint in oral controlled drug delivery is that not all drugs are 

absorbed uniformly throughout the GIT. Some drugs are absorbed in a particular portion 

of the GI tract or are absorbed to a different extent in various segments of GI tract. Such 

drugs are said to have an “absorption window”, which identifies the drug’s primary 

region of absorption (Chawla et al., 2003). An “absorption window” implies when 
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physiological, physiochemical, or biochemical factors play a role in limiting absorption. 

Three mechanism or pathways are mainly involved in drug absorption, including passive 

diffusion, active transportation and endocytosis, among them most drugs are absorbed via 

passive diffusion. Weak bases absorbed via passive diffusion would have more molecules 

in soluble form in acidic environment, thus prolonged gastric retention tend to increase 

their absorption in the proximal small intestine, for instance Verapamil HCl (Patel et al., 

2009). Drugs absorbed by active and facilitated transportation also show higher regional 

specificity because of the prevalence of these mechanisms in certain region of the GI tract. 

Enalapril is mainly absorbed in the upper small intestine by saturable carrier-mediated 

process via the dipeptide transporter system. Thus continuous delivery of enalapril from 

stomach via a gastro-retentive delivery dosage form would avoid the saturation of 

dipeptide transporters and result in improved bioavailability. Due to the existence of 

narrow absorption window, GRDDS for Metformin HCl (Boldhane & Kuchekar, 2009), 

riboflavin (Kagan et al., 2006; Yao et al., 2008) and furosemide (Meka et al., 2009) have 

also been designed.  

Regional variability in absorption may also be attributed to the presence of 

enzymes and efflux pumps in the intestine. P-gp mRNA level increases longitudinally 

along the intestine with colon having the highest level. Drugs that are P-gp substrate and 

not subject to oxidation, such as digoxin, would have improved performance when 

incorporated in gastro-retentive delivery systems.  

Drugs for bacterially-related ulcer treatment are also good candidates for gastro-

retentive delivery with potentiation of their localized effect in the stomach. A layered 

matrix floating system has been developed for H. pylori treatment, from a fabricated 
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matrix of famotidine, colloidal bismuth, metronidazole and tetracycline having different 

release kinetics (Wu et al., 2004). Alfuzosin hydrochloride tends to be absorbed in the 

proximal small intestine and thus would be a good model drug for design of a gastro-

retentive delivery system. 

There are also many drugs which may not be suitable for delivery in the stomach. 

From a theoretical point of view, these instances are few and mainly depend on the 

characteristics of the drug substances. It is evident that drugs unstable in acidic pH of the 

stomach can not be used in gastro-retentive dosage forms. Enteric-coated systems or 

sustained-release forms prepared with enterosoluble polymers should not be considered 

as candidates for gastro-retentive delivery system. Because these dosage forms are 

unaffected during their gastric residence, the time of initial and peak drug plasma levels 

can be markedly delayed if a prolonged gastric retention occurs.  
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1.3 Factors Affecting Gastric Transit and/or Gastric Retention 

Sufficient gastric retention is critical for the performance of gastro-retentive 

delivery dosage form. During the transition of food or drug in human GI tract, gastric 

transit time is one of the most difficult characteristics to be anticipated. There are several 

factors that could affect the gastric transit, which in turn will impact the therapeutic 

performance of gastro-retentive delivery dosage forms. These factors include: density, 

size of dosage form, concomitant intake of food and drugs such as anticholinergic agents 

(e.g. atropine, propantheline), opiates, and prokinetic agents (e.g. metochlopramide, 

cisapride) and biological factors such as gender, posture, age, body mass index and 

disease states (e.g. gastrointestinal diseases, diabetes, Crohn’s disease) (Singh et al., 

2000; Reddy et al., 2002).  

Dosage forms having density lower than that of the gastric fluid would float and 

have longer gastric retention. A density less than 1.0g/ml is a prerequisite for a delivery 

system to flow in the stomach. Generally, the system with higher density would settle to 

the bottom of the stomach faster, and are subjected to shorter gastric retention.  

The size is another gastric retention time controlling factor, especially for the 

system achieving gastric retention via a largely swelled or expanded volume. The mean 

gastric residence times of non-floating dosage forms are highly variable and greatly 

dependent on their sizes. At fed conditions, smaller units get emptied during the digestive 

phase and larger units are expelled by the housekeeping waves (Oth et al., 1992). 

Generally, dosage form with larger size would stay in the stomach for longer time, 

because it takes longer time for the larger size units to be empted (Singh et al., 2000). The 

impact of size on the gastric retention time for non-disintegrating tablets has been 
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investigated (Khosla et al., 1990). The order of the mean gastric retention of those tablets 

with different size was: 13mm (171min) > 11mm (128min) > 7mm tablets (116min). 

Difference in the gastric retention time could be attributed directly to the opening of 

resting pylorus. It seems that size does not have significant impact on the gastric 

emptying of floating systems (Munk et al., 1978). For effervescent systems, it is floating 

that helps them away from the pyloric sphincter. Then intragastric buoyancy, floating 

time and lag time for floating rather than size are factors should be taken into 

consideration during the design of floating delivery systems.  

Food intake, nature of the food, especially its caloric content, and frequency of 

feeding could affect gastric retention of dosage forms. The caloric content of food is the 

primary key affecting the rate of gastric emptying. Increased acidity and osmolarity in 

food may slow down gastric emptying. Usually, the presence of food increases the gastric 

retention time of oral dosage forms and increases drug absorption through longer 

residence time at the absorption site. Both non-floating and floating single units would 

have a longer gastric retention at fed condition. It was found that under fed condition, 

floating systems had longer gastric residence time than nonfloating units. However, with 

no food the floating system did not significantly retard gastric emptying (Agyilirah et al., 

1991). Therefore, most GRDDS are suggested to taken after meal for maximal 

therapeutic outcome.  

Generally women have a slower gastric emptying than men regardless of weight 

and body surface area. The gastric retention is prolonged in the elderly, especially in 

individuals over 70. Various postures also have different impact on the gastric retention. 

It was found that mean gastric residence time is significantly different for individuals in 
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upright, ambulatory, and supine states. In the upright position, the floating systems 

floated to the top of gastric contents and remained in the stomach away from the pylorus 

with prolonged gastric residence time. A non-floating system settled to the bottom part of 

the stomach and underwent faster emptying (Moes et al., 1993). In a supine position, it 

was observed that the floating units emptied faster than non-floating units with similar 

size. The gastric emptying is slower in individuals resting on their right side than on the 

left side. When laid on the left side, dosage forms have more chance to be presented to 

the pylorus.  

The shape of the dosage form could be one gastric residence time controlling 

factor, especially for the expanding delivery systems. The impact of dosage form shape 

on gastric retention was investigated (Cargill et al., 1988). Dosage forms in six shapes 

(ring, tetrahedron, cloverleaf, string, pellet and disk) were evaluated in vivo. It was found 

that shapes had a significant impact on their gastric retention. Tetrahedron (each leg 2cm 

long) and ring (3.6cm in diameter) shaped units could stay in the stomach for at least 

24hours. While, string (12cm×2mm×2mm or 24cm×2mm×2mm) and pellet shaped (4mm 

in diameter) dosage forms were totally expelled within 24 hours. 
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1.4 Approaches to the Design of GRDDS  
 

Several approaches including floating, swelling, sedimentation, and adhesion, 

have been explored to increase gastric retention of dosage forms (figure 1.5). 

 

 

Figure 1.5. Gastro-retentive delivery systems proposed (Rocca et al., 2004). 

 

Each of these approaches will be discussed in the following pages. 
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1.4.1. Mucoadhesive Drug Delivery System 

Since wall of the stomach is covered by a layer of mucus, then formulation which 

can interact with mucin as the principle structural component of mucus via mucoadhesion 

would have prolonged gastric residence time. The mechanism of mucoadhesion is 

thought to be through the formation of electrostatic and hydrogen bonding at the 

contacting surface. The simplest way to achieve mucoadhesion is adding polymers that 

could interact with mucin. Most of the hydrophilic polymers have some extent of 

mucoadhesion, and Carbopol (cross-linked poly acrylic acid) is one of the popular 

polymers used in bioadhesive dosage forms. Rheology studies are normally carried out to 

verify the potential of interaction between polymers and mucins in aqueous solution. 

However, rheological data can not quantitatively reflect the mucoadhesive interaction. 

Tensiometer testing is used to measure the force necessary to separate the two surfaces 

after the bioadhesive bond has been formed, and has been used to determine the 

bioadhesive strength of polymers (Rober et al., 1988). Although tensiometer testing is 

useful for the classification of polymers for adhesion, it is not accurate, and moreover it is 

not suitable for aqueous solution with relatively low concentration of polymer. 

Furthermore all in vitro data are acquired under ideal condition. In another word, they are 

collected after mucoadhesive interaction already has been set up. Thus translation of in-

vitro data into actual bioadhesion may not be a feasible solution because the bond 

formation is uncontrolled and prevented by the acidic environment. High turnover of 

mucus makes adhesion to gastric mucosa even more difficult. A major problem with 

mucoadhesive delivery systems made of Carbopol is that they stick to almost everything 

they contact with. All interactions other than mucoadhesion would easily compromise 
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their ability to stick to the mucus layer. Although bioadhesion is still the basic solution to 

improve residence time of dosage forms for other routes of administration (buccal, nasal, 

rectal, vaginal and topical ophthalmic), it now seems that the prolongation of gastric 

residence time via mucoadhesion has not been commercially available. 

 

1.4.2. Swelling and Expanding System 

Another way to retain a dosage form in the stomach is by increasing its size so 

that it could not be expelled easily through the pylorus into the intestine. Taking patient’s 

adherence and the impaired swallowing ability of elderly patients or kids, the gastro-

retentive delivery system should be small initially and swell once it reaches the stomach. 

The swollen or expanded form should occur as quickly as possible to have sufficient 

gastric retention. The longer it remains in its swollen or expanded shape, the longer the 

gastric retention time would be. Moreover, the enlarged form should be strong enough to 

be able to withstand the powerful housekeeper waves to guarantee 100 percent release of 

the entire dose.  

The expansion could be achieved by system swelling or unfolding. The extensive 

swelling is a result of the physical-chemical cross-linking in the hydrophilic polymer 

network. Cross-links prevent the dissolution of the polymer and maintain the physical 

integrity of the dosage form. The extent and duration of swelling can be controlled by the 

degree of cross-linking. With high degree of cross-linking, swelling of the system is 

restrained so that the swollen form can be maintained for a relatively long time period 

(figure 1.6). When lower cross-linking polymer is used, the extended release system 
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would undergo extensive swelling followed by the eventual dissolution of the polymer 

due to extensive erosion of polymer chains (Chawla et al., 2003). 

 

 

Figure 1.6. Swelling and erosion behavior in terms of degree of cross-linking. 

 

Unfolding can be achieved via mechanical shape memory. The folded dosage 

forms are usually inserted into a carrier. The system starts to unfold due to its intrinsic 

mechanical strength once the carrier, normally gelatin capsule, is dissolved. Expanding 

systems via unfolding with all kinds of shapes have been suggested (Curatolo et al., 1995, 

Sonobe et al., 1991, Caldwell et al., 1988, figure 1.7). Various in vivo animal studies 

verified the prolonged gastric residence of those unfolding delivery systems (Cargill et al., 

1988 & 1989). Stratified polymer sheet (Accordion Pill
TM 

from Intec Pharma) is another 

example of such systems. The prolonged gastric retention of Accordion Pill
TM 

has been 

verified in vivo by both gamma-scintigraphy and MRI studies. Using riboflavin as a 
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model drug, a two fold increase in blood level was observed compared with an immediate 

release dosage form with same strength (Intec Pharma, 2007). The swollen system 

eventually loses its physical integrity as a result of abrasion or system dissolution or 

erosion. Safety is a big concern for the expanding system. The expanded form should not 

have any sharp edges to avoid local mucosal damage. To eliminate the possibility of 

multiple system accumulation, there should be sufficient time interval for the gastric 

emptying of the first dose. Moreover, expanding systems made of non-eroding or non-

dissolving materials are unacceptable because of hazard of permanent retention and 

potential serious life-threatening effects. 

 

 

Figure 1.7. Expanding system with different shapes (Caldwell et al, 1988). 
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1.4.3. High Density Systems 

The use of dosage forms of high density, which might remain in the rugae of the 

stomach longer, has been proposed for retarding gastric emptying. Barium sulfate, Zinc 

oxide, titanium dioxide and iron powder have been used to manufacture these systems. 

The density of such delivery systems should be at least about 1.4g/cm3 
(Moes et al., 

1993). It has been shown that systems with density of 3g/ cm3 
could withstand the 

stomach’s peristaltic movement (Singh et al., 2000). Most systems reported in the 

literature are composed of multiple-units (small beads (<10mm) with density less than 

2g/cm3). Single-unit dosage forms could not significantly extend gastric residence time. 

In-vivo experiments are scarce for either animal or clinical investigation. The major 

drawback of high density systems is the technical difficulty associated with 

manufacturing. With a large amount of drug (>50%), achieving required density of 2.4-

2.8g/cm3 
would be challenging. 

 

1.4.4. Floating Systems 

Most of the commercialized gastro-retentive delivery systems are floating systems 

(see table 1.3). According to the type of systems, floating systems can be classified as 

single-unit or multiple unit system. Floating could be achieved by gas generation agents 

incorporated. The second method is delivery system with density less than 1g/cm3. 
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Table 1.3. Examples of the marketed products of gastro-retentive delivery systems 
(modified from Jain et al., 2005).  
 
Brand name Delivery system Drugs (dose) Company, country 
Madpar Floating, CR capsule Levodopa (100mg), 

Benserazide (25mg) 
Roche Products, USA

Valrelease Floating capsule Diazepam (15mg) Hoffmann-laRoche, 
USA 

Liquid 
Gaviscon 

Effervescent floating 
liquid alginate 
preparation   

Al hydroxide (95mg) 
Mg carbonate (385mg)

GlaxoSmithKline, 
India 

Topalkan Floating liquid 
alginate preparation 

Al-Mg antacid Pierre Fabre Drug, 
France 

Almagate 
Flot Coat 

Floating dosage form Al-Mg antacid  

Conviron Colloidal gel forming 
floating dosage form 

Ferrous sulphate Ranbaxy, India 

Cifran OD Gas-generating 
floating form 

Ciprofloxacin (1g) Ranbaxy 

Cytotec Bilayer floating 
capsule 

Misoprostol 
(100mcg/200mcg) 

Pharmacia, USA 

Glumetza Layered floating 
matrix 

Metformin (500mg) Depomed 

ProQuin XR Layered floating 
matrix 

Ciprofloxacin (500mg) Depomed 

 

The non-gas generating single unit systems are made of one or more highly 

swellable, gel-forming hydrophilic polymer in a high level (20-75% w/w). These 

polymers includes cellulose derived hydrocolloids (e.g. hydroxypropyl cellulose, HPMC 

and CMC-Na), polysaccharides or matrix forming polymers (e.g. polycarbophil, 

polyacrylates and polystyrene (Hilton &. Deasy 1992). figure 1.8, 1.9). Some of those 

floating delivery systems are made by intimate mixing of drug with a gel-forming 

hydrocolloid. Once in contact with gastric fluid or dissolution media, the gel-forming 

hydrophilic polymer would swell and maintain the swollen shape. The swollen density 

would be less than 1g/cm3 
(Hilton &. Deasy 1992). The trapped air by the swollen 

polymer confers buoyancy to these systems. The gel layer formed by hydrophilic 
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polymers also acts as a barrier for drug dissolution. Passive diffusion is the only 

mechanism for drug release. These systems are also referred as Hydrodynamic Balanced 

Systems (HBS). It was found that one capsule shaped HBS could remain buoyancy in 

gastric fluid for more than 13 hours (Franz et al., 1993). The presence of small amount of 

fatty material to prevent the escaping of entrapped air and impede wetting, also aids 

buoyancy. With the proper polymer combination and system design, the desired floating 

time and appropriate drug release kinetics can be achieved. Since HBS floats in a 

relatively passive manner, its buoyancy largely depends on the polymer characteristics, as 

well as the amount used. 

 

 

Figure 1.8. Hydrodynamically balanced system in capsule shape (Dubernet et al., 
2004). 
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Figure 1.9. Tablet shaped HBS (A) monolithic system, (B) bilayer matrix (Chien et al., 
1992, Desai et al., 1984). 
 

An alternative method of producing floating dosage form is by adding gas-

generating agents. The generated gas is trapped within the system and may provide the 

desired low density (Moes et al., 1993; Liu & Fassihi, 2008; Meka et al., 2008; 

Kakumanu et al., 2008; Shishu & Aggarwal, 2008). These buoyant delivery systems are 

based on matrices prepared with swellable hydrophilic polymers and gas generating 

agents like sodium bicarbonate or calcium carbonate. Carbon dioxide is generated by the 

reaction between the carbonate salts and gastric acid. The carbon dioxide generated is 

entrapped in the gel layer formed by the swelling of hydrophilic polymers. The generated 

carbon dioxide in the systems provides lower density and contributes to easier floatation. 

A decrease in specific gravity caused by the entrapped gas would help the dosage form to 

float or partially float on the gastric content. The effervescent delivery system can be 

designed either as a monolithic matrix or layered system. The gas generating agent is 

incorporated in at least one of the layers (figure 1.10). As the source of buoyancy, carbon 
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dioxide should be generated as soon as the dosage reaches the stomach. A poorly 

designed system may be emptied before it has a chance to float. One major problem with 

gas generating systems is their long term stability due to the presence of reactive salts. 

 

 

Figure 1.10. Examples of effervescent floating system developed (Wu 2004, Ingani et 
al., 1987, KrÖgel & Bodmeier 1999). 
 

For conventional oral sustained release dosage forms, multiple units perform 

better than single unit because they disperse uniformly along the GI tract and suppress 

intra- and inter-subject variability. In addition, multiple-units may have the advantage of 

avoiding all-or-nothing emptying and increases the probability that some of the dose will 

remain in the stomach (Fell et al., 2000; Reddy et al., 2002; Streubel et al., 2002; Jain et 

al., 2006; Jain et al., 2007; Mishra & Pathak, 2008; Stops et al., 2009; Jain et al., 2009). 

Most of the multiple-unit floating systems developed are hollow microspheres or beads. 
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1.5 Objectives of Study 

Alfuzosin hydrochloride (Al) is one of the more frequently prescribed drugs for 

the treatment of Benign Prostatic Hyperplasia (BPH), a disease which threatens the life 

quality of millions of men. The American health care policy and research (AHCPR) 

guidance recommends Al as the first line drug for BPH treatment. In U.S. it is available 

as a 10mg once daily three-layer floating sustained-release tablet marketed under the 

trade name of Uroxatral by Sanofi-Aventis. This kind of three layer tablet uses 

sophisticated process and is associated with certain limitations as far as its manufacturing 

and scale-up operation is concerned. These include layer compatibility, physical stability, 

homogeneity of API and multiple step manufacturing. Alfuzosin hydrochloride, freely 

soluble, used as a low dose highly potent drug is mainly absorbed in the proximal small 

intestine and would be a good model drug for design of gastro-retentive delivery system.  

The purpose of this study is to develop a floating monolithic matrix system as 

opposed to the three-layer composite matrix, for constant delivery of alfuzosin over a 

prolonged time. The drug release should be similar to the marketed product. The 

proposed formulation should be easy to manufacture, potentially delivering API by near 

zero-order kinetics similar to the marketed product. The designed system ideally will 

float to the top of an aqueous medium without any significant lag time. The polymer 

systems adopted for this purpose are combinations of Polyethylene Oxide (PEO), and 

Kollidon SR (KSR) together with appropriate excipients. Several investigative research 

approaches are defined to accomplish the proposed objectives. These include: 
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 Preliminary preformulation study on alfuzosin HCl and its compatibility issue 

with polymers to be used in the final formulation.  

 Compaction study of Kollidon SR and its combination with other commonly used 

pharmaceutical excipients using a compaction simulator.  

 Comparable assessment of floatability, swelling, erosion and release 

characteristics of Kollidon SR.  

 Assessment of drug release from gastro-floatable delivery system with a more in 

vivo relevant dissolution system.  

 Development and optimization of new three-layer, two-layer and monolithic 

matrix systems for alfuzosin release in accordance with zero-order kinetics.  
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CHAPTER 2 
 

PREFORMULATION STUDIES RELATED TO 
ALFUZOSIN HYDROCHLORIDE 

 
2.1 Introduction 

In the beginning of last century, formulation design was still an empirical process. 

The late 1950s and early 1960s witnessed the birth of “preformulation study”. At that 

time, to investigate the possible stability and compatibility issues of drug formulations, 

more and more pharmaceutical scientists shifted their focus to thorough understanding of 

physical and chemical properties of drug molecules and their impact on formulation 

performance (Adeyeye and Britain, 2008). Lipinski's Rule of Five (Lipinski et al., 1997) 

can be deemed as a constructive guidance with the aim to link physicochemical 

properties of drugs to their possible pharmacokinetic performances. The wide application 

of high throughput screening computational synthesis technology acted as a driving force 

towards preformulation study design protocols with broader and deeper scope. The 

progress of modern analytical technology makes the preformulation investigation more 

convenient, faster and reliable. Nowadays high throughput preformulation study with 

scarce quantity of new chemical entity (e.g. less than 50mg) is possible.  

As an integral part of R&D, preformulation studies act as a bridge connecting 

drug entity discovery with drug delivery (Niazi, 2006). With well organized and 

sufficient preformulation studies, the best physicochemical form of the drug candidate 

will be picked based on a thorough understanding of its physical and chemical properties. 

The information will finally end up with a practical drug delivery system with the least 

possibility of physicochemical incompatibility, instability and manufacturing 
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complications. Typically, preformulation study begins during the lead optimization phase 

and would remain as part of the early phases of development (Sarfaraz, 2007).  

The classic preformulation studies mainly focus on physicochemical 

characterization of the solid and solution properties of compounds. Nowadays increasing 

new parameters are evaluated in the preformulation stage. Thorough assessment of these 

parameters can systematically enrich our understanding of how proper a drug candidate 

should be selected with respect to drug development. Figure 2.1 summarizes one typical 

scheme for main parameters evaluation during preformulation study. The majority of 

these studies mentioned in figure 2.1 would be applicable to every drug candidate, and 

the actual preformulation study protocol may vary depending on regulatory requirements, 

market requirements and technological requirements. Based on experiences and literature 

review of compounds with similar physicochemical properties, some of them may be 

excluded from the preformulation study protocol. Under very specific conditions, 

additional factors may be covered depending on the drug compound properties and 

applications. For biopharmaceutical drugs like monoclonal antibodies and recombinant 

DNA proteins, the items or parameters and relevant analytical techniques would be 

different. Development of well established drug compounds may require less time and 

energy input in preformulation study, although certain parameters need to be evaluated 

before any formulation attempt. 
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Figure 2.1. A typical flowchart of preformulation study (Schultz, 2004)  
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2.1.1 Polymorphism  

Crystalline structure investigation forms the core of preformulation studies 

because almost all physicochemical and pharmacokinetic variables could be attributed to 

crystalline structure change. Polymorphism is generally defined as the ability of a 

substance to exist as two or more crystalline phases that have different arrangements 

(figure 2.2) and/or conformations (figure 2.3) of the molecule in the crystal lattice 

(Haleblian et al., 1969 & 1975). Different atom or molecule arrangement generates unit 

cells with various shapes or dimensions. And those differences will be reflected by 

physicochemical variables such as density, dissolution rate, bioavailability, solubility, 

stability, melting point and mechanical properties. Molecules of solvent as impurities can 

be imbedded in crystal lattice, which results in crystals termed as solvate. Solvate could 

be formed during crystallization, lyophilization, wet granulation, and aqueous film 

coating or spray-drying. If the imbedded solvent is water, then these crystals are termed 

as hydrates. It is possible that a solvate embeds two different solvent molecules. Some 

hydrates could exist in different polymorphic forms. A good example is nitrofurantoin 

monohydrate, which has two different ways to embed water molecules (Caira et al, 1996). 

Generally, most hydrate exhibit a whole-number-ratio stoichiometry, metastable caffeine 

hydrate contains 0.8 mole of water per mole of caffeine (Pirttimaki et al., 1994). 

Materials can also exist as an amorphous state with no long-range order in lattice 

arrangement. Amorphous forms are thermodynamically unstable with high free energy. 

Although amorphous solid are generally avoided from the chemical and thermodynamic 

stability point of view, they are occasionally preferred due to rapid dissolution associated 
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with its higher apparent solubility. As a result much effort has to be made to retard the 

rate of transformation of amorphous state into more ordered crystals.  

Polymorphic system (including co-crystals and solvates) can also be classified as 

monotropes or enantiotropes. When there is a transition temperature (Tg) below the 

melting point, and one form is stable below that temperature and it can reversibly 

transform into another form which is stable above the transition temperature, then 

enatiotropic polymorph exist. In the monotropic system, one form is stable with lowest 

solubility and free energy at any temperature. Great efforts have been made to using key 

thermodynamic parameters such as heat of fusion (∆Hm) and melting temperature (Tm) to 

infer transition temperature and types of polymorphic system (Yu, 1995). Table 2.1 listed 

thermodynamic rules proposed by Burger and Ramberger to differentiate polymorphic 

transitions (Burger & Ramberger, 1979). When dissolution is the rate limiting step for the 

absorption of a certain drug, a metastable form with higher solubility at physiological 

temperature may be preferred. 

 

 

Figure 2.2. View of unit cell contents for two polymorphs of acetaminophen: 
orthorhombic form (left) and monoclinic form (right) (Haisa et al., 1974&1976). 
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Figure 2.3. The molecular conformations of the spiperone molecule in polymorphic 
form I (top) and II (bottom) (Azibi et al., 1983). 
 
 
 
 
 
Table 2.1. Thermodynamic rules for polymorphic transition, where Form I is the 
higher melting form (Burger and Ramberger, 1979).  
 

Enantiotropy Monotropy 
Tt <TM, I Tt >TM, I 

Form I is stable above transition T Form I always stable 
Form II is more stable at T< Tt - 

Transition reversible Transition irreversible 
T<Tt :Solubility of form I > solubility of form II Solubility of form I < solubility of form II
T>Tt :Solubility of form I < solubility of form II - 

Transition form II to I, endothermic Transition form II to I, exothermic 
∆Hf

I <∆Hf
II ∆Hf

I >∆Hf
II 

ρI < ρII ρI > ρII  
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Different polymorphic forms can be obtained by various processes or methods. 

Sublimation refers to the process where substance transforms directly from solid state to 

gas state. Sublimation can be used for polymorphs screening for thermal stable 

substances, and the sublimation temperature and distance of the collecting surface from 

the material undergo sublimation will determine the type and size of crystals generated. 

Solvents with different hydrogen bond donating or accepting capacity would favor or 

inhibit the crystal growth in certain directions and may impact crystallization and 

formation of polymorphs. Degree of saturation and rate of cooling also have great impact 

on crystal shape and its formation. For instance, three different crystal forms of mannitol 

can be generated with different combinations of starting concentration and cooling rates 

(Kim & Nail, 1996). Evaporation from a binary mixture of solvents is another popular 

procedure used for polymorphs screening. In this method, with a good solvent, saturated 

solution of the solute under investigation is prepared firstly. Then a second solvent in 

which the solute is sparingly soluble is added, the two solvents used are miscible so that 

the molecules of solute would have chance to undergo precipitation. Some polymorphic 

forms could be produced via thermal desovlation of solvates. Depending on the rigidity 

of the original lattice, either new crystals or amorphous solid can be obtained. Similarly, 

the impact of solvents with different polarities, presence of additives or impurities could 

promote or inhibit the growth of certain crystals. It was found that form I crystal of 

terephalic acid could only be obtained in the presence of p-toluic acid (Davey et al., 

1994).  

Hydrates can be classified into three categories according to the embedment 

mechanism of water molecules. Class I of hydrate (e.g. Cephradine dihydrate) is formed 
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when water molecules are embedded in isolated lattice site. On its DSC thermogram 

sharp endothermic peaks show up. Water molecules could form channels through the 

crystal (class II hydrate), which will be presented by early onset of dehydration 

temperature together with a broad dehydration peak. When it comes to the class III 

hydrates (ion-associated water), interactions between metal ions and water molecules are 

the major forces forming the crystal structure. As a result, dehydration takes place at very 

high temperature.  

As a powerful tool, X-ray powder diffraction (XRPD) can be employed to discern 

crystals with various lattice structures. In graph generated by X-ray diffraction, peak 

intensities are determined by the contents of unit cells, while the peak positions are 

closely related to the cell parameters. With no long range order, XRPD graphs of 

amorphous solids do not show sharp peaks. Single crystal X-ray diffraction is a routine 

analytical method for unit cell structure elucidation.  

The preformulation study in this research project is limited to physicochemical 

compatibility, solvate and crystalline form screening as a preliminary study for eventual 

formulation development.  
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2.2 Alfuzosin HCl 

As a member of the second generation of α1–adrenoceptor antagonists, alfuzosin 

HCl (figure 2.4) is approved by the FDA on June 12, 2003 for the treatment of Benign 

Prostatic Hyperplasia (BPH). It is available in a hydrochloride salt form. BPH 

pathologically refers to the increased size of the prostate in middle-age and elderly men. 

Clinically Benign prostatic hyperplasia has two physiological components: a static 

component related to enlarged prostate size and a dynamic component via the increased 

prostate smooth muscle tone. In the 1970s Dr. Caine discovered that α1-adrenoceptor was 

predominant in the prostatic stroma and capsule. Blockage of the α1-adrenoceptor 

relieves BPH symptoms via reducing the tone of the prostate smooth muscle. 

 

N

N N NH

O

CH3O
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O
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Figure 2.4. Chemical structure of alfuzosin HCl.  
                  (R, S)-N-[3-[(4-amino-6, 7-dimethoxy-2-quinazolinyl) methylamino]       
                  propyl] terahydro-2-furancarboxamide hydrochloride 
 

The empirical formula of alfuzosin hydrochloride is C19H27N5O4 HCl, and its 

molecular weight is 425.9 with a pKa of 8.1. Its clinical efficacy and safety have been 

verified by several clinical trials (Wile at al, 1993; Roehrborn et al., 2003; Lukacs et al., 

2000; Mottet et al., 2003).  
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To synthesize alfuzosin hydrochloride, several steps will be involved (Reddy et 

al., 2007, figure 2.5):  

1. Reacting 2-tetrahydrofuroic acid in the presence of suitable acid catalyst to give 

methyl ester compound in-situ reacting with diamine compound of in a suitable 

solvent to give N1-Methyl-N2-(tetrahydrofuroyl-2-)-propylenediamine,  

2. Reacting N1-Methyl-N2-(tetrahydrofuroyl-2- )-propylenediamine with 4-amino-2-

chloro-6, 7-dimethoxyquinazoline in a suitable solvent to give N1-(4-amino-6, 7-

dimethoxyquinazol-2-yl)-N1-methyl-N2-(tetrahydrofuroyl-2)-propylenediamine,  

3. Purifying N1-(4-amino-6, 7-dimethoxyquinazol-2-yl)-N1-methyl-N2-

(tetrahydrofuroyl-2)-propylenediamine by using a suitable selected from alcoholic 

solvents and/or keto solvents and/or ester solvents and/or chloro solvents,  

4. Converting the free base into alfuzosin hydrochloride by treating with alcoholic 

hydrochloric acid in suitable solvent. 
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Figure 2.5. Synthesis of alfuzosin HCl as reported in the literature (Reddy et al., 
2007) 
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The physicochemical and pharmacokinetic properties of alfuzosin hydrochloride are 

listed in table 2.2. In Europe, both immediate release and delayed release alfuzosin HCl 

are available. The immediate release tablet contains 2.5mg of alfuzosin HCl, and is 

required to be taken three times daily. For the alfuzosin HCl 5mg delayed release tablet, 

regimen of two times a day is recommended. Uroxatral
TM 

is an extended-release tablet 

which contains 10mg of alfuzosin hydrochloride marketed by Sanofi-Aventis. The FDA 

recommended 10mg extended release tablet once daily as regimen for Lower urinary tract 

symptoms (LUTS) associated with BPH. 

 

Table 2.2. Physicochemical and pharmacokinetic characteristics of alfuzosin HCl 
(information listed were complied from Merk index, 2006, Sanofi-Aventis, 
2007 and physician’s desk reference, 2008) 

Characteristics Value 
Molecular formula C19H27N5O4 HCl 
CAS No. 81403-68-1 
Molecular weight 425.9 
Appearance White to off-white crystalline powder 
pKa 8.1 
Melting point 240°C 
Solubility Freely soluble in water, sparingly soluble in alcohol, and 

practically insoluble in dichloromethane. 
Absolute bioavailability 64% 
Mean volume of distribution 3.2 L/kg 
Protein binding 82% to 90% 
Metabolism Extensive metabolism by the liver via three metabolic 

pathways: oxidation, O-demethylation, and N-
dealkylation. The metabolites are not pharmacologically 
active. CYP3A4 is the principal hepatic enzyme isoform 
involved in its metabolism. 

Elimination 11% excreted as unchanged, metabolites was 69% in 
feces and 24% in urine 

Elimination half life 10 hours (Uroxatral) 
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2.3 Materials and Methods 

2.3.1 Materials 

Alfuzosin hydrochloride (Al) was purchased from Lunan Pharmaceuticals (Linyi, 

China). Kollidon SR was donated by BASF chemical (Shreveport, LA). Polyethylene 

Oxide (PEO) 303 was provided by Colorcon Inc (WestPoint, PA). Magnesium stearate 

NF was provided by Sigma Aldrich (St. Louis, MO). 

 

2.3.2 Methods 

2.3.2.1 Drug-excipient Compatibility 

Excipients as components in the formulation to be finalized in Chapter 6 were 

employed here to assess the compatibility issue with the active ingredient. The 

combination of excipient and alfuzosin hydrochloride and relative weight ratio are shown 

in table 2.3. Alfuzosin HCl and excipient selected were precisely weighed before 5-min 

mixing in mortar. The possible incompatibility was assessed by DSC, IR spectroscopy.  

 

Table 2.3. Excipients used in compatibility study. 

Excipient Function Alfuzosin: excipient ratio
Polyethylene Oxide (PEO) 

303 
Hydrophilic matrix 

formation/release modifier 
1:5 

Kollidon SR Release modifier/matrix 
formation 

1:5 

Magnesium stearate Lubricant  5:1 
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 2.3.2.2 Thermal Analysis 

Thermoanalytical techniques quantitatively characterize transition or 

transformation of physical and chemical properties associated with the change of 

temperature. Differential scanning calorimetry (DSC), differential thermal analysis 

(DTA), thermomechanical analysis (TMA), hot stage microscopy, capillary melt, 

dielectric thermal analysis (DEA), and themogravimetric analysis (TGA) are among 

those methods. DSC has a wide application in pharmaceutical sciences. Through the 

changes in heat capacity, heat of fusion and the intrinsic shape of thermograms, DSC data 

can be used to characterize sample identity and purity (Ford and Timmins., 1989), 

solvation (Allen et al., 1978), kinetics of decomposition, excipient compatibility 

(Jacobson et al., 1969; Shibata et al., 1983) and polymorphism screening (Otsuka et al., 

1999). In a DSC experiment, the sample pan and an empty (reference) pan are heated at a 

pre-programmed rate. Depending on the nature of physical and chemical transition, more 

or less heat flow is needed to keep the temperature balance between sample and reference 

pan, which will be presented as either endothermic (heat absorption) or exothermic (heat 

release) peaks (see table 2.4). In the thermograms generated heat flow or energy 

difference is plotted as a function of increasing temperature. 
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Table 2.4. Typical enthalpic transitions observed by DSC (Clas et al., 1999) 

Endothermic Exothermic 
Fusion  Crystallization 

Vaporization Condensation 
Sublimation Solidification 
Desorption Adsorption  

- Chemisorption 
Desolvation Solvation 

Decomposition Decomposition 
Reduction Oxidation 

Degradation Degradation 
- Curing of resins 

Glass transition (baseline shift) - 
Relaxation of glasses - 

 

When performing DSC or TGA, several factors could impact the quality and 

reliability of the thermograms generated. Samples under investigation should have 

homogeneity in terms of particle size, shape and packing density to ensure good thermal 

contact and conductivity. If heat capacity and enthalpy are to be assessed, then accurate 

weight is needed before and after each cycle run. There could be significant difference in 

thermograms acquired with different heating rates. With high heating rate less analytical 

time is needed with the price of missing certain subtle transitions.  

In this work data of thermal analysis was acquired with a TA instruments DSC 

2920 differential scanning calorimeter (New castle, DE), equipped with LNCA liquid 

cooling system, and TA instruments universal analysis 2000 software. For the purpose of 

reliability and accuracy of thermograms acquired, machine calibration was carried out 

using pure indium (m.p.:155°C) and zinc (m.p.:419.5°C). Samples (~3mg) were sealed in 

standard aluminum pans with lids and tested under dry nitrogen gas purge at flow rate of 
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60ml/min. Careful and sufficient calibration makes the comparison of DSC thermograms 

generated by different instruments meaningful.  

Since most of the transitions take place within a certain temperature range, and 

the width of those temperature ranges is greatly dependent on heating or cooling rates. 

When interpreting transition on the basis of thermograms, the way of defining the 

transition (onset, peak or extrapolated temperature) and scanning rate should be 

accurately mentioned.  

The thermograms were obtained at heating rate of 10°C/min and cooling rate of 

20°C /min. To evaluate possible subtle transitions, thermogram of alfuzosin HCl with 

high resolution was acquired at heating rate of 5°C /min up to 260°C. The slowly heated 

sample was subjected to quench cooling back to room temperature followed by a second 

cycle of heating (10°C/min), the thermograms obtained after thermal treatment were 

compared with the original thermograms. The glass transition temperature (Tg) was 

determined based on baseline shift. Crystallization temperature (Tc) and melting 

temperature (Tm) were reported as the peak temperature of the exothermic and 

endothermic transition. 
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 2.3.2.3 Solvent Evaporation and Anti-Solvent Addition 

The experiment was basically designed to investigate the possible formation of 

solvates or polymorphic forms of alfuzosin HCl. Synthesis of alfuzosin hydrochloride in 

Form I with melting point at 235°C was published in 1982 (Manoury 1982). Ever since 

then alfuzosin HCl anhydrous, dihydrate, trihydrate and tetrahydrate were reported (Regis 

and Satoshi, 1996). Recently, three other different polymorphic forms of alfuzosin 

hydrochloride and its amorphous state have been identified (Anumula et al., 2007). Those 

polymorphic forms are basically formed via the interaction between free base of alfuzosin 

and hydrochloric acid in alcoholic or organic solution. Briefly form II (Tm=235°C) can be 

formed by interaction of alfuzosin free base in methanol with 12% hydrochloric acid in 

methanol at 34°C. Form III (Tm=236°C) and IV (Tm=179°C) can be generated by 

interaction of 12% hydrochloric acid in isopropanol at 30°C with alfuzosin free base in 

acetone and CH2Cl2, respectively. Each form has its own specific transition temperature 

and powder X-ray diffraction (PXD) pattern. Form II of alfuzosin HCl peaks at about 8.1, 

14.4 and 17.9, ±2°2θ. The specific peaks for form III are at 7.4 and 10.6±2°2θ. The 

corresponding thermogram of each form is depicted in figure 2.6 according to Anumula 

et al., 2007.  

Possible crystal and solvate forms and their primary screening were carried out 

using solvent evaporation and anti-solvent method. Solvents and mixture of solvents used 

are listed in table 2.5. Only methanol, ethanol and 2-propanol were employed in the 

solvent evaporation section, because it was found that alfuzosin hydrochloride was 

insoluble in acetone. 20-30mg of alfuzosin HCl powder was dissolved in the alcoholic 

solvents in a 20ml glass baker while heated in a water bath. Precautionary measures were 
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taken to prevent boiling. For anti-solvent method, good solvent used to dissolve alfuzosin 

HCl was ethanol. The volume ratio between the good solvent and the second or poor 

solvent (i.e., CH
3
Cl) was 2:1. Then samples were subjected to filtration (pore 

size=0.45µm) and freezing at -78°C for 5-10min. The identity of each sample after 4-

week storage was verified by both Raman spectroscopy and thermal analysis. 

 

Table 2.5. Solvents used in primary crystal form study. 

Solvent or solvent combination Boiling point (°C) Polarity 
Methanol 64.7 Polar/protic 
Ethanol 78.5 Polar/protic 

2-Propanol 82.3 Polar/protic 
Ethanol/CH3Cl -24.2 Nonpolar 
Ehtanol/CH2Cl2 40 Nonpolar 
Ethanol/acetone 56.5 Nonpolar 
Ethanol/hexane 69 Nonpolar 
Ethanol/Toluene 110.6 Nonpolar 

Ethanol/ethyl acetate 77 Nonpolar 
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Figure 2.6. Typical DSC thermograph of each crystal form of alfuzosin HCl: form II 
(top), III (middle) and IV (bottom) (Anumula et al., 2007). 
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2.3.2.4 Spectroscopic Analysis 

 Ultra-Violet (UV) Spectroscopy 

UV absorption in the range of 200-400nm was employed to assess the bulk 

stability of alfuzosin hydrochloride. Stability test conditions used were: 50°C in oven, 

40±2°C/75±5% and 25±2°C/60±5%, during storage samples were well spread in glass 

Petri dishes. Quantification of samples was carried out by UV spectroscopy after 3 

months.  

UV absorption was measured using a Cary-50 UV-Vis spectrophotometer (Varian 

Inc., Cary, NC) and quartz flow cell with patch length about 1cm. 0.9mg of each sample 

was dissolved in pH 2.0 HCl buffer in a 100ml volumetric flask followed by 15min 

stirring.  

 

 Infra-Red (IR) Spectroscopy 

With years of experience and easiness of spectrum elucidation, infra-red 

spectroscopy is widely used in pharmaceutical research. The IR energy absorbed by a 

molecule lies in the range of 2-10kal/mole, which equals to the stretching and bending 

vibrational frequencies of most bonds in covalently bonded materials. Peaks with 

different wave number on the IR spectrum could be attributed to vibrational frequency of 

certain group or bond using harmonic oscillator model, therefore IR spectroscopy is 

routinely used for compound identification as a finger printing tool. IR spectroscopy also 

has its application in studies of drug-excipient interaction, contaminant analysis, tablet 

mapping, etc. Information about 2nd structure of peptides and proteins provided by IR 

spectroscopy is used as an indicator of their stability (Kim et al., 1994).  
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IR spectrum with high quality is acquired with the FTIR method. With the help of 

Michelson interferometer each component wavelength yields a unique cosine signal 

which maximized at the zero pathlength difference (ZPD). Fourier transformation 

mathematical operation can resolve the signal captured by detector as a summation of all 

these cosine signals and in connection with the contribution of each wavelength. 

Several sampling methods are available for IR spectrum acquisition, such as alkali 

halide pellet, mineral-oil mull, diffuse reflectance technique and attenuated total 

reflectance. Each has its advantages and disadvantages. 

 

 Raman Spectroscopy 

 During the past many decades both infrared (IR) and Raman spectroscopy have 

been used to gain information on molecular structure and chemical bonds by drawing 

inferences from their vibrational spectra.  While analytical mid IR spectroscopy is based 

on absorption of light, Raman spectroscopy is based on light scattering using laser 

sources (any of which has all photons at one wavelength) between 1064 and 244nm.  The 

energy lost in an inelastic scattering process corresponds to the creation of a molecular or 

lattice vibration, it occurs with very low quantum efficiency, and is referred to as a 

Stokes process (as opposed to an anti-Stokes process where a thermally excited vibration 

is absorbed in the scattering process).  The polychromatic scattered light is then dispersed 

(separated by wavelength) to reveal the Raman spectrum with the x axis corresponding to 

the “Raman shift” and the y axis to the scattering intensity.  The peaks in the spectra 

correspond to specific molecular vibrations which yields substance identification and, 
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with more sophisticated analysis, more complicated materials characterization. Raman 

spectroscopy can be performed in situ irrespective of the state of material.  

Following the introduction in the early to mid 1990’s of compact, sensitive 

Raman microscopes with powerful computer control and processing algorithms has been 

found to be useful for assessing the physical status of pharmaceuticals and performing 

QC analysis during formulation development and manufacturing, as well as composition 

analysis during manufacturing for process control, using fiber optic sampling. Recent 

application in these areas as well as detection of potential incompatibilities among drugs 

and excipients has been widely published (Szostak et al 2002; Skoulika et al 2003; 

Hwang et al 2005; Strachan et al 2004; Lin et al 2006; Rantanen et al 2005; Okumuar et 

al 2005).  

Raman analysis is generally complementary to other known methods such as 

thermal, IR, X ray diffraction (XRD), mass spectroscopy (MS), nuclear magnetic 

resonance (NMR), solubility methods, high performance liquid chromatography (HPLC), 

confocal microscopy etc. Although Raman spectra of mixtures of API and excipients, 

especially at low levels, are complex with overlap, one may hope to quantify individual 

components using sophisticated data analysis tools (i.e., multivariate data analysis). 

However, the quality of the results will, of course, depend on the quality of the spectra; in 

order to avoid a fluorescence background from impurities that often accompanies Raman 

spectra, it is often necessary to use longer wavelength lasers. A laser emitting between 

785 and 830nm is often a good compromise in avoiding fluorescence while maintaining 

reasonable Raman intensity which tends to decrease as the excitation wavelength 

increases.  
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Although in liquids there is little difficulty in obtaining accurate data that reflect 

the composition, for solid dosage forms it is by no means a simple task because the 

probed volume is often of a size comparable to the particle size, and thus does not 

produce spectra representative of the mixture.  One method that is designed to yield 

spectra truly representative of a solid formulation that has appeared recently is termed 

Transmission Raman (Johanssen et al., 2009).  With this method one illuminates a tablet 

uniformly with a large spot, and collects the Raman scattering on the opposite side of the 

tablet using a fiber bundle that is then coupled to a spectrograph slit (circle-to-line 

bundle).  The advantages of this technique are obvious, but when one component is 

present at low levels, it may be difficult to detect because of “spectral dilution.”  Tablet 

Raman mapping is a method that has been quite successful in determining proportions of 

the tablet’s components, and because spectra from each “pixel” in the map are recorded 

separately, the disadvantages of spectra dilution disappear.   

In 2002, the FDA published a draft PAT (Process Analytical Technology) 

guidance document.  In this initiative a push for “quality to be built in/ by design” (rather 

than testing for quality after the manufacturing process) is proposed.  In 2006, the FDA 

further developed this idea by introducing the term “quality by design” (acronym QbD) a 

subset of which is best thought of as PAT. PAT tools are generally used to better 

understand the process, and to optimize it using real-time measurements leading easily to 

a tightening of specifications. To this end Raman spectroscopy, when applied 

appropriately, can provide important information to better understand the nature of the 

formulation and the manufacturing process. As cited by the FDA “PAT is a system for 

designing, analyzing, and controlling manufacturing through timely measurements (i.e., 
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during processing) of critical quality and performance attributes of raw and in-process 

materials and processes with the goal of ensuring final product quality”.  

The Raman spectra for the purpose of preformulation study were acquired with an 

ARAMIS Raman spectrometer (Horiba Jobin Yvon Inc, Edison, NJ) with laser excitation 

wavelength about 633nm. 

 

2.4 Results and Discussion 

2.4.1 Bulk Stability of Alfuzosin Hydrochloride 

The DSC thermogram of alfuzosin HCl is shown in figure 2.7. The peaks at 

~160°C and~235°C would represent the recrystallization/form transition exotherm and 

melting endotherm of this compound, respectively. The relative location of peaks, 

enthalpy of fusion would be affected by DSC setting and concentration of the compound 

in the presence of excipients. In the introduction section it has been mentioned that form 

II and form III have melting points of 235 and 236°C respectively (figure 2.6). However, 

an exothermic peak at ~160°C is only detectable with form II. Therefore, taking whole 

DSC thermogram as reference together with the unavailability of corresponding DSC 

scan for form I, alfuzosin HCl powder as received represents form II and appears to be 

fairly stable.  

In this study alfuzosin hydrochloride powder was stored at ambient temperature 

(25°C), high temperature environment (50°C) and high humidity condition (40°C/75% 

RH) for 3 months. No color change was observed via visual inspection. The UV 

absorption of the sample solution in pH 2.0 HCl buffer (0.009mg/ml) did not show any 

significant changes in the 200-400nm range (figure 2.8). The small deviation between 
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samples can be attributed to sample preparation error. The absorbance values at peaks for 

all alfuzosin hydrochloride samples are listed in table 2.6. Therefore, no significant 

decomposition of alfuzosin hydrochloride was observed in this study, which is in 

accordance with statements made in the literature (Merk index, 2006, Sanofi-aventis, 

2007 and physician’s desk reference, 2008). 

 

 

Figure 2.7. DSC thermograms of alfuzosin HCl as received, heated at two different 
heating rates.  
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Figure 2.8. UV scan of alfuzosin hydrochloride samples stored at different conditions. 
 
 
 
Table 2.6. UV absorption at peak wavelengths for alfuzosin HCl stored at different 
conditions 

Absorption at peak wavelength (AU) Alfuzosin HCl sample 210nm 245nm 335nm 
As received 0.4935 1.0613 0.2096 
Stored at 25°C for 3 months 0.5017 1.0954 0.2157 
Stored at 50°C for 3 months 0.5085 1.1076 0.2245 
Stored at 40°C/75% RH for 3 months 0.5121 1.0858 0.2192 
Average 0.5039 1.0875 0.2172 
%RSD 0.0082 0.0195 0.0063 
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2.4.2 Crystal Habit and Form 

Crystals of alfuzosin HCl had been grown in organic solvent via either solvent 

evaporation or anti-solvent method. Raman spectrum of the alfuzosin hydrochloride 

powder as received was used as the reference (figure 2.9). It was found that peaks were 

clustered in two of Raman shift ranges (297-1721 and 2826-3220cm
-1

). Since Raman and 

IR spectrum of the same compound are complementary in terms of spectrum layout and 

pattern, peaks in the range of lower Raman shift number (297-1721cm
-1

) provide more 

information about the spatial arrangement of lattice. The possible polymorphic form was 

firstly identified by comparing Raman spectrum of each crystalline form with the 

reference one. The changes of Raman spectrum pattern or appearance of new peaks could 

be attributed to differences in molecular arrangements in crystal lattice. Change of 

spectrum pattern in the lower Raman shift region was employed as a criterion to 

differentiate potential new crystal forms. The corresponding Raman spectrum of each 

sample is depicted in figures 2.10 to 2.14. It was found that almost every processed 

alfuzosin HCl samples had the same spectrum as the alfuzosin HCl powder received. The 

only exception was crystalline form obtained from 2-propanol, which showed a sharp 

peak at 1250cm
-1

, while for other samples only weak peak exists in the same region. To 

verify result of Raman spectroscopic study, thermal analysis was carried out (figure 2.15). 

For crystals grown in 2-propanol, its DSC thermogram showed one exothermic and two 

endothermic peaks. The exothermic peak at 160°C with enthalpy of 41.2J/g would 

represent the recrystallization process, and sharp peak centered at 233.6°C would be the 

melting point of that crystal. Although endothermic peak at 60.7°C was new, this crystal 

shared the same recrystallization and melting temperature with alfuzosin HCl as received 
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at the higher temperatures. The new endothermic peak may be attributed to possible 

additives or possible solvent evaporation from the crystalline structure.  

In this preliminary study, crystals of alfuzosin hydrochloride with different lattice 

arrangements than the original powder received were not found. As mentioned earlier in 

the section 2.3.2.3, different forms of alfuzosin HCl were produced via the interaction 

between free base of alfuzosin and hydrochloric acid in organic solvents. As a 

hydrochloric salt, alfuzosin hydrochloride is sensitive to polarity and hydrophilicity of 

solvent. It is not soluble in acetone, which indicates that when using solvent evaporation 

or anti-solvent method for crystal form detection we do not have many choices to create 

very different hydrophilic or hydrophobic environment for alfuzosin hydrochloride. 
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Figure 2.9. Reference Raman spectrum of alfuzosin hydrochloride powder as received. 
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Figure 2.10. Typical Raman spectrum of crystalline alfuzosin grown in CH3OH (top) 
and C2H5OH (bottom).  
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Figure 2.11. Typical Raman spectrum of crystalline alfuzosin grown in 
C2H5OH/acetone (2:1) (top) and C2H5OH/ether (2:1) (bottom).  
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Figure 2.12. Typical Raman spectrum of crystalline alfuzosin grown in 
C2H5OH/CH3Cl (2:1) (top) and C2H5OH/CH2Cl2 (2:1) (bottom).  
 

 

 

 

 

 



 56

 

 

 

 

Figure 2.13. Typical Raman spectrum of crystalline alfuzosin grown in 
C2H5OH/hexane (2:1) (top) and C2H5OH/Toluene (2:1) (bottom).  
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Figure 2.14. Typical Raman spectrum of crystalline alfuzosin grown in C2H5OH/ethyl 
acetate (2:1) (top) and 2-Propanol (bottom). *The special sharp peak is circled. 
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Figure 2.15. Comparison of DSC thermogram of alfuzosin HCl powder as received 
(top) and alfuzosin HCl grown in 2-propanol (bottom).  
 
 

As mentioned earlier, thermal treatment of the melt is another way for 

polymorphs screening. In this study a quench cooling process was employed. Firstly 

alfuzosin hydrochloride powder sample was heated up to 260°C at heating rate of 
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5°C/min, then the melt was quenched back to room temperature. Quench cooled sample 

was reheated at 10°C/min to check the effect of thermal treatment. It was found that after 

quench cooling, neither the exothermic recrystallization peak at 160°C nor endothermic 

melting peak at 235°C were detectable (figure 2.16). Instead a baseline shift around 

100°C was observed, which would correspond to a glass transition temperature of 

alfuzosin hydrochloride in an amorphous state. A similar baseline shift was detected on 

the thermogram acquired during the cooling process (cooling rate=20°C/min) of 

alfuzosin hydrochloride after being heated at 10°C/min to 260°C (figure 2.16). 

Furthermore, no recrystallization peak was observed. Therefore, when cooled at rate no 

less than 20°C/min, alfuzosin HCl is in the amorphous state.  

After two weeks’ storage at room temperature, the quench cooled sample was 

reheated at a speed of 10°C/min. Thermogram generated shared the same characteristic 

transition peaks as the unprocessed sample (data not shown). Thus, the transition process 

of alfuzosin HCl in amorphous state into crystal form II takes place within two weeks. 
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Figure 2.16. Comparison of DSC thermograms of alfuzosin HCl cooled at 20°C/min 
after being heated at 10°C/min (top), heated at 10°C/min after quench cooling  at 
100°C/min (middle) and heated at 5°C/min (bottom).  
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2.4.3 Compatibility Study 

Nowadays, new chemical entities as drug candidates become more potent and 

selective. As a result the final formulation only contains small amount of active 

ingredient, and most of the tablet volume would be taken up by other “inactive” 

component-excipients. Excipients with various physicochemical properties are added 

with different aims. For example, diluents like microcrystalline cellulose (MCC) and 

lactose are only added to make up the final volume. Improper formulation could fail due 

to physical and chemical stability, release, and bioavailability problems. Drug-excipient 

incompatibility refers to physical or chemical interaction between excipients and active 

ingredient which may influence drug safety and efficacy through its detrimental effect on 

drug stability and bioavailability (Verma & Garg, 2005). Before employing any excipient 

as a component of the formulation, potential incompatibility between this excipient and 

active ingredient has to be well understood. In pharmaceutical industry, compatibility 

study serves as an integral part of preformulation study and several analytical 

methodologies have been examined for this purpose. With less analytical time and years 

of experiences, visual inspection, DSC, IR, HPLC and NMR are employed frequently. 

Also with the availability of laser sources, detector sensitive enough and powerful 

software, Raman spectroscopy has significant application in this area.  

Results of different analytical techniques could be complementary to each other. 

Therefore, in compatibility study, combination of analytical methods are applied in order 

to accurately complement data interpretation, and to make prudent but reliable conclusion. 

In this study, specifically combination of DSC, IR and Raman spectroscopy was used for 

this purpose. Raman results were discussed earlier. 
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The IR reference spectrum of alfuzosin hydrochloride is shown as figure 2.17. 

The specific bands at wave number of 1232 cm-1 
could be attributed to C-O bond in the 

ph-O-CH3  group. Multiple bands at 1267, 1382cm-1 
together with peaks overlapped in 

2850-2950cm-1 represent C-H bonds in CH3 group. The vibration of aromatic C=C bonds 

could be assigned to peaks at wave number of 1486.9, 1510 and 1591cm-1. The band with 

the strongest intensity at 1625cm-1 is generated by vibration of conjugated C=N bonds in 

the pyrimidine ring.  

Compared with the reference DSC thermogram and IR spectrum of the pure 

alfuzosin, missing peaks of the active ingredient, significant shift in band positions and 

appearance of new peaks which could not be attributed to any of the component all 

indicate a potential incompatibility issue in the formulation. 

  

 

 

 

 

 

 

 

 



 63

 

 
 
 
Figure 2.17. The IR spectrum of alfuzosin hydrochloride recorded. 

   

The result of the DSC thermograms and IR spectra are grouped and discussed for 

each excipient as follows: 
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1. Kollidon SR: As a spray-dried material, this material should show a baseline shift at 

35°C representing its glass transition temperature (T
g
) (BASF Corporation, 2007). 

However, the expected glass transition was overlapped with an endothermic peak at 

50.3°C (figure 2.18). This kind of small endothermic peak has also been observed by 

other scientists (Arias et al., 2009). But no one has investigated how this endothermic 

transition occurs. Kollidon SR is the spray-dried mixture of PVP and PVAc with the 

weight ratio of 4: 1. PVP itself has a broad glass transition temperature which covers 

the temperature range of about 110-180°C. Neat PVAc has a Tg at 28°C with a 

melting point about 35°C, and the silicon dioxide (SiO
2
) added as stabilizer has a very 

high melting temperature (~1650°C). Thus the endothermic peak observed could the 

elevated melting temperature of the PAVc crystal residues, however the majority of 

Kollidon SR is still in amorphous state. In the DSC thermograph of the binary 

mixture of Kollidon SR and alfuzosin HCl no new peak had been detected, and three 

peaks observed at 49.7, 156.7 and 232.9°C corresponded to endothermic transition of 

Kollidon SR, re-crystallization temperature and melting temperature of alfuzosin HCl. 

Dilution of the alfuzosin HCl would stand for significant reduction in its enthalpy of 

fusion in the mixture. The sharp peak at 49.7°C may be the result of overlapping of 

the endothermic transition of Kollidon SR and dehydration process of Kollidon SR. 

In the IR spectrum of binary mixture of alfuzosin HCl and Kollidon SR (figure 2.19), 

a combination of the two compounds’ bands can be observed. The characteristic 

bands of alfuzosin HCl are present in the IR scan of the mixture and the lower density 

observed is due to the dilution factor. The results of both DSC and IR experiments 

indicate that there is no incompatibility issue between those two materials.  
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Figure 2.18. Comparison of DSC thermograms of alfuzosin HCl powder as received 
(top), Kollidon SR (middle) and their mixture (bottom).  
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Figure 2.19. Comparison of the IR spectra of alfuzosin HCl, Kollidon SR and their mixture. 
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2. Polyethylene oxide (PEO) 303: Neat PEO shows a sharp endothermic peak at 

72.4 °C representing its melting temperature (figure 2.20). When it comes to the 

DSC thermogram of the binary mixture of PEO 303 and alfuzosin HCl, only two 

endothermic peaks were detected which stand for the corresponding melting point 

of each of the component. However the re-crystallization peak of alfuzosin HCl at 

160°C was missing. Particles of alfuzosin HCl would disperse molecularly in the 

viscous liquid of molten PEO at temperature greater than 70°C, resulting in 

formation of solid solution. The significantly reduced enthalpy of melting could 

also be explained with this mechanism. In the IR spectrum of binary mixture of 

alfuzosin HCl and PEO 303 (figure 2.21), a combination of the two compounds’ 

bands can be observed. The characteristic bands of alfuzosin HCl are present in 

the IR scan of the mixture and the lower intensity observed is due to the dilution 

factor. The results of both DSC and IR experiments indicated that there is no 

incompatibility issue between those two materials.  
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Figure 2.20. Comparison of DSC thermograms of alfuzosin HCl powder as received 
(top), PEO 303 (middle) and their mixture (bottom). 
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Figure 2.21. Comparison of the IR spectra of alfuzosin HCl, PEO 303 and their mixture. 
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3. Magnesium stearate (Mg stearate): Neat Mg stearate showed a sharp 

endothermic peak at 126.74°C as its melting temperature (figure 2.22). A second 

peak with small enthalpy appeared at 204.81°C, which could be attributed to 

palmitate impurity (Verma & Garg, 2005). When it comes to the DSC 

thermograph of the binary mixture of Mg stearate and alfuzosin HCl, exothermic 

peak at 157.7°C, endothermic peaks at 121.5 and 230.7°C stood for of re-

crystallization of alfuzosin HCl, melting of Mg stearate and alfuzosin HCl. The 

second endothermic peak of neat Mg stearate overlapped with base line drift. In 

the IR spectrum of binary mixture of alfuzosin HCl and Mg stearate (figure 2.23), 

a combination of the two compounds’ bands can be observed. The characteristic 

bands of alfuzosin HCl are present in the IR scan of the mixture and the lower 

intensity observed is due to the dilution factor. The results of both DSC and IR 

experiments indicated that there is no incompatibility issue between those two 

materials.  
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Figure 2.22. Comparison of DSC thermograms of alfuzosin HCl powder as received 
(top), Mg stearate (middle) and their mixture (bottom).  
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Figure 2.23. Comparison of the IR spectra of alfuzosin HCl, Mg stearate and their mixture. 
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2.5 Conclusions  

Due to limited resources available, limited preformulation studies were carried on 

alfuzosin HCl as a preliminary investigation to assess its bulk stability, compatibility 

issues with excipients, as well as the possible polymorphism. 

As a relatively stable compound, no instability was detected after 3 months 

storage of alfuzosin HCl in ambient condition, 50°C, 40°C/75%RH.  The compatibility of 

alfuzosin with excipients projected to be used in this study was investigated via 

examining the mixture of alfuzosin HCl and individual excipient by the DSC and IR 

spectroscopy. It is concluded that the excipients tested can be effectively used in 

alfuzosin HCl formulation. 

Compared with reference DSC thermogram of alfuzosin HCl in form II, it was 

concluded that alfuzosin HCl powder received was also in form II. Several crystals of 

alfuzosin HCl were grown in three alcoholic solvents and binary mixture of organic 

solvents. Based on results of Raman analysis and DSC data, no change in crystalline 

structure was evident.  
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CHAPTER 3 
 

COMPACTION STUDY OF KOLLIDON SR AND ITS 
COMBINATION WITH POLYETHYLENE OXIDE 

AND MICROCRYSTALLINE CELLULOSE 
 
3.1 Introduction 

Although with the advances in pharmaceutical technology, many novel delivery 

systems have been commercialized, taking cost and patient compliance into consideration 

solid dosage forms especially tablets are still the most preferred and popular one. In order 

to form coherent compact under high compression speed, thorough understanding of key 

mechanical properties of each component in the final formulation is critical. Mechanical 

properties are the behavior of API and excipients when subjected to compression force, 

and rate at which it is applied. Systematic knowledge of mechanical properties could 

facilitate the rational selection of excipients and shorten the development time. Also a 

predictable and robust formulation would save up energy, time and financial input during 

the process of scaling up. 

 

3.1.1 Volume Reduction Mechanisms 

Basically pharmaceutical solids used in oral dosage forms are particulate systems 

composed of particles with various shapes, sizes and densities. Under compression, 

particles or granules of the particulate system would undergo different stages of 

consolidation. Briefly, the consolidation process of particulate systems can be divided 

into at least 5 stages: particle rearrangement, elastic deformation, plastic deformation, 

fragmentation of particles and formation of interparticulate bonds and fusion (figure 3.1). 
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The length of each stage and the pressure threshold between each stage varies with 

materials and compression conditions. With lots of voids to be filled, particle 

rearrangement takes place under very low compression pressure. With the increase of 

load, fragmentation, plastic deformation or fusion will happen. Once the interparticulate 

distances are small enough, coherent compacts are formed due to the formation of 

interparticulate bonds. 

 

 

Figure 3.1. Consolidation stages of particulate system into a tablet (*Significant overlap 
among various consolidation stages is commonly observed). 
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Time-independent, recoverable deformation is termed elastic deformation. During 

elastic deformation there is a linear correlation between stress applied and strain 

produced (Hook’s law). The threshold of pressure or force beyond which elastic 

deformation transits into plastic deformation is termed yield pressure. Plastic deformation 

can be deemed as time-dependent, permanent deformation. Therefore, after compression 

integrity of the primary particle is retained (left panel, figure 3.2). When it comes to 

brittle material, consolidation is associated with particle size reduction and an increase in 

surface area (right panel, figure 3.2). NaCl, starch and MCC consolidate by plastic 

deformation. Brittle materials are represented by crystalline lactose, sucrose, ibuprofen 

and erythromycin. However, depending on the physicochemical properties of material 

and compression condition, overlap of these consolidation stages is not rare. Therefore it 

could be difficult to describe the exact mechanical properties of certain material with one 

simple consolidation mechanism. 
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Figure 3.2. Actual particle shape transformation during and after consolidation for 
starch (left panel) and lactose (right panel) (X-1000 magnification, Fassihi, 1987). 
 
 

Plastic deformation could be explained by the slip plane model (figure 3.3). With 

the help of plane slippage, stress applied can be easily transmitted within grains or 

granules resulting in permanent deformation. Dislocations refer to the improper packing 

of atoms in crystal structure. Long-range spread of dislocation may facilitate the plastic 

deformation.  For amorphous material, free volumes in crystal structure due to disorderly 

packing provides the necessary room for plastic deformation.  

 

B 
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Figure 3.3. Strain and elasticity (top); slip model for plastic deformation (middle) and 
effect of dislocation and plastic deformation (bottom) (Martin, 2006). 
 
 

Viscoelastic deformation stands for time-dependent recoverable deformation. 

Energy expenditure in viscoelastic deformation can be expressed with two segments-

viscous and elastic sections. Synthetic polymers, amorphous material, wood, and human 

tissue as well as metals at high temperature display significant viscoelastic behavior. The 
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response of materials toward external stress could be quantitatively expressed via the 

relationship between stress and strain. As mentioned earlier, pure elastic material acts like 

spring. Response of viscoelastic material toward stress could be simulated by 

combination of spring and dashpot (figure 3.4). On its strain-stress plot, a hysteresis loop 

will be observed, which indicates that some of the energy input will be released as heat.   

 

 

Figure 3.4. Stress-Strain Curves for a purely elastic material (left) and a viscoelastic 
material (right). The shaded area is a hysteresis loop and shows the amount of energy 
lost (as heat) in a loading and unloading cycle. 
 
 

As mentioned earlier, pharmaceutical solids especially controlled release oral 

delivery systems often use particulate systems that are made of both plastic and elastic 

materials (figure 3.5). With significant portion of the dosage form being natural or 

synthetic polymers, the particulate system would mainly behave viscoelastically. 

However, for each polymer the ratio of elastic to viscous component is not well balanced. 
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With more viscous segment, some polymers may undergo consolidation in accordance 

with plastic deformation. On the contrary, some polymers subjected to apparent 

dimension recovery after ejection due to high elasticity. What makes things more 

complicated is the existence of other chemicals such as active ingredients, lubricant and 

glidant, these additives may impact the degree of elasticity or plasticity. In terms of 

mechanical properties, the particulate system constituting a desirable formulation should 

be well balanced in terms of elasticity and plasticity.  If the system exhibits too much 

elasticity, capping or lamination will be observed. Too much plastically deforming 

material with low melting point, results in sticking and scale-up issues. 

 

 

Figure 3.5. Models describing nature of a typical material in a particulate system when 
subjected to tabletting.  
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3.1.2 Compactibility Test 

Compactibility refers to the ability of a powder bed to consolidate into or to form 

a compact. Usually it is described in terms of tablet strength as a function of applied 

compaction force. Mechanical strength of compacts can be expressed as crushing force, 

hardness or tensile strength. Tensile strength (σUTS), or TS is the stress at which compact 

breaks or permanently deforms: 

TS=2F/πDh 

where F is the crushing force and D and h are diameter and height of the cylindrical 

tablet. To calculate tensile strength crushing force is normalized with compact dimension, 

which makes it possible to compare mechanical strength of compacts in various 

dimensions. 

It has been verified by several authors that mechanical strength/pressure profile in 

its full extension is fundamentally S shaped (Rees & Rue 1978, Knoechel et al 1967). At 

relatively low pressures, mechanical strength increases as a power function of 

compression pressure. At high pressures, it levels off or drops, causing capping or 

lamination. The linear segment of the compactibility profile is more informative and 

relevant to large scale manufacturing. Several models or equations have been proposed to 

quantitatively elucidate the compactibility profile (table 3.1), but none of them would 

provide exact mechanisms with accuracy. 
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Table 3.1. Summary of methods and models for quantification of compactibility 
(Sonnergaard 2006) 
 

Approaches Description Authors  
Pressure at CF=8Kp Fraser 
CS at pressure=150MPa Duberg and NystrÖm One-point 

method CS at porosity=15% Van Veen et al. 
CS=aP+b Newton et al. 
CS=alog(P)+b Higuchi et al. 
Log (CS)=alog(P)+b Newton and Grant 
CS=kPT/2 Kuentz and Leuenberger 
ln (-ln(1-CS/Csmax))= aln(P)+b Castillo and Villafuerte 
Fl=log(21/2) (CFi+2CFi+1+CFi+2)/2 Amidon et al. 

Pressure profile 

H=Hmax (1-exp (-ργP)) Leuenberger and Jetzer 
CS=CS0 exp (-kε) Ryshkewitch Porosity profile CS=k (ρ-ρc)2.7+CS0 Ramirez et al. 

*CF=crushing force; CS=crushing strength, including tensile strength; H=indentation 
hardness (Brinell); P=maximum compaction pressure; ε=porosity of the compact; ρ 
=density of the compact. 
 

3.1.3 Compressibility Test 

Compressibility test is another approach normally employed for mechanical 

property study of pharmaceutical powders described as particulate systems. 

Compressibility refers to the ability of a powder bed to be compressed (be reduced in 

volume) due to the application of a given stress (Alderborn & Nystrom 1995). As a result 

of volume reduction due to compaction, the air content inside the powder bed or porosity 

would decrease with the increase of compression load. Therefore, the relationship 

between compression pressure and porosity has been widely used in characterizing 

mechanical properties of powder beds qualitatively and/or quantitatively. Analyzing 

porosity change during compression and decompression is normally referred to as “in-

die” or “at-pressure”. On the contrary, “ejected tablet” or “at zero pressure” method 

measures porosity change after ejection. To get a reliable porosity-pressure plot, accurate 
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measurement of compact dimension and true density (ideally density at zero porosity) is 

needed.  Pycnometric methods, especially helium pycnometry, are generally employed 

for measurements of the true density. Adsorbed volatile impurities may interfere with 

readings of measured density. 

Consolidation process consists of several stages, and some of these stages could 

overlap with each other. Therefore, it is not easily possible to elucidate the whole 

compressibility profiles with a relatively simple formula with few parameters. Heckel 

(Heckel, 1961) developed an equation based on the assumption that the rate of change in 

density with respect to pressure is directly proportional to the porosity. The proposed 

equation shares some similarity to first-order kinetics. Once integrated a linear 

relationship between compression pressure and reduction in porosity can be obtained, at 

relevant tabletting pressure range: 

ln [1/ (1-D)] = KP +A  

where P is the pressure, D represents the relative density of the compact and K is a 

constant. A is a constant which describes volume reduction attributed to die filling and 

particle rearrangement.  Figure 3.6 shows a typical Heckel plot. As shown, in the very 

beginning the plot shows apparent deviation from linearity representing the particle 

rearrangement process where porosity decreases almost exponentially with the increase 

of compression pressure.  The Heckel equation becomes relevant in the linear region of 

the plot, and the reciprocal of calculated slope for the linear part is termed yield pressure 

(Py, Rees et al., 1970). In the strain hardening region the plot rapidly curves upward 

toward infinity where the remaining porosity approaches zero. The density DA due to die 

filling and particle rearrangement could be calculated from intercept of linear Heckel 
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equation. The density at zero porosity where the Heckel plot intercepts the ln [1/ (1-D)] 

axis or a density measured at very low compaction force is normally termed as D0, which 

only stands for the density change due to die filling. Then the difference between DA and 

D0 can be derived as the densification contributed by particle rearrangement. 

 

 

Figure 3.6. A typical Heckel plot. 

 

Normally the constants of the Heckle equation are determined via linear 

regression analysis using the least-square method. Since the Y axis is on the logarithmic 

scale, improper selection of linear region will generate unreliable values for Py. The 

linear range of Heckel plot can be accurately positioned with the help of the first and 

second derivatives of the function. In the strictly linear regions the first derivative is 

ln [1/(1-D)] 
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constant and the second derivate would be zero. A relatively arbitrary threshold of r-

square value could also be employed to facilitate linear region selection. 

In general it is understood that consolidation process is associated with plastic 

and/or viscoelastic deformation both of which are time dependent behaviors.  Once 

compressed at high punch speed with shorter dwell time, materials that undergo 

viscoelastic behavior would have less chance to respond to the applied force. As a result 

the extent of deformation is less and the corresponding Heckel plot would shift toward 

higher pressure with larger value of Py.  The term apparent “strain rate sensitivity” (SRS) 

which quantitatively describes the extent of time dependent consolidation mechanisms is 

presented by Roberts & Rowe:   

Strain rate sensitivity (SRS) = (Py1-Py2)/Py1*100 

where Py1 and Py2 are values of mean yield pressure obtained at high and low punch 

velocity, respectively. Higher value of SRS would indicate a consolidation process with 

greater extent of time dependence, such as plastic or viscoelastic deformation (figure 3.7). 

On the contrary, lower values of yield pressure generally represent fragmentation 

mechanisms that are relatively time independent (SRS<2%) (Yang et al 1996). SRS 

values of commonly used pharmaceutical excipients are listed in table 3.2.   
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Figure 3.7. Time dependence of different consolidation processes reflected via Heckel 
plots acquired at two different punch speeds (solid and dashed curve represents Heckel 
plots acquired at low and high punch velocities, respectively).   
 
 
 
Table 3.2.  SRS values for common pharmaceutical solid compressed at constant 
punch speed of 1 and 300mm/s (Roberts & Rowe 1986). 
 

Material SRS 300-1 mm/s (%) Predominant  mechanisms 
Maize starch 97.0 Plastic 

Sodium chloride 66.3 Plastic 
Avicel PH 101 63.7 Plastic, little fragmentation 

Lactose anhydrous 25.5 Mixed brittle/plastic 
Paracetamol 11.9 Brittle+elastic 

Paracetamol DC 1.8 Brittle fracture 
 

Depending on volume densification mechanisms, shapes of Heckel plot may 

change as a result of variance in mean particle size of powder beds. Figure 3-8 shows 

three different cases of Heckel plots acquired with particulate systems of different mean 

particle sizes having plastic, brittle and soft characteristics. 
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Figure 3.8. Effect of mean particle size on shape of Heckel plot (lines with different 
weight represents Heckel plot acquired with particulate system with different mean 
particle sizes) for plastic (A); brittle (B) and soft material (C). 
 

In type A, plots from powder beds with various mean particle sizes have different 

degree of particle rearrangement followed by linear segments in parallel. In type B, the 

plots were slightly curved at the initial stage of compaction and merging in the later stage. 

Plots in type C share some similarity with plots in type B, but the initial particle 

rearrangement segment is steeper and the plots coincide to reach a plateau in the late 

stage of consolidation. Generally, type A behavior indicates that systems undergo plastic 

deformation together with initial particle rearrangement. Type B is characteristic of 

powder consolidating via fragmentation of the particles. The difference in initial packing 

has no effect on late stage of densification because the initial structure of powder beds is 
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complete destroyed as a result of particle fragmentation. Type C behavior points to low 

melting point material undergo plastic flow with no initial particle rearrangement. 

One should be cautious when effort is made to classify particulate systems 

according to shape of the Heckel plots. The predominant consolidation mechanism may 

change with particle size. It seems that for certain material there is a critical value of 

mean particle size, above or below its transition from brittle to ductile behavior, and vice 

versa. 

There are several shortcomings associated with Heckel plot (Sonnergaard 1999) 

including: 

1. Only when the experiment is carried out below the brittle-ductile transition of 

the powder bed under investigation, the reciprocal of the slope, k, can be 

termed as mean yield pressure (Py).  

2. Values of Py changes with the change of maximum compression pressure. 

3. Errors associated with mathematical transformations (volume to density, 

density to porosity and log transformation) and statistical nature. 

4. Sometimes, no linear region could be found. 

However, due to its simplicity and usefulness of derived data, compressibility test 

with Heckel plots still widely employed. 
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3.1.4 Force-displacement (Energy input) 

During compression the pressure applied by the upper punch is used to reduce 

powder bed volume, form interparticulate bond and overcome friction. The frictions 

during compression can be further classified as inter-particulate friction and die-wall 

friction. Lubricant like magnesium stearate is generally added to reduce die-wall friction 

and improve force transmission through powder bed. During decompression with the 

withdrawal of load some of the energy input could be released as elastic recovery. Upper 

punch force and distance it travels is reflected in compression and decompression 

processes, values of area under the curves for each process calculated represents force-

displacement profile (F-D profile). F-D relationship is normally employed to study 

energy expense, effect of lubrication and elastic recovery.  A typical force-displacement 

profile is shown as figure 3.9.  
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Figure 3.9. Typical force-displacement profile of upper punch. 

 

Energy parameters derived from force-displacement profile are always related to 

the densification properties of materials. In figure 3.9, upward AB curve represents the 

movement of upper punch during compression. Downward BC curve stands for the 

decompression process. Area under ABD (E1+E2) is referred to as gross energy, which 

equals to total energy input during compression. Area under BCD (E2) represents energy 

loss due to elastic recovery. Net work (E1) stands for the energy used to overcome 

friction and induce interparticulate bonds formation, and it is related to the consolidation 

properties of tested materials and their bonding capacities. To form coherent compact 

with sufficient mechanical strength, materials should have certain degree of plasticity or 

viscoelasticity.  
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3.1.5 Compaction Simulator and Its Application in Force Analysis 

In pharmaceutical industry, tablets are manufactured by rotary press with the aim 

to produce 3,000 to 4,000 tablets per minutes. Compaction simulators are computerized 

machines to accurately assess mechanical properties of pharmaceutical solids and 

simulate the compression process of rotary press. With little amount of material needed, 

it can facilitate formulation optimization in the early stage of development. It has been 

used to study the consolidation mechanism of various types of API and pharmaceutical 

excipients like pectin (Kim et al 1998), hydroxypropylmethylcellulose (Nokhodchi et al 

1996), paracetamol (Joiris et al 1998; Garekani et al 1999), polyethylene oxide (Yang et 

al 1996) and methacrylic acid copolymers (Tatavarti et al 2008). It also has been used for 

evaluation of manufacturing process modification (Badawy et al 2006) and formulation 

optimization (Asgharnejad and Storey 1996; Fu et al; 2005; Sun et al 2009). With the 

advance in electro-mechanical technology, modern compaction simulator can be used to 

simulate the manufacturing process of any tablet press. 

 

3.1.6 Study Aim 

Kollidon SR is a physical mixture of polyvinylacetate (PVAc) and 

polyvinylpyrrolidone (PVP) or Kollidon 30. It is made by spray drying the mixture of 

PVAc and PVP (PVAc: PVP=4:1). It also contains approximately 0.8% of sodium laury 

sulfate and about 0.2% colloidal silica as stabilizer and processing aid. The povidone 

component gradually leaches out of the matrix during dissolution thereby creating pores 

for the active to diffuse out. The PVAc component maintains tablet core structure during 

dissolution. Kollidon SR has been used as a release modifying/controlling polymer in 
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several oral controlled delivery systems for bupropion HCl (Chungi et al., 2001), 

ZK811752 (Kranz et al., 2005), diphenhydramine HCl (Shao et al., 2001), propranolo 

HCl and Caffieine (Ruchatz et al., 1999) and alfuzosin (Liu & Fassihi, 2008). It appears 

that sustained drug release from Kollidon SR based matrix is mainly via polymer 

leaching and drug diffusion, and its sustained-release properties are unaffected by ions or 

salts. On the contrary to its wide application in solid oral dosage form as a release-rate 

retardant, nothing has been published on its mechanical behavior or its consolidation 

feasibility. 

Since the final formulation in this work would contain Kollidon SR as the main 

polymer to achieve floatation and delayed release kinetics, its consolidation property 

under compression will be discussed in this section. As a highly potent drug, alfuzosin 

hydrochloride only takes about 3% w/w of the final formulation, so the consolidation 

properties of the active ingredient would not be covered here. It was found that release of 

freely soluble drugs like diltiazem hydrochloride from monolithic matrices based on 

Kollidon SR showed apparent burst effect (see chapter 4), to further control the release 

rate polyethylene Oxide with high molecular weight about 7,000,000 (PEO 303) also 

considered as part of final formulation. Therefore, consolidation properties of the 

physical mixture of Kollidon SR and PEO 303 will be measured as well. Finally the 

mechanical properties of a two 50/50 binary mixtures (KSR and Microcrystalline 

cellulose (Avicle PH101), KSR and spray dried lactose) will also be studied. 
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3.2 Material and Methods 

3.2.1 Materials 

Kollidon SR (KSR) was donated by BASF Corporation (Florham Park, NJ). 

Microcrystalline Cellulose (MCC) PH 101 was purchased from FMC Corporation 

(Philadelphia, PA). Polyethylene Oxide (PEO) 303 was provided by Colorcon, Inc 

(WestPoint, PA). Spray dried lactose (Foremost #316 Fast-Flo) was a kind gift from 

Foremost Farms USA (Baraboo, WI). 

 

3.2.2 Powder Characterization 

To get accurate Heckel plot, true density of each particulate system was 

determined with a helium pycnometer AccuPyc 1330 (Micrometrics, Norcross, GA), and 

the average of three runs was recorded. 

 

3.2.3 Compact profiling  

Compact profiling was carried out using a calibrated compaction simulator 

(PressterTM, Metropolitan Computing Corp., East Hanover, NJ) to simulate the 

manufacturing process of rotary tablet press Fette PT 2090 IC with 36 stations. With this 

simulator compression force up to 50KN can be utilized. A flat round IPT B-tooling with 

a diameter of 10mm was used to make tablets of 300mg in weight. During each 

compaction cycle, force and punch displacement were recorded and calculated by the 

upper and lower load cells and linear variable differential transducers (LVDT). Punch 

velocities in the range of 0.45 to 1.93m/s were used to prepare compact. These two 

speeds equal to 45300 and 194500 tablets/hour using tablet press Fette FT 2090 IC with 



 

 94

36 stations for scale-up production. At each punch velocity three batches of compacts 

were compressed to reach different target minimum in-die thickness, and each batch 

consisted of at least three compacts. Prior to tensile strength determination, weight within 

±0.1mg and thickness within ±0.001mm were determined for each compact using a 

calibrated micrometer and analytical balance. Tablet hardness was measured using a 

tablet hardness tester (Mod. 2E/106 series 7410, Schleunige & Co., Switzerland). Data 

analysis and curve fitting was carried by a computer station with PressterTM PR2000 

(Metropolitan Computing Corp., East Hanover, NJ). 

 

3.3 Results and Discussion 

3.3.1 Neat Kollidon SR 

The compactibility profile of neat Kollidon SR is presented as figure 3.10. 

Compressed at punch speed of 0.45m/sec, tensile strength of the compacts correlated well 

with compaction pressure. This correlation could be elucidated by the linear equation 

propose by Newton (table 3.1, Newton et al 1971). Lamination was observed at punch 

velocity of about 0.96m/sec, which equals to a dwell time of about 13.2ms. It has been 

suggested that capping/lamination of paracetamol tablets during ejection is due to high 

elastic recovery and breakage of interparticulate bonds (Carless & Leigh 1974). It is 

apparent that Kollidon SR also exhibits a large amount of elasticity. 
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Figure 3.10. Compactibility profile of compact of Kollidon SR compressed at punch 
speed of 0.45m/sec. 
 

The Heckel plots of Kollidon SR compressed at two different punch velocities are 

depicted as figure 3.11. The mean yield pressure acquired at 0.45m/sec and 1.72m/sec 

was 43.5 and 73.0MPa respectively. Because of the lamination issue, plot acquired at 

higher punch speed only covered low pressure range up to 27MPa, and 73MPa as the 

calculated mean yield pressure would only be a rough estimation. The values of strain 

rate sensitivity (SRS) when using linear section from the Heckel plot at low linear punch 

speed (0.45m/sec) was 40.4%, which clearly indicates that neat Kollidon SR deformed 

viscoelastically with great extent of time-dependency.  
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Figure 3.11. Heckel plot of Kollidon SR at two different punch velocities: 0.45m/sec (◊) 
and 1.72m/sec (□). 
 

3.3.2. Unlubricated Binary Mixture of KSR (70 wt %) and PEO 303 (30 wt %)   

Since lamination was observed when neat KSR was compressed at high punch 

speed due to it apparent elasticity (see figure 3.11, profile at 1.93m/sec), other particulate 

systems were investigated with the aim to form coherent and acceptable compacts at 

higher punch speed. The first particulate system studied was the binary mixture of KSR 

and PEO 303. Addition of PEO 303 improved the compactibility property of KSR so that 

coherent compact could be prepared at punch velocity higher than 1.93m/sec. The 

relationship between compact tensile strength and compression pressure at two different 

punch speeds is shown in figure 3.12. At both punch speed, compact tensile strength 

increased rapidly up to compression pressure range of <200MPa. In that pressures range a 



 

 97

near-linear correlation between tensile strength and compression pressure was observed. 

Once the values of compression pressure were logarithmically transformed, good linear 

correlation between tensile strength and transformed value of pressure was observed at 

both punch velocity (figure 3.12, inset, r2>0.98). The increase of compact tensile strength 

slowed down in higher pressure range, which was in agreement with its Heckel plot 

profiles (figure 3.13). When compressed at pressure close or greater than 200MPa, the 

corresponding Heckel plots reached strain hardening region where the porosity of 

compacts approaches zero. Also it should be noted that in general lower tensile strengths 

are associated with higher compression speed. This observation indicated that particle 

strength increases by several orders of magnitude at higher speeds resulting in an 

increased particle resistance to deformation (Rees & Rome 1980). It also has been 

confirmed that viscoelastic material (e.g. microcrystalline cellulose and polymers such as 

HPMC, HPC, PEO, etc) are sensitive to compression speed. When compressed at higher 

compression speed, a reduction in tablet tensile strength was observed (Armstrong & 

Palfrey 1989). 
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Figure 3.12. Compactibility profile of compacts of Kollidon SR/PEO (70/30) 
compressed at punch speed of 0.45mm/sec (◊) and 1.93m/sec (□). 
 

The Heckel plots of binary mixture of KSR and PEO 303 at different speeds are 

depicted in figure 3.13. When compressed with three different punch speeds, the 

densification of the polymer mixture showed significant strain rate sensitivity. The 

corresponding value of yield pressure in the linear punch speed of about 0.45m/sec and 

1.93m/sec was 38.0MPa and 86.2MPa respectively, which generated an apparent SRS 

with value about 55.9%. Polyethylene oxide deforms mainly by plastic deformation, and 

it possesses compression speed dependent densifications (Yang et al 1996). The viscous 

flow of PEO would help to efficiently absorb energy input during compression. At the 

same time due to the low concentration of PEO in the binary mixture, no sticking 

problem was observed. Therefore binary mixture of KSR and PEO 303 with the weight   
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ratio of 7:3 represents a particulate system with sufficient plasticity and elasticity so that 

acceptable compacts are produced. 

 

 

Figure 3.13. Heckel plots of Kollidon SR/PEO compressed at punch speed of 0.45m/sec 
(∆), 1.29m/sec (◊) and 1.93m/sec (□). 
 
 

3.3.3. Lubricated Mixture of KSR and PEO 303 (7:3) 

Generally when lubricant like magnesium stearate is added it reduces or 

eliminates frictions encountered during compression. To observe the effect of lubrication 

on the consolidation process of the polymer mixture, 0.5%w/w magnesium stearate was 

used to lubricate binary mixture of KSR and PEO 303. Due to improved force 

transmission through powder bed, the addition of lubricant reduced the difference in 

compact mechanical strength at two different punch velocities relative to unlubricated 
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mixture (figure 3.14). Generally, lubrication tends to reduce mechanical strength. The 

reduction in compactibility could be attributed to the reduced clean surface area available 

for interparticulate bonds formation, because lubricants could form a thin firm during 

mixing and shearing on the particle surfaces. Here, lubrication slightly but not 

significantly reduces compact mechanical strength, and the extent of reduction is more 

apparent at higher compression pressure level. The improvement in force transmission 

was also apparent in terms of greater volume reduction (figure 3.15). Here a parameter 

named specific volume with unit of cm3/g was used, which stands for the ratio of minimal 

in-die volume of the compact over its weight. The two volume reduction curves in figure 

3.15 were parallel with the overall profile derived from lubricated compacts well below 

the unlubricated one. 

 

Figure 3.14. Compactibility profile of compact of lubricated KSR/PEO (7:3) 
compressed at punch speed of 0.45m/sec (◊) and 1.93m/sec (□). 
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Figure 3.15. In-die compact volume change of lubricated KSR/PEO (7:3) compressed 
at punch speed of 0.45m/sec (◊) and 1.93m/sec (□). 
 

It appears that under same compression condition, lubrication slightly reduced the 

extent of time dependence of consolidation (figure 3.16). The corresponding SRS value 

calculated using mean yield pressure at two punch velocities was 32.3%. With lubrication, 

a linear relationship between peak ejection force and compression force was also 

observed (figure 3.17), while all values of peak ejection force acquired with unlubricated 

powder beds were scattered randomly.  
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Figure 3.16. Heckel plots of lubricated KSR/PEO (7:3) compressed at punch speed of 
0.45m/sec (∆) and 1.93m/sec (□).  
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Figure 3.17. Relationship between peak ejection force and compression force at punch 
speed of 1.93m/sec: binary mixture of KSR/PEO (7:3) (▲) and lubricated binary 
mixture (□). 
 

The influence of lubrication can also be assessed via changes in energy 

expenditure during compression. The force-displacement profile of the upper punch was 

acquired after each compression cycle. As expected the addition of lubricant reduced 

gross energy input to achieve compact with same minimum in-die thickness. A typical 

plot of area under the curve derived as compression energy input is shown in figure 3.18. 

At punch velocity of 0.45m/sec the gross energy subjected to a 30% reduction (from 

7.93J to 5.64J), which represents low compaction-resistance in the powder bed with 

lubrication. The efficient usage of energy as a result of lubrication was also confirmed by 

the reduction of elastic energy during ejection. The reduction of elastic energy was more 

apparent at lower punch velocity. At punch velocity of 0.45m/sec the elastic energy 
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decreased about 50%. The reduction of elastic energy after lubrication could be explained 

by more efficient energy usage so that more interparticulate bonds could be formed. 

Lubrication decreases the viscoelasticity of binary mixture of KSR and PEO 303. 

 

 

Figure 3.18. Effect of lubrication on energy input during compression (with same 
minimum in-die thickness of 2.0mm): gross energy (first two columns) and elastic 
energy (last two histograms) (*p<0.05, n=3). 
 

The relationship between mechanical property and compact porosity was 

generally derived to correlate compressibility data with compactibility data. The slope of 

the linear regression between porosity and log transformed tensile strength was termed as 

bonding parameter. From the intercept a theoretical tensile strength at zero porosity could 

be inferred. The effect of lubrication on bonding parameter is depicted in figure 3-19. As 

expected, with same mechanical strength, lubricated compact had less porosity, which 
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confirmed the role of lubrication on optimization of compact consolidation. The 

theoretical tensile strength at zero porosity for unlubricated and lubricated compact was 

19.11 and 12.94MPa, respectively. 

 

 

Figure 3.19. Relationship between tensile strength (lnσ) and compact porosity: 
unlubricated (♦) lubricated binary mixture (□).  
 
 
 
3.3.4. 50/50 Binary Mixture of KSR and Avicel PH101 

As a commonly used pharmaceutical excipient, microcrystalline cellulose (Avicel) 

is viscoelastic and highly compressible. The compactibility and compressibility 

properties of the 50/50 binary mixture of Kollidon SR and Avicel PH101 were evaluated 

in this section. Neat Avicel PH 01 as a control was also tested. Punch speed had no effect 

on the compactibility of Avicel PH101, profiles acquired at two different punch velocities 
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coincided with each other (figure 3.20, inset). Strong compacts (tensile strength=2.2MPa) 

were acquired at compressed pressure as low as 33MPa, which confirms good 

compressibility of MCC. As expected, the compactibility of binary mixture of Kollidon 

SR and Avicel PH101 was also punch velocity independent (figure 3.21). No lamination 

was observed at higher punch speed. Therefore, the addition of Avicel PH101 improved 

the compactibility of KSR due to its high dilution potential. 

 

 

Figure 3.20. Compactibility profile of 50/50 binary mixture of KSR and Avicel PH101 
and neat Avicel PH 101 (inset) compressed at punch speed of 0.45m/sec (◊) and 
1.93m/sec (□). 
 

The calculated value of SRS value of Avicel PH101 was 44%, which was close to the 

value previously reported (Roberts & Rowe 1986). The Heckel plot of the 50/50 binary 

mixture of KSR and PH 101 is shown in figure 3.21. The corresponding value of  
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SRS was 26.9%, which indicated that there was a synergistic effect between the 

consolidation processes of these two materials. As expected, the binary mixture of KSR 

and MCC PH101 also stands for a well balanced particulate system. 

 

 

Figure 3.21. Heckel plots of 50/50 binary mixture of KSR and Avicel PH101 
compressed at punch speed of 0.45m/sec (◊) and 1.93m/sec (□). 
 

 

  3.3.5 50/50 Binary Mixture of KSR and Spray Dried Lactose 

Spray dried lactose is another popular excipient commonly found in 

pharmaceutical solids. The compactibility profiles of 50/50 binary mixture of KSR and 

spray dried lactose compressed at two different punch velocities is depicted in figure 3.22. 

It seemed that punch velocity had little effect on mechanical strength of compacts, and 
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the two compactibility profiles coincided with each other. However, when compressed 

under same condition the compacts formed by binary mixture of KSR and Avicel PH101 

were stronger than those formed by binary mixture of KSR and spray dried lactose. When 

compressed at pressure about 100MPa at both punch velocities, the compacts based on 

binary mixture of KSR and lactose had tensile strength around 2.2MPa, while compacts 

of binary mixture of KSR and Avicel PH101 had tensile strength with value of around 

6MPa. Therefore, spray dried lactose exhibits less improvement in KSR compactibility 

than MCC. 

 

 

Figure 3.22. Compactibility profile of 50/50 binary mixture of KSR and spray dried 
lactose compressed at punch speed of 0.45m/sec (◊) and 1.93m/sec (□). 
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The Heckel plots of the 50/50 binary mixture of KSR and spray dried lactose at 

two different punch velocities is shown in figure 3.23. The corresponding value of SRS 

was 50.9%, which indicated that this binary mixture consolidated with great extent of 

time dependence. With no lamination and punch sticking observed at punch velocity as 

high as 1.93m/sec, the binary mixture of KSR and spray dried lactose also stands for a 

well balanced particulate system. 

 

Figure 3.23. Heckel plots of 50/50 binary mixture of KSR and spray dried lactose 
compressed at punch speed of 0.45m/sec (◊) and 1.93m/sec (□). 
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3.4 Conclusion 

Kollidon SR exhibited Heckel plots characteristic of viscoelastic deformation. 

Due to apparent elastic recovery, at high punch velocity (>0.64m/sec) neat Kollidon SR 

tends to laminate even when compressed at very low pressure. The addition of second 

viscoelastically deformed or brittle excipient (e.g. Polyethylene oxide, microcrystalline 

cellulose and spray dried lactose) improved the compactibility properties of Kollidon SR 

so that coherent compacts could be prepared at punch speed as high as 1.93m/sec. The 

binary mixture of Kollidon SR with Avicel PH101 showed improved SRS due to dilution 

potential of MCC and synergistic consolidation of the system. Lubrication reduced the 

overall energy expenditure during tabletting. When using KSR in excess of 50%w/w of 

the matrix, compression speed, presence of other ingredients and API in terms of their 

melting point, particle size and dilution potentials must be seriously considered in order 

to obtain an acceptable tablet with predictable scale-up potential. 
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CHAPTER 4 
 

KOLLIDON SR AS A POTENTIAL POLYMER FOR 
FLOATING DELIVERY SYSTEM 

 
4.1 Introduction 

Modified/controlled release dosage form design combines the application of 

polymer chemistry, physicochemical principles of pharmaceutics, and varieties of 

excipients to produce drug delivery systems and optimize therapy by controlling drug 

entry into the systemic circulation in order to achieve either steady-state drug levels or 

other clinically desirable input rates. Functional polymers are vital part of the delivery 

systems, because their swelling, erosion, osmotic action, ion exchange and diffusion have 

large impact on drug release. Therefore, a better understanding of intrinsic polymer 

characteristics such as physicochemical and mechanical properties in particular provides 

criteria for the polymer selection in system design to achieve the desired objective.  

Hydroxypropylmethylcellulose (HPMC) and polyethylene Oxide (PEO) are two 

widely used hydrophilic release retardant polymers. The have been used as the main 

polymers in gastro-retentive systems, for instance, effervescent floating dosage form 

(Yang et al., 1996 & 1997) and expanding and swelling systems (Klausner et al., 2003). 

As mentioned in chapter 3, Kollidon SR has been used as a release-rate retardant in some 

controlled release oral dosage forms. Information about physicochemical properties of 

Kollidon SR is listed in table 4.1. Because of its low bulk density (~0.45g/ml) and 

formation of high porosity matrix, in 2006 (Ali et al., 2006) the possibility of Kollidon 

SR as a polymer candidate for gastro-retentive delivery system application was suggested. 

However, the hardness of the Kollidon SR matrix under investigation was too low (about 
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3kp) for production purposes. Furthermore basic dissolution condition (pH 7.2) was 

improperly used for flotation evaluation although Kollidon SR’s performance is generally 

independent of pH. The purpose of this study is to comprehensively compare and 

evaluate the floatability, swelling, erosion and drug release behavior of matrices based on 

HPMC, PEO and Kollidon SR. Fenofibrate and theophylline were used as model drugs to 

demonstrate insoluble and sparingly soluble characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 113

Table 4.1. Physicochemical properties of Kollidon SR 

Description White or slightly yellowish, free-flowing powder 
 

Structure  

  
Solubility Insoluble in water (the povidone part is soluble but the polyvinyl 

acetate part is insoluble). 
It is very soluble in N-methylpyrrolidone 

Molecular weight, K 
value 

The average molecular weight Mw of the polyvinyl acetate part is 
about 450,000 and of the providone K30 part is about 500,000. 
The average molecular weight of Kollidon SR as mixture is 
expressed as K-value according to the method described in the 
monograph ‘Povidone’ and measured in 1% solution in 
tetrahydrofurane. 
The typical K-value is 60 to 55. 

Particle size 
distribution 

The average particle size is about 100µm 

Tg The glass transition temperature Tg of the anhydrous material is 
about 35°C 

Bulk density 0.45g/ml 
 

Flowability Kollidon SR has good flow properties with a repose angle well 
below 30° 
It can enhance the flowability of other components added for a 
tablet formulation. 

Compressibility  Kollidon SR compressed well and endows tablets with enormous 
hardness and low friability. This is due to the combination of the 
very plastic polyvinyl acetate and the strongly binging povidone. 

 

 

 

 

 

 

n 
m 
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4.2 Material and Methods 

4.2.1 Material 

Fenofibrate (micronized), theophylline, colloidal silica (SiO2) and magnesium 

stearate (Mg st) were purchased from Sigma-Aldrich (St. Louis, MD). Kollidon SR was 

donated by BASF Corporation (Ledgewood, NJ).  Polyethylene Oxide (PEO) 303 and 

N60-K, Hydroxypropyl Methylcellulose (HPMC) K4M and K15M were provided by 

Colorcon Inc (West Point, PA).  

 

 

4.2.2 Powder Rehometer Study 

The powder characterization was performed on the plain powder, binary mixture 

with Mg stearate and ternary mixture with Mg stearate and Colloidal silica (SiO2) using 

the ManUnit Powder Rheometer in conjunction with a TA.XT2i Texture Analyzer 

(Texture Technologies Corp, Scarsdale, NY). For binary mixture with Mg stearate, 0.5% 

w/w Mg stearate was added to polymer powders with 5-minute mixing. The 

concentration of colloidal silica and Mg stearate in the ternary mixture was both 0.5% 

w/w.  

The instrument was initially calibrated for force, torque and distance 

measurements. A cylindrical vessel with a capacity of 200ml was filled with each powder 

and set on the platform of the texture analyzer. A specific probe capable of describing a 

true helix pattern as it pass through the powder bed was used to collect forces of cohesion 

and adhesion inside the powder bed (figure 4.1). The helical blade naturally cuts through 
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the bed of powder under testing and the overall force/torque relationship with distance is 

integrated. 

During a typical test the probe rotates and travels downward at an angle of 45° 

and at a speed of 10mm/s into the effective powder bed zone followed by an upward 

movement at an angle of 175° and at a speed of 50mm/s. The force-distance profile of the 

effective zone in the powder column between 30 and 60mm of the distance that the probe 

traveled was integrated for each sample. The criteria of effective zone pickup are the 

same as mentioned in earlier work (Navaneethan et al., 2005). 

 

 

Figure 4.1. Powder rehometer setting for powder flowability test.  
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4.2.3 Spreadability Study 

The spreadability properties of partially wet polymer was measured with a 

TA.TX-2i texture analyzer equipped with a 2kg load cell (Texture Technologies Corp., 

Scarsdale, NY/Stable Micro System, Godalming, UK) using a 90° cone probe (figure 4.2). 

Powders of each polymer weighed 200mg were filled in the lower cone holder with 0.5ml 

of pH2.0 HCl buffer dropped on top. The cone holders were covered with parafilm for 2 

hour for partially wetting and evaporation prevention. The samples were subjected to 

application of reciprocating probe and forced to flow outward at 45° between the cone 

surfaces during the test, the ease of which indicates the degree of spreadability and 

strength of hydrogels formed.  

 

 

Figure 4.2. Texture analyzer setting for spreadability test.  
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4.2.4 Tablet Manufacturing-Direct Compression 

Fenofibrate and theophylline were used as two model drugs. For each drug five 

batches of monolith matrices were made based on HPMC K15M, K4M, PEO 303, PEO 

N60-K and Kollidon SR respectively. Each monolithic matrix contained 10mg of API 

and 300mg of polymeric excipients. Ingredients of each formulation were mixed 

thoroughly in mortar with the help of pestle. Tablets were produced by direct 

compression on a Carver laboratory press (Fred S. Carver Inc., Menomonee Falls, WI) 

using a 7mm diameter die and a flat-face punch combination to obtain the target hardness 

about 7.5kp. Tablet hardness was measured in six replicates using a tablet hardness tester 

(Mod. 2E/106 series 7410, Schleunige & Co., Switzerland).  

 

4.2.5. In-Vitro Dissolution Study 

Dissolution study was carried out under sink condition using USP 27 apparatus 2 

(paddle), Vankel VK7000 dissolution machine (Cary, NC) equipped with an autosampler. 

The dissolution media for theophylline was 900ml of pH 2.0 HCl buffers. To achieve 

sink condition for fenofibrate, 2% tween 80 in pH 2.0 HCl was used [saturation solubility 

about 133.5µg/ml (Jamzad et al., 2006)]. During dissolution, the dissolution media were 

maintained at 37±0.5°C and paddle speed was 50 and 100rpm. Samples through a 10µm 

filter were taken automatically at each sampling time point. Theophylline and fenofibrate 

release were detected by UV absorbance using a UV spectrometer (Cary 50 UV-visible 

spectrophotometer, Cary, NC) at 271nm and 290nm respectively. All dissolution tests 

were performed in triplicate.   
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4.2.6. Swelling and Erosion Study 

The swelling and erosion behavior of tables (300mg weight, ~7.5Kp hardness) 

made of each polymer were evaluated gravimetrically. For each time point, two samples 

of tablet were weighed and subjected to 900ml pH 2.0 HCl buffer medium under 

condition similar to the dissolution studies. At predetermined time points, swollen 

samples were removed from the dissolution vessel, patted gently with tissue paper, 

weighed and dried at 70°C until constant weight was reached. Percent of weight gain 

from hydration and weight loss due to erosion were calculated using the following 

equation: 

 

 

 

4.2.7. Texture Analysis and Swelling Behavior  

Matrices made of each polymer were exposed to 900ml pH 2.0 HCl buffer under 

the same condition to the dissolution test. At predetermined times (2, 4, 6, 8 and 12 hour) 

swollen samples were taken out and lightly patted with tissue paper to remove excess 

water. Texture profiling was carried out on a TA.TX-2i texture analyzer equipped with a 

2kg load cell (Texture Technologies Corp., Scarsdale, NY/Stable Micro System, 

Godalming, UK) using a 2mm round end steel probe. The force-distance profile for each 

sample was spontaneously derived as probe penetrated the swollen system following the 

method described previously (Durig et al., 2002). 
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4.3 Results and Discussion 

4.3.1. Powder Rheological Study  

As probe movement is controlled and set by the rheometer, powders that flow 

freely will exhibit very little resistance in force sensed through the powder bed in either a 

downward or an upward direction with a relatively smooth force-distance curve. 

Conversely, poorly flowing powders (cohesive or tapped) exhibit substantial amount of 

resistance, which in turn will generate saw-tooth force-distance profiles. The typical 

force-distance profiles of each polymer and their mixtures with lubricants were depicted 

as figure 4.3 to figure 4.5. The overall particle cohesion or resistance (AUCs) and mean 

forces calculated from the effective zone for each polymer were shown in table 4.2. The 

order of AUC value showed that HPMC K15M>PEO 303>PEO N60-K>HPMC 

K4M>Kollidon SR. Generally particle size distribution and particle morphology have big 

impact on powder flow. As a pray-dried material, particles of Kollidon SR would be 

more spherical than particles of any other polymers (BASF, 2008, figure 4.6). 

Furthermore 99% of HPMC premium CR and Kollidon SR particles pass mesh 100 (pore 

size=150um). However, only about 50% of PEO particles do. As a result Kollidon SR 

exhibits least particle cohesion (i.e. lowest value of AUC), mainly due to the more 

uniform particle size distribution and spherical particle shape. 
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Figure 4.3. Typical force-distance profiles of binary and ternary mixtures of HPMC 
K15M. 
 
 

 
Figure 4.4. Typical force-distance profiles of binary and ternary mixtures of PEO N60-
K. 
 

Neat HPMC K15M 

Binary mixture 

Ternary mixture 

Neat PEO N60-K 

Binary mixture 
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Figure 4.5. Typical force-distance profiles of binary and ternary mixtures of Kollidon 
SR. 
   

 

 

Figure 4.6. Physical appearances of PEO 303 (left) and Kollidon SR (right) particles 
(Colorcon 2009; BASF 2008).  
 

 

Neat Kollidon SR 

Ternary mixture 
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For binary and ternary mixture with Mg stearate and colloidal silica, significant 

reduction in particle cohesion in the order of Kollidon SR< PEO 303< HPMC K15M 

(table 4.2, figure 4.3, 4.4 and 4.5) was observed.  Compared with pure K15M 

(AUC=372.7 N×mm), the cohesion forces inside the Mg stearate lubricated powder bed 

reduced 80% (83.15 N×mm). Addition of colloidal silica eliminated the interparticulate 

cohesion force even further in terms of AUC (47.11 N×mm). In the case of PEO N60-K, 

the AUCs of binary and ternary mixture were almost the same, which also confirmed the 

positive affects of Mg stearate and SiO2 as cohesion force eliminators. Kollidon SR was 

not affected by either Mg stearate or Mg stearate plus SiO2, which generate series of 

AUCs with values in the range of 40-45N×mm. 

 
 
Table 4.2. Summary of the salient parameters determined for each polymer, binary 
mixture with Mg stearate and ternary mixture with Mg stearate and colloidal silica 
(SiO2) (each value is mean of 3 runs±SD). 
 

Polymer Total work done (N*mm) Mean force (N) 
PEO 303 101.28±8.65 3.38±0.35 

PEO N60-K 101.11±7.76 3.37±0.26 
N60-K+MSa 59.21±8.31* 1.96±0.26 

N60-K+MS+SiO2 59.89±5.27* 1.99±0.35 
 HPMC K15M 372.7±11.04 13.42±1.24 

K15M+MS 83.15±3.78* 2.76±0.26 
K15M+MS+SiO2 47.11±2.29* 1.56±0.17 

HPMC K4M 173.25±0.15 5.78±0.07 
Kollidon SR 45.50±2.69 1.55±0.12 

SR+MS 41.57±1.78 1.38±0.09 
SR+MS+ SiO2 41.79±2.01 1.39±0.05 

aMS=Mg Stearate 
* p<0.05 (student t test, n=3) 
 
 
 

For mixtures with wide particle distribution and rough particle morphology, 

vibration caused during transportation and manufacturing could result in powder bed 
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segregation. Segregation, in turn, could adversely affect the flowability of mixtures of 

powders and granules. Controlled release formulations, especially for highly water 

soluble drugs, generally may contain more than 40% w/w of release-rate retardant 

polymers depending on the drug dose. To investigate the impact of vibration during 

transportation and manufacturing, flowability test on pure polymer, binary mixture with 

Mg stearate (0.5% w/w) and ternary mixture (Mg stearate 5% w/w and  SiO2 0.5% w/w) 

was performed after taping (1 tap per second for 25 second, taping height: 5cm). This 

tapping pattern was selected for simulation purpose. The change of AUC due to tapping 

and impact of lubrication is depicted as figure 4.7 to 4.9. Compared to data in table 4.2, 

tapping greatly increased the resistance inside each sample. Addition of Mg stearate and 

Colloidal silica helped in reducing the possibility of powder bed segregation.  
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Figure 4.7. Change of powder bed resistance in terms of AUC as a function of tapping 
and lubrication for PEO N60-K (n=3). *binary mixture (Mg stearate 0.5% w/w), 
ternary mixture (Mg stearate 0.5% + SiO2 0.5%), T=tapped 
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Figure 4.8. Change of powder bed resistance in terms of AUC as a function of tapping 
and lubrication for HPMC K15M (n=3). *binary mixture (Mg stearate 0.5% w/w), 
ternary mixture (Mg stearate 0.5% + SiO2 0.5%), T=tapped 
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Figure 4.9. Change of powder bed resistance in terms of AUC as a function of tapping 
and lubrication for KSR (n=3). *binary mixture (Mg stearate 0.5% w/w), ternary 
mixture (Mg stearate 0.5%  + SiO2 0.5%), T=tapped 
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4.3.2 Spreadability Test 

Spreading gel with force under monitoring is a normal approach to assess gel 

strength. A stronger gel exhibits higher elasticity which requires more force to form thin 

film of gel under pressure, while weak gels or materials that do not gel having relatively 

weak cohesion forces would spread well with less force. The ease of spreadability is 

expressed as work input or area under the curve (AUC) from the force-distance profile. 

The typical force-distance profile for spreadability test is shown in figure 4.10. It was 

observed that PEO 303 N60-K was fully hydrated after 2 hours and formed the strongest 

hydrogel system and required larger energy input to spread. Both HPMC K4M and 

K15M were partially hydrated and the gel layer with moderate strength was only formed 

on the upper part of the powder bed. For Kollidon SR, with 80% of its composition as 

water insoluble PVA, its force-distance profile was insignificant which indicated that a 

very weak gel or even no hydrogel was formed. 
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Figure 4.10. Typical force-distance profile of spreadability test (from left to right): 
Kollidon SR, HPMC K4M, HPMC K15M, PEO 303 and PEO N60-K. 
 

4.3.3 Drug Release 

As a reference, fenofibrate powder achieved 100% release within 4.5 hours at 

100rpm in the same dissolution media used for release study (figure 4.11). The 

dissolution curves at pH 2.0 for theophylline and fenofibrate are depicted in picture 4.12 

and 4.13 respectively. With All matrices achieved floating without lag time, PEO N60-K 

based matrices disappeared after dissolution study, while other matrices partially retained 

their swollen shape. Equation Mt/M∞=ktn (Mt/M∞<80%) was employed to evaluate the 

release mechanisms of theophylline and fenofibrate release from various monolithic 

matrices based on each polymer (see table 4.3). 

With water soluble drug theophylline, the extensive swelling and erosion 

characteristics of PEO N60-K based matrices demonstrated highest release rate at pH 2.0 
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(see Figure 4.12). At 100rpm about 85% of theophylline was released form N60-K 

matrices, which indicate that the harsher hydrodynamic condition significantly promoted 

the erosion of N60-K leaving more drug molecules dispersed directly into dissolution 

media with increased diffusional constant (0.626 at 50rpm vs. 0.718 at 100rpm). The 

release profiles of HPMC based matrices were similar at 50rpm, but the change of 

hydrodynamic condition has bigger impact matrices made of K4M leaving more 

theophylline being released at 100rpm.  Although with water soluble drug theophylline 

matrices of PEO 303 and Kollidon SR generated comparable dissolution profiles 

independent of changes of hydrodynamic condition, the drug release mechanisms form 

them were a little bit different. The exponential constant for Kollidon based matrix was 

0.44 regardless of rpm, which indicated a diffusion controlled release mechanism. While 

erosion contributed more to theophylline release to different extent for matrices based on 

PEO 303 (n=0.637 at 50rpm and 0.561 at 100rpm). At the same time theophylline 

matrices made of Kollidon SR showed big burst release effect at both hydrodynamic 

conditions 

With insoluble drug fenofibrate, only PEO N60-K based matrices achieved 100% 

release. At 50rpm all fenofibrate has been released at 20hr, and with significantly 

increased erosion 100% release was achieved around 17hr. At 50rpm the release profiles 

of K15M, PEO 303 and Kollidon SR were comparable (f1>50). Harsher hydrodynamic 

condition prompted the release of fenofibrate from all matrices. Like the case for 

theophylline, the dissolution profiles of fenofibrate from PEO 303 and Kollidon SR based 

matrices were comparable under both hydrodynamic conditions. The diffusional 

constants of all release profiles at 100rpm were bigger than 1, which indicating super 
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case II release mechanisms with predominant contribution of erosion to fenofibrate 

release.   

 

 
 
Figure 4.11. Dissolution profile of fenofibrate powder in the 900ml of HCl 2.0 buffer 
(2% tween 80) at 100rpm (n=6). 
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Figure 4.12. Dissolution profile of theophylline from monolithic matrices at pH 2.0 
under 50rpm (top panel) and 100rpm (bottom panel): Kollidon SR (♦), HPMC K15M 
(■), HPMC K4M (∆), PEO 303 (○) and PEO N60-K ( ) *SD<10. 
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Figure 4.13. Dissolution profile of fenofibrate from monolithic matrices at pH 2.0 
under 50rpm (top panel) and 100rpm (bottom panel): Kollidon SR (♦), HPMC K15M 
(■), HPMC K4M (∆), PEO 303 (○) and PEO N60-K ( )*SD<10. 
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Table 4.3. Kinetic considerations of data treated from figure 4.9 & 4.10. *P<0.05 
(student t test, n=3) 

Monolithic matrices Polymers k (h-n) N 
PEO 303 2.108 0.637 

PEO N60-K 2.091 0.626 
HPMC K15M 1.688 0.591 
HPMC K4M 1.759 0.597 

Theophylline 50rpm 

Kollidon SR 3.031 0.444 
PEO 303 2.327 0.561 

PEO N60-K 2.326 0.718 
HPMC K15M 2.199* 0.546 
HPMC K4M 1.851 0.738 

Theophylline 100rpm 

Kollidon SR 3.088 0.443 
PEO 303 1.927 0.842 

PEO N60-K 1.693 1.428 
HPMC K15M 0.679 1.245 
HPMC K4M 0.707 1.114 

Fenofibrate 50rpm 

Kollidon SR 3.545 0.644 
PEO 303 0.857* 1.262 

PEO N60-K 3.095* 1.377 
HPMC K15M 2.303* 1.037 
HPMC K4M 1.977* 1.159 

Fenofibrate 100rpm 

Kollidon SR 0.6* 1.369* 
 
 
4.3.4 Weight Gain and Mass Loss 

Among all the three polymers used, PEO underwent most extensive swelling and 

erosion (see figure 4.14 and 4.15). PEO 303 showed an 8 folds weight increase at 12hr. 

Its rate of weight gain kept on flatting indicating compromised weight gain impaired by 

increasing erosion (figure 4-14). PEO N60-K underwent a quick weight gain in the first 2 

hours. The rate of its weight gain slowed down till it reached its maximum weight at 

8hours. After 8hr its erosion became dominant so that the swollen matrix of PEO N60-K 

began to lose its weight, which was in accordance with its mass loss curve shown in 

figure 4.14. Compared with PEO, HPMC underwent moderate both swelling and erosion. 

Swollen matrix of HPMC K15M and K4M acquired 3 fold and 2.5 fold weight gain at 
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12hr respectively. Kollidon SR showed minimum swelling and erosion, and its weight 

remained constant after 12 hours.  

 
Figure 4.14. Mean weight gain via swelling of each monolithic matrix: HPMC K15M 
(×), HPMC K4M (∆), PEO 303 (◊), PEO N60-K (□) and Kollidon SR (*) (n=5). 
 

 
Figure 4.15.Mean mass loss due to erosion of each monolithic matrix: HPMC K15M 
(×), HPMC K4M (∆), PEO 303 (◊), PEO N60-K (□) and Kollidon SR (*) (n=5). 
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4.3.5 Texture Profiling 

The typical force-distance profile of swollen matrices during dissolution was 

depicted as figure 4-16. PEO 303 matrix (figure 4.16A) swelled both axially and radically, 

and its dimension increase from 3.10mm×11.29mm at time zero to 5.91×22.12mm at 12 

hour. N60-K (figure 4.16D) acquired its maximum thickness at 6hr, which indicating 

strong erosion due to polymer chain disentanglement and/or polymer dissolution.  

Different from PEOs, HPMCs swelled mainly axially, their thickness increased with time 

indicating compromised swelling impaired by erosion. In accordance with the result of 

weight gain and mass loss, the thickness of matrix made of Kollidon SR (figure 3.14E) 

remained constant within 12 hours. After 8 hours, glassy core was only available in 

HPMC and Kollidon SR based matrices (Figure 4.16B, 4.16C and 4.16E). However 

energy input kept on decreasing, which pointed to decreasing strengths of those swollen 

matrices. 
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Figure 4.16.Typical force-distance profile of each swollen monolithic matrix: PEO 303 
(A), HPMC K4M (B), HPMC K15M (C), PEO N60-K (D) and Kollidon SR (E). 
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4.4 Conclusion 

PEO and HPMC showed relatively greater particle cohesion, while as a binary 

mixture particle cohesion in Kollidon SR was the minimum. Adding of Mg stearate and 

colloidal silica significantly eliminate particle cohesion in PEO and HPMC. All polymers 

demonstrated significant differences in swelling and erosion behavior. PEO showed 

extensive swelling and erosion. Kollidon SR generated very weak or no hydrogel and 

there is no obvious swelling and erosion in SR based matrices, which was verified by 

spreadability test, swollen matrices texture analysis, weight gain and mass loss study. 

Matrices made of each polymer achieved floating without lag time. Water soluble drug 

theophylline was release through SR matrices by diffusion, while erosion contributed 

more in the release of fenofibrate. Regardless of drug solubility, changes in 

hydrodynamic condition had least effect on performance of SR and PEO 303 based 

matrices. Its floatability and robustness toward changes in hydrodynamic condition make 

Kollidon SR and good key polymer for floating delivery systems. 
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CHAPTER 5 
 

APPLICATION OF A NOVEL SYMMETRICAL 
SHAPE FACTOR (SSF) TO GASTRO-RETENTIVE 

MATRICES AS A MEASURE OF SWELLING 
SYNCHRONIZATION AND ITS IMPACT ON DRUG 

RELEASE KINETICS UNDER STANDARD AND 
MODIFIED DISSOLUTION CONDITIONS 

 
5.1 Introduction 

5.1.1 Dissolution Testing 

For drug substances to be absorbed orally from GI tract, they have to dissolve in 

the GI fluid before having a chance to cross the GI membrane. Dissolution 

physicochemically is defined as the process by which a solid substance enters the solvent 

to yield a solution (Banakar 1991). Dissolution of a drug substance involves 

heterogeneous interactions between solute and solvent (Pillay & Fassihi 1999). These 

heterogeneous interactions can be further characterized as: (a) disassociation of solute 

molecules from the bulky solid phase, (b) accommodation of solute in the liquid phase, 

and (c) diffusive or convective transport of solute through the liquid-solid interface to the 

bulk liquid phase. Basically affinity between the solid substance and the solvent governs 

the extent or rate of dissolution.  

When it comes to the dissolution process of matrix solid dosage form in which the 

active ingredients are imbedded, besides the intrinsic dissolution properties of the pure 

drug substances several physicochemical processes should also be taken into 

consideration. Those factors include physical characteristics of the dosage form, 

wettability of the dosage form, penetration ability of dissolution media, the swelling 
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process, disintegration, deaggregation of the dosage form. Figure 5.1 systematically 

depicts the processes involved in dissolution of solid dosage form (Carstensen, 1982). 

Generally deemed as a first order kinetics, dissolution can be affected by manufacturing 

process and formulation composition. Fundamentally, dissolution is determined by 

particle size and API solubility. However both factors could be significantly impacted by 

manufacturing process and formulation. 

 

 

Figure 5.1: Schematic illustration of dissolution processes of solid dosage forms 
(Carstensen, 1982)  
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From figure 5.1, it is clear that both the dissolution and absorption processes 

determine the extent and rate of drug substance entering the systemic circulation. This 

forms the rationale behind the proposed Biopharmaceutical Classification System (BCS).  

The first consensus about dissolution after the clinical failure of several 

immediate release tablets was that total disintegration did not necessarily imply complete 

solution of the tablet or even of its active ingredient. Thanks to the availability of highly 

reliable modern analytical techniques and growth of modern pharmaceutical sciences, the 

last 4 decades witnessed hundreds of publications on the nature of drug release together 

with all kinds of dissolution apparatuses. In the1970s it was verified that dissolution was 

sensitive enough to reflect formulation variables as a quality control technique. 

Nowadays, dissolution testing is required for every solid dosage form. It also helps to 

verify the robustness of manufacturing after changes fall in the region of Scale Up & Post 

Approval Changes (SUPAC). Over the years, dissolution testing was also expanded to 

accommodate other dosage forms, not only tablets and capsules but also implants, 

injectables, suppositories and transdermal patches. Today the USP adopts seven different 

dissolution apparatuses, and the last four family members were added in the 1990s.  

Therefore in-vitro dissolution study is involved in almost every stage of 

pharmaceutical product development (figure 5.2). Once the API candidate with optimal 

toxicity and efficacy characteristics is identified, the possibility of dissolution being the 

rate-limiting step of its oral absorption has to be verified in the biorelevant media. When 

batches with various compositions are available, dissolution in biorelevant media helps to 

identify the most suitable one for clinical study. Based on valid IVIVC data acquired in 

phase II and III clinical trails, in-vitro dissolution testing can be used to assess scale-up 
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and minor process changes. Even after the successful launching of the final product, its 

dissolution profile will keep on enriching due to launching of product with new dosage 

strength, controlled release (CR) products and/or generic version. 
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Figure 5.2. Application of in-vitro dissolution studies (Jamzad & Fassihi 2006).
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Dissolution apparatus selection is primarily based on type of dosage form to be 

studied (table 5.1). Of all these apparatus types, the basket (apparatus 1) and paddle 

(apparatus 2) have the widest use, because they are simple and robust. As the first two 

compendial apparatus adopted, years of experiences and study make them more familiar 

to pharmaceutical scientists. 

 

Table 5.1. Apparatus classification in the European Pharmacopoeia (2002) for 
different dosage forms (Dressman & Kramer et al 2005). 
 

Paddle apparatus 
Basket apparatus For solid dosage forms 
Flow-through apparatus 
Disk assembly method 
Cell method For transdermal patches 
Rotating cylinder method 
Chewing apparatus (medicated chewing gum) For special dosage forms Flow-through apparatus 

 

During dissolution studies, temperature and volume of dissolution media, rotation 

speed or flow rate, sampling procedure and integrity of the sampling probes worth strict 

monitoring. Calibrator tablets (salicylic acid 500mg and prednisone 10mg) can be used to 

verify the suitability of dissolution system. According to requirement of United States 

pharmacopoeia (USP), suitability test should be performed at least twice per year.   It has 

been found that such testing can discriminate errors contributed by equipment vibration 

and insufficient deaearation. Selection of dissolution media is determined by the 

solubility of active ingredient and site of release. Sometimes to asses the performance of 

delivery system in the whole gastrointestinal tract, combination of various media with 

different values of pH may be needed.  
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Although widely used, dissolution is far from being understood perfectly. Firstly, 

strict compliance of standard operation determines the accuracy and reliability of the 

dissolution testing. As a quantitative method, dissolution may provide valuable 

information about the biological availability of a drug product. However, dissolution can 

not be used for therapeutic efficiency prediction. All these factors make dissolution 

testing far from a simple routine measurement. Despite these shortcomings, dissolution 

testing to date seems to be the most sensitive and reliable predictor of bioavailability and 

is one of the most important quality control tests performed on drugs and drug products. 

  

5.1.2 Dissolution Testing for Floating System 

Gastro-retentive dosage forms have been the topic of interest in recent years as a 

practical approach in drug delivery to the upper GI tract or for release prolongation and 

absorption (Moes 1993; Singh & Kim 2000; Steingoetter et al 2003). These dosage forms 

are particularly suitable for drugs that have local effects on the gastric mucosa in the 

stomach, such as delivery of drugs used for Helicobacter pylori treatment (Cooreman et 

al 1993). Other drug candidates include drugs that are mainly absorbed in the stomach or 

upper small intestine, or drugs that are unstable in the basic environment of distal 

intestine and colon or those with low solubility at elevated pH conditions (i.e., weak 

bases) (Streubel et al 2002). Various strategies to achieve gastric-retention have been 

proposed (Chawla et al 2003) and some successfully commercialized (e.g.  Matrix tablets 

containing high dose of metformin hydrochloride or low dose of alfuzosin hydrochloride). 

Among these strategies, the swellable low-density floating hydrophilic matrix systems 
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have been extensively studied in the last 2 decades (Sheth & Tossounian 1984; Yang & 

Fassihi 1997; Yeole et al 2005; Liu & Fassihi 2008). 

Among various USP recommended dissolution methods, USP basket method is 

not considered by the scientific community due to limited space within the basket and 

sticking issues. Instead, USP apparatus 2 (paddle) is frequently employed for the 

evaluation of swellable and floating dosage forms. One of its major drawbacks is 

incomplete exposure of floating dosage form to the dissolution medium. During 

dissolution one radial surface or portions of the floating system is exposed directly to the 

air above the surface of the media.  Thus the hydration of the exposed area and its 

periphery will be adversely impaired, and drug release is suppressed from these areas. 

Adherence of dosage form to the paddle shaft and sampling pipettes could happen as well 

(figure 5.3), especially for systems composed of hydrophilic polymers that become sticky 

when hydrated. Several papers (Burns et al 1998; Pillay & Fassihi 1998; Durig & Fassihi 

2000) have highlighted the importance of full exposure and have proposed modifications 

to the standard USP methods. 
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Figure 5.3. Possible adhering problems associated with USP apparatus 2 (subjects in 
shade are floating system in hydration, Durig & Fassihi., 2000). 
 

Several papers have being published to improve this apparatus for a more in vivo 

related dissolution system for floating dosage forms. One of the strategies suggested was 

adding a wire mesh at 72 mm height from bottom of vessel below which dosage form is 

placed (Burns et al., 1998). Enteric coated, biphasic liquid-filled 80 mg HALO™-

propranolol capsules and Macrotonin™-calcitonin capsules were employed to evaluate 

the impact of the modified apparatus at 75rpm or 100rpm. 900 ml pH 6.8 buffer was used 

as dissolution media. This pH 6.8 buffer also contained 5.84 g/l disodium hydrogen 

orthophosphate, 4.62 g/l potassium dihydrogen orthophosphate, 2.00 g/l sodium cholate 

and 1.00 g/l sodium deoxycholate. It was found that modified apparatus prompted drug 

release from both systems (Burns et al., 1998). 

Another modification consists of two meshes with floating system placed in the 

middle of them (Durig et al., 2000, figure 5.4). In pH 1.5 USP buffer, release of 

theophylline from guar gum based matrices was assessed. It was found that double-mesh 
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apparatus generated dissolution curves with much less deviation than with USP apparatus 

2, also the tendency of adherence to sampling pipettes and paddle shafts was eliminated.  

 

 

Figure 5.4. Apparatus with double meshes (subject in shadow is floating system in 
hydration Durig et al., 2000). 
 

To run dissolution study with these two modifications mentioned above, floating 

dosage forms have to be dropped into dissolution vessels before adding dissolution media. 

Furthermore, to accommodate meshes to be placed under, the height of paddle has to be 

raised. Then, as a result, those modified methods would generate very different 

hydrodynamic condition than USP apparatus 2 due to the raised paddle.  

Research scientists even have designed an entirely new dissolution method for 

floating systems (Gohel et al., 2004, figure 5.5). With the apparatus proposed, 70ml of 

dissolution media (0.07N HCl) was stirred at 55rpm. At predetermined intervals up to 

12hour, 10ml of fresh dissolution media was introduced into the vessel when 10ml of 
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sample was taken from the S-shaped side arm. It was found that the proposed apparatus 

and USP apparatus 2 gave comparable release profile. Although they thought the new 

system was more in vivo relevant, incomplete exposure to dissolution media and 

automation present potential problems.   

 

 

 

 

Figure 5.5. Dissolution method proposed for floating system (Gohel et al., 2004)  
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5.2 System Designed 

A stainless steel mesh (mesh No.16) was introduced into the vessel as a 

modification to USP apparatus 2 is shown in figure 5.6. When the dissolution vessel was 

filled with 900ml of dissolution media, the inserted mesh is in contact with the surface of 

the dissolution media fully submerged. The mesh was positioned at a fixed height with 

the help of proper supporting racks with lengths of about 4cm. Two openings in the mesh 

were produced to provide for the insertion of paddle shaft and sampling pipette. Once 

floatable tablets or capsules are dropped in the vessel, they eventually would float, 

however, remain fully submerged under the mesh during dissolution study.  

 

 

 

Figure 5.6. Dissolution system designed. 
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5.3 Materials and Methods 

5.3.1 Materials 

Alfuzosin hydrochloride was purchased from Lunan Pharmaceuticals (Linyi, 

China). Kollidon SR was donated by BASF Corporation (Ledgewood, NJ). Polyethylene 

Oxide (PEO) N60-K and Hydroxypropyl Methylcellulose (HPMC) K15M were provided 

by Colorcon Inc (WestPoint, PA). Theophylline anhydrous, diltiazem HCl and 

magnesium stearate were purchased from Sigma-Aldrich (St. Louis, MD). 

 

5.3.2 Evaluation of Various Formulated Matrices 

To investigate the impact of mesh on the performance of floating systems, 

monolithic, three layer composite tablets with and without effervescent excipients were 

investigated. Monolithic non-effervescent matrices involved were based on 

hydroxypropyl methylcellulose (HPMC) K15M, Kollidon SR and polyethylene oxide 

(PEO) N60-K, respectively. The effervescent multi-layer tablet based on PEO, similar to 

previous work (Liu & Fassihi, 2008) was used. Model drugs incorporated in different 

polymeric matrix composites were theophylline anhydrous (sparingly soluble), diltiazem 

HCl and alfuzosin HCl (highly water soluble drugs). Finally a non-effervescent three-

layer commercialized tablet (Uroxatral, Sanofi-aventis) obtained from university hospital 

containing 10mg alfuzosin hydrochloride was also tested. 

All monolithic matrices contained 300mg of release-rate retarding polymer and 

10mg of active ingredient. Ingredients of formulation were mixed thoroughly in mortar 

with the help of pestle. Tablets were produced by direct compression on a Carver 

laboratory press (Fred S. Carver Inc., Menomonee Falls, WI) using a 7mm diameter flat-
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faced punches. Magnesium stearate in acetone was used to lubricate the punch and die.  

The monolithic matrices produced had hardness of 7±0.5kp with thickness of 

3.10±0.05mm. The PEO based multilayer formulation weighed 600±5mg, had thickness 

of 5.45±0.05mm and hardness of 7±0.7kp. Tablet hardness was measured in six replicates 

using a tablet hardness tester (Mod. 2E/106 series 7410, Schleunige & Co., Switzerland).  

 

5.3.3 Dissolution Study  

Dissolution studies were carried out under sink condition in pH 2.0 HCl buffer 

using unmodified and modified USP 27 apparatus 2, in a Vankel VK7000 dissolution 

machine (Cary, NC) equipped with an autosampler. During dissolution, the dissolution 

media were maintained at 37±0.5°C and paddle speed was 100rpm in compliance with 

generally accepted hydrodynamics of stomach conditions. Samples through a 40µm filter 

were taken automatically at each sampling time point. Drug release was detected by UV 

absorbance (theophylline at 271nm, diltiazem at 240nm and alfuzosin at 244nm) using a 

UV spectrometer (Cary 50 UV-visible spectrophotometer, Cary, NC). All dissolution 

tests were performed in triplicate.   

 

5.3.4 Dissolution Data Analysis 

To compare the dissolution profiles of same delivery system under different 

dissolution test conditions, two indices or fit factors were determined (Moore et al., 1996). 

This approach is model independent, and it uses mathematical indices to define 

difference and similarity factors (f1 and f2, respectively) for comparison of dissolution 

profiles:  
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• Difference factor, f1: 

   

• Similarity factor, f2: 

 

where Rt and Tt are the percent drug dissolved at each time point for the reference (i.e. 

dissolution under standard conditions) and test product (i.e. dissolution under modified 

condition proposed in this work), n is the number of dissolution sample times, t is the 

time sample index and Wt  is an optional weight factor (in the current work Wt =1). In 

general, to ensure sameness between the profiles, f1 should be in the range of 0–10, and f2 

in the range of 50–100. To calculate the fit factors, the mean dissolution values from both 

profiles at each time interval were used, including only one pull point at greater than 85% 

level of drug release in order to avoid bias in the similarity assessment. In addition 

appropriate statistical test (i.e. student t test and Mann-Whitney test) were performed to 

identify the differences observed under various conditions in this research work. 

 

5.3.5 Dynamic Texture Analyses of Swelling Matrices 

The partially hydrated and swollen matrices were removed during dissolution at 

predetermined intervals and subjected to textural profiling to determine gel layer 

thicknesses and movement of the water penetration front at the matrix perimeter and 

central region of the tablets. Three tablets were subjected to testing at each time point and 

tested tablets were discarded. Textural analysis was performed using a TA.XT2 Texture 
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Analyzer equipped with a 5 kg load cell and Texture Expert software (Texture 

Technologies Corp, Scarsdale, NY/Stable Micro Systems, Goldalming, UK). The force–

displacement–time profiles associated with the penetration of a 2mm, round-tipped steel 

probe into the swollen matrices (i.e. peripheral and central regions of hydrated matrix) 

were monitored at a data acquisition rate of 200 points per second. Once a trigger force of 

0.005 N was detected, the probe was advanced into the sample at a test speed of 0.1 mm/ 

s until it reached the glassy region (Durig & Fassihi, 2000). In this work a novel index the 

symmetrical shape factor (SSF) is proposed and defined as the ratio of the peripheral gel 

thickness to the central gel thickness (figure 5.7) and its value indicates the potential 

asymmetrical swelling of the entire matrix at a particular time point. The peripheral 

thickness was measured about 2mm from the matrix edge.  All measurements were 

carried out in triplicate. The SSF value of one represents uniform hydration and swelling 

of the entire matrix, while values smaller or greater than one indicate non-uniform 

swelling of the matrix. 
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Figure 5.7. Textural analyzer and calculation of symmetrical shape factor (SSF) 
during matrix swelling and dissolution studies. 
 

5.4 Result and Discussion  

As an important analytical tool, in vitro dissolution has an extensive application in 

all stages of drug development. Since it is sensitive enough to discriminate variables in 

formulation and process, dissolution testing has been employed as a quality control tool 

in all official pharmacopeias for solid oral dosage forms to evaluate batch-to-batch 

consistency. With well defined in vitro in vivo correlation (IVIVC), dissolution can not 

only verify formulations with most desirable release, but also be used as a surrogate for in 

vivo bioavailability (BA), in scale-up and post approval changes (SUPAC) as well as in 

bioequivalency (BE) study for lower strength generic version of similar formulations 

(Pillay & Fassihi, 1999; Dressman & Kramer, 2005).  

The in-vitro assessment of gastro-retentive dosage forms is especially challenging 

and important as there are no well established dissolution methods for swelling gastro-

floatable delivery systems. In the following section drug release and floating issues 
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related to various dosage forms are assessed and pertinent recommendations relevant to 

each other system are made. 

 

5.4.1 Monolithic Matrices Based on HPMC K15M 

The dissolution profiles of each monolithic matrix with both the modified and 

standard paddle apparatus are depicted in figure 5.8, 5.10 and 5.12.  For matrices based 

on HPMC K15M, the introduction of mesh (proposed modification) significantly 

promoted the release of theophylline. With mesh about 50% of drug was released around 

250min, while it took 490min to achieve same level of drug release with standard USP 

apparatus 2 (figure 5.8). Correspondingly a shorter t80% of about 600min was associated 

with the modified apparatus, versus 800min for standard USP apparatus.   

 

Figure 5-8. In vitro release profile of theophylline anhydrous from swellable 
monolithic matrices based on HPMC K15M under different dissolution conditions 
(n=5). 
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Generally, drug release from hydrophilic delivery system follows diffusion, 

system erosion or the combination of both mechanisms. For a delivery system based on 

HPMC, active ingredient may be released by both direct dispersion via system erosion 

and diffusion through the gel layer around the hydrated matrix. With standard USP 

apparatus 2, it was observed that one surface of the floating tablet was exposed to the air 

above the media.  The exposed regions negatively impacted the extent of system swelling 

and erosion. With the introduction of mesh, all tablet surfaces remained in contact with 

the dissolution media which in turn allowed for greater symmetry in system swelling and 

erosion. The shape changes of systems were assessed by the symmetrical shape factor as 

a function of time (figure 5.9). Under perfect condition the symmetrical shape factor 

should have value close to unity. Since the penetration of dissolution media into the 

matrix takes time and hydration process at periphery and central regions differ due to the 

density variations associated with compression force and physicochemical properties of 

polymers used, the symmetrical shape factor tend to be less than unity in the early phase 

of dissolution and closer to unity in the late phase period. The nature of hydration and 

swelling is also dependent on the intrinsic characteristic of each material which is closely 

related to its physicochemical and textual properties. With the modified apparatus, in the 

first 4 hour of dissolution the symmetrical shape factor for matrices based on K15M 

showed less deviation from unity compared with those with standard dissolution 

apparatus. In the former a relatively more symmetrical system swelling and erosion in the 

early time period was observed, while the symmetrical shape factor in the latter case was 

significantly greater. The SSF values beyond 4 hours gradually shifted toward unity and 

in the case of modified USP method the overall erosion rate resulted in SSF value of <1.0 
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(figure 5.9). The SSF values between modified and standard dissolution conditions were 

analyzed by Mann-Whitney test and were found to be significantly different (p<0.05). 

The impact of changes in SSF value on release kinetics was also evaluated. 

 

 
Figure 5.9. Relationship between symmetrical shape factor and time for HPMC K15M 
matrices in pH 2.0 HCl buffer at 100rpm (n=3). 
 

An exponential equation can be used to fit the two dissolution profiles up to 80% 

release: Mt/M∞=ktn  

The corresponding value of constant k for release profiles with modified 

apparatus was nearly two times greater than the one derived from standard USP 

dissolution condition (i.e. 2.375min-0.56 vs. 1.259min-0.62 , p<0.05, table 5.2), while the 

values of  exponent n were relatively close (i.e. n=0.56 vs. n=0.62). Thus dissolution 

system modification promoted swelling and erosion of the matrix in a more synchronized 
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manner relative to the standard USP conditions for matrices based on K15M (see table 

5.3). As shown in tablet 5.3, value of both f1 and f2 factors demonstrated absence of 

dissolution similarity. 

 
 
Table 5.2. Release profile curve fitting of dissolution data discussed in this chapter. 
 
Formulation k (min-n) n 

 Mesh No mesh Mesh No mesh 

HPMC K15M 2.38 1.26* 0.56 0.62 

PEO N60-K 0.28 0.08* 0.92 1.07* 

Kollidon SR 1.42 1.34 0.63 0.66 

Uroxatral 0.65 0.64 0.73 0.72 

Effervescent system 0.02 0.04* 0.96 1.00 

*p<0.05 (student t-test, n=3). 
 

 

 

Table 5.3. Analysis of dissolution data discussed in this chapter*. 

Formulation  Difference factor (f1)  Similarity factor (f2)  

Monolithic system   

HPMC K15M 34 45 

PEO N60-K 59 40 

Kollidon SR 3 92 

Multi-layer system   

Uroxatral 10 68 

Effervescent system 10 74 

* In fit factor data analysis USP standard paddle method at 100rpm dissolution data were 
used as reference (Rt). 
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5.4.2 Monolithic Matrices Based on PEO N60-K 

In PEO specifically the extent of polymer swelling and/or erosion is 

fundamentally controlled by their degree of polymerization. Hydrophilic polymers with 

relatively low molecular weight would undergo an extensive but fast swelling and erosion, 

while for those with higher molecular weight erosion and swelling would be slow. In 

general release rates up to about 50% levels were similar for all the matrices. However 

due to the nature and low molecular weight of PEO N60-K, theophylline was released at 

a higher rate from these matrices relative to HPMC K15M  beyond 50% levels (figure 

5.10). For PEO N60-K based matrices complete drug release with modified dissolution 

condition occurred around 11 hours versus 22 hours under standard USP dissolution 

conditions.  

 

Figure 5.10. In vitro release profile of theophylline anhydrous from swellable 
monolithic matrices based on PEO N60-K under different dissolution conditions (n=5). 
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The change of symmetrical shape factor as a function of time for monolithic 

matrices based on PEO N60-K is depicted in figure 5.11. With the modified apparatus, 

the corresponding values of SSF decreased in a semi-linear manner indicating continuous 

system swelling and erosion. No measurements were taken at 6 hour and beyond. In 

general, PEO based matrices demonstrated more uniform swelling and erosion relative to 

HPMC K15M matrices. At 2hour with standard USP apparatus 2 only the peripheral parts 

of the upper surface of matrices of PEO N60-K were hydrated (figure 5.11, see insert). 

This resulted in much lower theophylline release compared with release from modified 

dissolution apparatus, where full hydration of the matrix was accomplished (9% vs. 24%). 

At 4hour, there were no apparent differences in physical appearances between swollen 

matrices of both systems, however release profiles were significantly different as evident 

from f1 and f2 values (see table 5.3). This indicates that textural character of matrix 

interior significantly influences the kinetics of drug release (see table 5.2). Values of SSF 

calculated under two different dissolution conditions were significantly different 

(p<0.005, using Mann-Whitney test). 
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Figure 5.11.  Relationship between symmetrical shape factor and time for PEO N60-K 
matrices in pH 2.0 HCl buffer at 100rpm (n=3). 
 
 
 
 
 
5.4.3 Monolithic Matrices Based on Kollidon SR 

For monolithic matrices based on Kollidon SR, dissolution conditions with or 

without mesh had no impact on its release performance physical appearances (figure 

5.12).  
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Figure 5.12. In vitro release profile of diltiazem HCl from swellable monolithic 
matrices based on Kollidon SR matrices under different dissolution conditions (n=5). 
 

 

The corresponding f1 and f2 valued were 3 and 92 relative to standard conditions 

(table 5.3), this was confirmed by the calculated values of kinetic release parameters (see 

table 5.2). Kollidon SR is a physical mixture of polyvinylacetate (PVAc) and 

polyvinylpyrrolidone (PVP) or Kollidon 30. It is made by spray drying of the mixture of 

PVAc and PVP (PVAc: PVP=4:1).  The soluble povidone component leaches out of the 

matrix during dissolution thereby creating pores for the active to diffuse out. The PVAc 

being insoluble component maintains the integrity of matrix structure during dissolution. 

It appears that sustained drug release from Kollidon SR based matrix is mainly via 

polymer leaching and drug diffusion, and its sustained-release properties are unaffected 

by erosinal dynamics, ions, salts (Chungi & Lin 2001; Kranz et al 2005; Shao et al 2001) 
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and hydrodynamic conditions (see chapter 3). Theoretically the increased media exposure 

brought about by the application of the mesh should increase the dissolution of povidone 

component of Kollidon SR and generate more pores for diltiazem HCl release.  But it 

appears that PVP leaches out rapidly and system tends to hydrate irrespective of 

dissolution conditions (figure 5.12). With either of the dissolution methods the total dry 

mass of matrices based on Kollidon SR leveled off after 2 hour of dissolution, which 

would correspond to about 75% of PVP release. The relative location and orientation of 

the Kollidon SR based matrices during floatation could also account for the indifference 

in release under different hydrodynamic conditions. It was found that during dissolution 

Kollidon SR matrices frequently kept on floating in the dissolution media with a 

“standing” position instead of a generally observed horizontal orientation (see figure 5.13, 

insert picture). However, the corresponding wet density peaked at 4 hour (0.93g/cm3 and 

0.91g/cm3 for standard and modified apparatus respectively), then declined gradually to 

about 0.87g/cm3 around 10hour (see figure 5.13). Neither values of wet or dry density 

calculated under two different dissolution conditions were significantly different (p>0.05, 

Mann-Whitney test). 
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Figure 5.13. Calculated density change for Kollidon SR based matrices during 
dissolution under wet and dry condition with modified and standard USP method 
(Floating orientation is depicted as an insert picture) (n=3). 
 

5.4.4 Dissolution of Commercialized Gastro-Floatable Three-Layer Tablet 

The commercialized tablet contains 10mg of alfuzosin HCl as the active 

ingredient. It is a three-layer floating controlled release system with the aim to 

continuously deliver drug in the stomach and onto the upper part of intestine. The 

application of mesh had no impact on the release of alfuzosin HCl from the commercially 

designed system (the corresponding f1 and f2 value were 10 and 68, respectively), which 

indicates that the multi-layer system was more robust than the simple monolithic systems 

based on HPMC and PEO (figure 5.14). It should be noted that drug layer is sandwiched 

between two barrier layers and drug release mainly occurs through the radial surfaces of 

the middle layer. The barrier layers tend to provide for floatation and less surface 

exposure to achieve zero-order release. 
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Figure 5.14. In vitro release profile of Uroxatral under different dissolution condition 
(n=5) *SD<10. 
 

5.4.5 The Designed Three-Layered Effervescent Floating System 

Since the floating lag time of commercial product is 0.5-1h, this might increase 

the possibility of being emptied out of the stomach before its full floatation. To reduce 

the floating lag time, a three-layer effervescent floating system was designed (Liu & 

Fassihi, 2008). The newly designed system demonstrated no lag time for floating and 

provided comparable dissolution behavior to that of commercial product. Similar to the 

commercialized three-layer system, the mesh had no impact on the release performance 

of the three-layer effervescent floating system (figure 5.15). The calculated f1 and f2 

values were 10 and 74 respectively. Although significant differences between values of 

release constants (p<0.05, table 1) were observed this did not influence the overall release 
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profiles calculated by similarity and difference factors due to their small “K” values  (i.e. 

0.02 and 0.04). 

 
Figure 5-15. In vitro release profile of multi-layer matrix system under different 
dissolution condition from the effervescent system (n=5) *SD<10. 
 

The effervescent layered composite has two barrier layers. With the aim to 

suppress burst release, one layer contains high molecular weight hydrophilic polymer 

PEO which would undergo extensive swelling during dissolution. The other barrier layer 

consisting of low molecular weight PEO undergoes extensive swelling and erosion. It is 

apparent that introduction of mesh in the vessel would improve the overall swelling and 

erosion of the swollen matrices and it is likely to impact the shape factor too. However, 

the corresponding values of symmetrical shape factor at each time point and the physical 

appearances of swollen matrices (figure 5.16) were similar for both dissolution conditions. 

As each layer in the composite has its own swelling and erosion property, in the late time 

period around 6 hours the physical appearance of the swollen composite was highly 
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asymmetrical (see figure 5.16) and comparable. For multi-layer effervescent system, the 

similarity between calculated values of SSF under different dissolution conditions was 

confirmed by Mann-Whitney test (p>0.05).     

 

 
Figure 5.16.  Relationship between symmetrical shape factor and time for effervescent 
multi-layer composite in pH 2.0 HCl buffer at 100rpm (n=3). 
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5.5 Conclusion  

Gastro-retentive dosage forms can combine prolonged gastric residence time and 

duration of drug release leading to greater bioavailability, patient compliance and 

reduction in toxicity due to high peaks. A simple modified USP apparatus 2 was designed, 

which introduced complete dissolution media exposure to the floating drug delivery 

systems. For monolithic systems based on hydrophilic polymers like HPMC and PEO, 

the modified dissolution method promoted the overall system swelling and erosion in a 

more synchronized manner based on SSF values, so that more drug was released in a 

predictable manner. In the case of Kollidon SR matrices, due to the rapid leaching of 

PVP component and its special floating position and matrix orientation in the vessel, the 

modified dissolution system had no impact on the release performance of the system. In 

comparison to monolithic systems, layered systems were more robust and were least 

impacted by the dissolution modification proposed. Both effervescent and non-

effervescent floating systems have been investigated using this modified USP apparatus 2 

and no significant differences in their release kinetics were observed. Although no 

adhesion to paddle shaft and sampling pipettes were observed in the present work, 

adhesion could be a potential problem when highly viscous polymers are used. In the 

proposed modification to the dissolution apparatus a more synchronized system swelling 

and erosion as defined by SSF was consistently observed. Dissolution data obtained 

under modified USP method represent a more realistic in-vitro release for gastro-

floatable delivery systems and release data may mimic the in-vivo release with greater 

potential for establishment of a successful in-vitro in-vivo correlation (IVIVC). 

Dissolution data obtained under modified USP method represent a more realistic in-vitro 



 167

release for gastro-floatable systems based on the monolithic and swelling principle and 

release data obtained may provide greater potential for establishment of a successful in-

vitro in-vivo correlation (IVIVC). 
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CHAPTER 6 
 

FORMULATION DEVELOPMENT 
 
6.1 Introduction 

Matrix type oral controlled release dosage forms can be prepared based on either 

hydrophilic or hydrophobic systems. With hydrophobic heterogeneous system, particles 

of active ingredient are imbedded in matrices formed by insoluble waxes or polymers. 

During dissolution, drugs are released via diffusion from pores in these systems. Pores 

are formed by dissolution of the pore formers or soluble drugs, and release rate of drugs 

could be controlled by the size and number of pores. Hydrophobic systems have various 

limitations and therefore less commonly manufactured. Hydrophilic matrix systems on 

the other hand are more popular because of the simplicity of formulation, ease of 

manufacturing, low cost, FDA acceptance, and applicability to drugs with wide range of 

solubility (Durig and Fassihi, 2002; Sako, 2002; Williams III, 2002). Mechanistically 

from peripheral side toward tablet core, swollen hydrophilic matrices could be divided 

into three regions (figure 6.1). Each region has different texture integrity, drug and water 

concentration. Hydrophilic polymers undergo extensive swelling due to their large free 

volume. As water is absorbed, it continuously decreases the glass transition temperature 

of polymers. Then erosion would take place as a result of polymeric chain 

disentanglement and polymer dissolution. Drug release from these systems is the 

consequence of controlled matrix hydration, followed by gel formation, 

textual/rheological behavior, matrix erosion, and/or drug dissolution and diffusion. 
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Figure 6.1. Interrelationship between water concentration gradient, textual behavior, 
and polymer/drug concentration gradient in a swelling matrix (Jamzad and Fassihi, 
2008).  
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Delivery system with characteristics of zero-order release kinetics could deliver a 

drug at a rate which is independent of time and the concentration of drug. Zero order 

mechanism ensures that a steady amount of drug is released over time, minimizing 

potential peak/trough fluctuations and side effects, while maximizing the amount of time 

the drug concentrations remain within the therapeutic window. This is particularly 

important for 24 hour delivery of drugs with a relatively narrow therapeutic index. To 

achieve zero-order release kinetics, constant surface area for drug release is a prerequisite. 

Osmotic tablet formulations, coated tablet matrices, and the use of polymer combinations 

in hydrophilic matrices can be utilized to provide zero order drug release profiles. With 

monolithic matrix system formed by hydrophilic polymer combination, to achieve zero 

order release kinetics the thickness of the peripheral gel layer should be well controlled. 

With highly soluble drugs the distance between the erosion and swelling front should be 

as large as possible. As a result drug molecules dissolved in the hydrogel could diffuse 

slowly. When insoluble API is incorporated, there should be significant erosion so that 

the drug molecules dispersed in the system could directly being delivered into dissolution 

media or GI fluids (see figure 6.2 for more detail). In the case of composite, multilayer 

matrix systems, each layer contains polymers with different swelling and erosion 

properties. Polymers which undergo extensive swelling but slow erosion act as barriers to 

control the possible burst release effect especially for very soluble drugs. With the help of 

low molecular weight polymers and erosion promoter, layers would continuously 

generate new surface area for drug release (Yang and Fassihi, 1997). 
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Figure 6.2. Synchronization of swelling and erosion front in the monolithic 
hydrophilic matrix system to achieve zero order release for drugs of different 
solubilities (Jamzad and Fassihi, 2008).  
 

 

In this project alfuzosin hydrochloride was selected as a model drug for design of 

a gastro-retentive delivery system with near zero order release kinetics. Two approaches 

were adopted to formulate delivery systems having comparable in vitro release profile to 

the commercial product-Uroxatral which is also claimed to be gastro-floatable. The first 

system proposed was effervescent layered composite system, either three-layer system 

based on Polyethylene oxide (PEO) or bilayer matrices made of hydroxypropylcellulose 

(HPC) and hydroxypropyl methylcellulose (HPMC). Due to the potential complex 

manufacturing process and possible stability issues associated with the effervescent 

layered systems, finally a monolithic noneffervescent system based on Kollidon SR (KSR) 
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as the main release rate retardant was also investigated. Dissolution test methods were 

evaluated and necessary modifications were implemented for better simulation relative to 

that of GI tract conditions. 

 

6.2 Materials and Methods 

6.2.1 Materials 

Alfuzosin hydrochloride was purchased from Lunan pharmaceuticals (Linyi, 

China). Hydroxypropylcellulose (HPC) (Klucel EF PHARM) was provided by Hercules 

Incorporated (Wilmington, DE). Polyvinylpyrrolidone (PVP) (Plasdone C-30) was 

donated by ISP technologies, Inc. (Wayne, NJ). Microcrystalline cellulose (MCC) 

(Avicel pH 101) was supplied by FMC Corporation (Newark, DE). Polyethylene Oxide 

(PEO), Hydroxypropyl Methylcellulose (HPMC) K4M and K15M were provided by 

Colorcon Inc (West Point, PA). Kollidon SR and VA64 were donated by BASF 

Corporation (Ledgewood, NJ).  NaHCO3, CaCO3, lactose anhydrate, citric acid and 

magnesium stearate were purchased from Sigma-Aldrich (St. Louis, MD). Uroxatral 

10mg tablets were obtained from Temple University Hospital. 
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6.2.2 Uroxatral 

Uroxatral is marketed as alfuzosin hydrochloride extended-release once daily 

tablet by Sanofi-Aventis. It is a three-layer tablet containing 10mg alfuzosin 

hydrochloride as the active ingredient. Besides active ingredient, it also contains 

following inactive ingredients: colloidal silicon dioxide (NF), ehtylcellulose (NF), 

hydrogenated castor oil (NF), hydroxypropyl methycellulose (USP), magnesium stearate 

(NF), mannitol (USP), microcrystalline cellulose (NF), povidone (USP) and yellow ferric 

oxide (NF). Due to the big impact of food on its bioavailability mentioned in chapter 1, 

Uraxatral is recommended to be taken after meal. The out-package and matrix tablet of 

Uroxatral are depicted as figure 6.3. 

 

 

Figure 6.3. FDA approved product and actual three layer composite matrix tablet, 
Uroxatral. 
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6.2.3 Dissolution Experiment 

Dissolution study for the purpose of formulation screening was carried out under 

sink condition using USP 27 apparatus 2 (paddle), Vankel VK7000 dissolution machine 

(Cary, NC) equipped with an autosampler. The dissolution media was pH 2.0 HCl and 

pH 6.8 phosphate buffers. During dissolution, the dissolution media were maintained at 

37±0.5°C and paddle speed was 100rpm at pH 2.0 and 100rpm and 50rpm at pH 6.8. 

Samples through a 40um filter were taken automatically at each sampling time point. 

Alfuzosin release was detected by UV absorbance at 244nm using a UV spectrometer 

(Cary 50 UV-visible spectrophotometer, Cary, NC). All dissolution tests were performed 

in triplicate.  Pictures were taken at different intervals during dissolution for swelling, 

floating observations and physical changes associated with the effervescent composites. 
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6.2.3.1 Calibration curve of alfuzosin 

Six standard solutions were prepared and used in construction of calibration curve. 

Stock solutions of concentration 0.15mg/ml was prepared by accurately weighing 30mg 

of alfuzosin hydrochloride with analytical balance and dissolving it in pH 2.0 HCl buffer 

in a 200ml volumetric flask followed by ~15min shaking for complete dissolution. The 

stock solution was then diluted with pH 2.0 buffer in 10ml volumetric flasks to provide 

standard solutions of the following concentrations: 0.0015, 0.0030, 0.0045, 0.0075, 

0.0090 and 0.0135mg/ml. These concentrations correspond to approximately, 13.6, 27.3, 

40.9, 68.2, 81.8 and 122.7% concentration of a 10mg alfuzosin tablet dissolved in 900ml 

dissolution medium.  

Ultraviolet absorption of the standard solutions at 244nm was determined using a 

Cary 50 UV-Vis spectrophotometer (Varian) with flow cell path length of 1.0cm. 

Absorption values were plotted against corresponding concentrations, linear regression 

was performed, and correlation coefficient was calculated. Calibration for alfuzosin 

hydrochloride at pH 6.8 was performed using same procedure. Calibration curve at pH 

2.0 and pH 6.8 is depicted as figure 6.4. 
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Figure 6.4. Calibration curve for alfuzosin hydrochloride at pH 2.0 (A) and 6.8 (B). 
 

A 

B 
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6.2.4 Analysis of Dissolution Data 

Release profiles of tablets were compared by calculating two statistically derived 

mathematical parameters, “difference factor” (f1) and “similarity factor” (f2) (Moore et al., 

1996; Costa et al., 2001), using FDA approved product as the reference. Fraction released 

data was used for this purpose to normalize the percent drug release values for the labeled 

amount of alfuzosin hydrochloride present in each delivery system. The equations of 

difference factor and similarity factor are:  

   

 

Where Rt and Tt are the percent drug dissolved at each time point for the reference 

and test product, n is the number of dissolution sample times, t is the time sample index 

and Wt  is an optional weight factor (in the current work Wt =1). Both factors rang from 0 

to 100. An f1 value of 10 represents an average difference of 10% between two 

dissolution profiles. The smaller f1 value represents less difference in release, with a value 

of 0 representing identical profiles. The f2 value equals 100 when two dissolution curves 

are identical and shows more sensitivity as dissolution profile become close to each other. 

The f2 value between 50 and 100 represents average difference of less than 10%. 

According to FDA guidelines (CDER, 1997) two dissolution profiles are similar if the f2 

value is 50 or above.  
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6.2.5 Layered Composite  

Two layered composites modified from U.S. Patent 5,783,212 were made to 

match the release profile of Uroxatral 10mg once daily as pre-study. The first composite 

developed was a three-layer composite based on Polyethylene Oxide, the other was a 

bilayer tablet based on HPMC and HPC. Formulation compositions of various layers of 

two selected prototype formulations (PEO M6-polyethylene oxide based and H/H M7-

hydroxypropylcellulose/hydroxypropyl methylcellulose based) are provided in table 6.1. 

Ingredients of each layer were mixed thoroughly in mortar with the help of pestle. 

Tablets were produced by manually feeding each layer composition into the die and 

compressing the entire die content together on a Carver laboratory press (Fred S. Carver 

Inc., Menomonee Falls, WI) using a 7mm diameter die and a flat-face punch combination 

to obtain the target hardness. PEO containing formulation (PEO M6) weighed 600±1mg, 

thickness about 5.45±0.05mm and hardness of 7±0.7kp. HPC/HPMC based tablets (H/H 

M7) weighed 300±1mg, thickness of 4.24±0.05mm and hardness of 9±0.8kp. Tablet 

hardness was measured in six replicates using a tablet hardness tester (Mod. 2E/106 

series 7410, Schleunige & Co., Switzerland).  
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Table 6.1. Formulation composition of two selected and optimized prototypes. 

PEO M6 H/H M7 Ingredients 
layer 1 layer 2 layer 3 layer 1 layer 2 

CaCO3 40mg     
NaHCO3 20mg  20mg 40mg  
Citric acid 4mg     
HPMC K4M 20mg  40mg  60mg 
PEO 303 116mg     
HPMC K15M    40mg  
HPC    100mg  
PVP    20mg 30mg 
Alfuzosin HCl  10mg   10mg 
PEO N60-K  30mg 80mg   
MCC  30mg    
Lactose   30mg 60mg   
* All ingredient were lubricated with 0.3% w/w magnesium stearate prior to compression 
 

6.2.5.1 Swelling and Erosion Behavior 

The swelling and erosion behavior of individual layer and formulation was 

evaluated gravimetrically. For each time point, two samples of each layer or the tablet as 

a whole were weighed and subjected to 900ml pH 2.0 HCl buffer medium under 

condition similar to the dissolution studies. At predetermined time points, swollen 

samples were removed from the dissolution vessel, patted gently with tissue paper, 

weighed and dried at 70°C until constant weight was reached. Percent of weight gain 

from hydration and weight loss due to erosion were calculated using the following 

equation: 
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6.2.5.2 Texture Analysis and Swelling Behavior  

Tablets or different layers of PEO M6 and H/H M7 based formulations were 

exposed to 900ml pH 2.0 HCl buffer under the same condition to the dissolution test. At 

predetermined times (2, 4, 6, 8 and 12 hour) swollen samples were taken out and lightly 

patted with tissue paper to remove excess water. Texture profiling was carried out on a 

TA.TX-2i texture analyzer equipped with a 2kg load cell (Texture Technologies Corp., 

Scarsdale, NY/Stable Micro System, Godalming, UK) using a 2mm round end steel 

probe. The force-distance profile for each sample was spontaneously derived as probe 

penetrated the swollen system following the method described previously (Durig et al., 

2002). 

 
 
6.2.6 Kollidon SR Based Monolithic Composite 

Although the two effervescent multiple-layer composites showed good floatability 

together with comparable release profiles when compared with Uroxatral, potential 

complexity associated with its manufacturing process and possible stability issues make a 

non-effervescent monolithic matrix system more preferable. Neat Kollidon SR exhibits 

good floatability, which makes it a suitable excipient candidate for gastro-floatable 

delivery system (chapter 4). However soluble drug like theophylline was released from 

the monolithic matrices based on neat KSR with apparent burst effect (chapter 4). With 

the aim to achieve near zero order kinetics, other excipients are needed to further 

suppress release rate of alfuzosin hydrochloride. Since only release rate in the early time 

period is to be controlled, the weight ratio of the second excipient to KSR did not 

necessarily to be high. The second excipients incorporated were Kollidon VA64, HPMC 
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K4M and PEO 303, respectively. The initial weight ratio of KSR to the second polymeric 

excipient was 4 to 1.  

The monolithic systems were prepared via direct compression on a Carver 

laboratory press (Fred S. Carver Inc., Menomonee Falls, WI) using a 7mm diameter die 

and a flat-face punch combination to obtain the target hardness. The finished monolithic 

matrices weighted 310±1mg, thickness about 3.10±0.05mm and hardness of 7±0.7kp. 

Tablet hardness was measured in six replicates using a tablet hardness tester (Mod. 

2E/106 series 7410, Schleunige & Co., Switzerland). 
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6.3 Result and Discussion 

6.3.1 Asymmetric Delivery System-Composite Dosage Form 

6.3.1.1 Floatability and Drug Release 

Floating formulations of alfuzosin hydrochloride were successfully developed by 

two multilayer delivery systems: first formulation comprised a three-layer tablet based on 

PEO, while the second formulation was a two-layer tablet mainly composed of HPC and 

HPMC. The actual appearances of PEO M6 and marketed product before and during 

dissolution are shown in figure 6.5. 

 

 

Figure 6.5. Physical appearance of delivery systems as such and after 6 hours of 
dissolution while floating on the surface of media (1=layer one; 2=layer two (drug 
layer); 3=layer three). 
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Figure 6.6. Dissolution profiles of composite based on PEO (M6), HPMC/HPC (M7) 
and the marketed product at pH 2.0 (A) & pH 6.8 (B) at 100rpm (n=3): marketed 
product (♦), H/H M7 (□), PEO M6 (∆). 
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The dissolution profiles of the marketed product, PEO M6 and H/H M7 based 

composite systems at pH 2.0 and 6.8 at 100rpm are illustrated in figure 6.6. All three 

systems demonstrated controlled release kinetics independent of pH changes with about 

99% of dose being released around 18hour. After 16hours of dissolution at pH 2.0, the 

third layer of both PEO M6 and the marketed product totally disappeared (see figure 6.7). 

As demonstrated in figure 6-6, no significant burst effect is evident for this highly soluble 

compound. This indicates that during initial exposure to the dissolution media barrier 

layers limited the available surface area for drug dissolution. Furthermore it is apparent 

that drug was only released through the exposed surface area of the middle layer of the 

composite matrix. Figure 6.8 clearly demonstrates the significant difference in drug 

release profile when a simple HPMC based monolithic matrix against a three-layer PEO 

based composite matrix is evaluated. 

 

Figure 6.7. Actual photograph and relative location of the swollen matrices in the 
vessels during dissolution studies in pH 2.0 and 100rpm using USP apparatus 2. 
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Figure 6.8. Illustration of matrix dynamics and release kinetics during dissolution 
from a simple monolithic (HPMC based) or composite (PEO based) matrix systems 
 

 

Complete floatation of PEO M6 and H/H M7 took place in less than 1 minute, 

while it took the marketed product 0.5 to 1hour to float (figure 6.7). The rapid floatation 

associated with the developed formulations can be attributed to the presence of sodium 

bicarbonate and highly swellable polymers. The chemical interaction between acidic 

environment (pH=2.0) and bicarbonate salt generates carbon dioxide gas, this kind of 

reaction takes place as soon as sodium bicarbonate containing formulation is exposed to 

the acidic media. The absence of significant floating lag time of the two systems 
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developed minimizes the possibility of a quick gastric-emptying before full hydration. 

Citric acid was also included in one of the layers of PEO M6 (see table 6.1) to promote 

the process of CO2 generation and provide acidic microenvironment which may impact 

drug dissolution in the matrix itself.  

Rapid system floatation is highly desirable for gastro-retentive dosage forms and 

can potentially prolong gastric residence time and improve the bioavailability of drug 

substances with narrow window of absorption. The significance of rapid floatation and 

prolongation of gastric retention has been recently investigated (Steingoetter et al., 2003), 

using magnetic resonance imaging for the three dimensional visualization of stomach 

volume and floating tablet position on the meal surface in human volunteers. The 

application of gamma scintigraphy in evaluation of gastric retentive formulation and the 

benefit of such delivery systems is also demonstrated (Burke et al., 2007). 
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6.3.1.2 Drug Release Mechanism 

The quantity of drug released from a thin slab is generally expressed as an 

exponential: M
t
/M

∞
=Kt

n
. Where M

t
/M

∞ 
is the fraction of drug released, k is a constant 

and the exponent n can range from ~0.5 to >1.0. The dissolution data presented in figure 

6-6A were subjected to the kinetic analysis using above general equation. The diffusional 

exponent n for H/H M7 and PEO M6 was found to be 0.9488 and 1.0093 respectively 

(see table 6.2), which indicate case-II transport mechanism (e.g. swelling, 

disentanglement and system erosion) with zero-order release kinetics resulting from 

constant surface area and controlled swelling/erosion provided by the changing geometry 

of the system. The n value of the marketed product was 0.7210, which also shows 

significant swelling and erosion in agreement with the literature reports (Lindner & 

Lippold, 1995; Durig et al., 2002). The approach of achieving constant releasing area is 

the same for both of the developed formulations. Each formulation contains one swelling 

layer which swells to a greater extent relative to other layers, thus suppressing the burst 

release of drug in the first stage of dissolution. While one of the layers contains some 

erosion promoters so as to provide increasing contact surface for active ingredient 

diffusion in the following stages of dissolution. For example in the case of PEO M6 

formulation, the barrier layer contained PEO 303 with high molecular weight (about 

7,000,000), which would swell and prevent drug diffusion. While in the second barrier 

layer, PEO N60-K with lower molecular weight (about 2,000,000) and lactose 

monohydrate as erosion promoter were used, leading to disentanglement of PEO N60-K, 

erosion and greater drug release as dissolution time is prolonged. 

 



 188

 

Table 6.2. Kinetic considerations of data treated from figure 6-6A. 

Formulation K  (h-n) n 
PEO M6 0.0722 1.0093 

Marketed product 0.1225 0.7210 
H/H M7 0.695 0.9488 

 

To compare the dissolution profile of the developed formulations with that of the 

marketed product, statistically derived mathematical parameter, “similarity factor” (f2) 

was employed. The similarity factor for PEO M6 and H/H M7 were 68 and 71 

respectively using the marketed product as reference. This indicates the sameness of 

release profiles (Jamzad et al., 2006). 

In order to find the impact of rapid pH changes on formulation performance, 

dissolution study with pH combination was also carried out (see figure 6.9). The first two 

hours of dissolution was carried out in pH 2.0 HCl buffer at 100rpm, then tablets were 

removed from acidic media and dropped into pH 6.8 phosphate buffer at 50rpm. It has 

been reported that forces of GI contractions are generally weaker in the intestinal region 

relative to that of stomach (Kamba et al., 2000). Therefore different paddle speeds 

(hydrodynamics) were used to both mimic small intestine contraction forces and 

understand the nature of drug release, should the gastric residence time and the assumed 

floatation mechanism fail due to unpredictable motility patterns. Under this condition the 

drug release still follows zero order kinetics. However, the total amount of drug released 

for all tablets were slightly reduced at elevated pH. This might be due to the matrix 

exposure to the air and rapid textural changes (i.e. buffer/electrolyte effect) on the 

periphery of the swollen matrix during transfer from low pH environment to the higher 

pH. In addition changes in the hydrodynamic conditions from 100rpm to 50rpm may 
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contribute to the total amount of drug released. The dissolution profiles of the developed 

systems at variable pH conditions were comparable with that of the marketed product. 

 

 

 
Figure 6.9. Comparative dissolution profiles of composite formulation based on PEO 
(M6), HPMC/HPC (M7) and marketed product in pH 2.0 followed by pH 6.8 (n=3): 
marketed product (♦), H/H M7 (□), PEO M6 (∆). 
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6.3.1.3 Weight Gain and Erosion Behavior 

Investigation of matrix hydration and erosion directly by gravimetrical analysis is 

a valuable approach to understand the mechanisms of release and the relative importance 

of participating parameters (Durig et al., 2002). Figures 6.10 and 6.11 show typical 

results of such studies for PEO and HPMC based matrix compositions. 

 

 
 
Figure 6.10. Changes in percent weight gain for composites and its layers: layer 1 of 
PEO M6 (♦), layer 3 of PEO M6 (■), PEO M6 (▲), two layer composite based on 
HPMC/HPC (×). 
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It is evident that percent of weight gain during the 12 hours of study has a 

changing trend for each layer and the entire composite systems. Changes in layer one of 

PEO M6 follow a parabolic trend with a maximum around 6 hours (see figure 6.10). 

While weight loss for this layer is gradual (see figure 6.11A). On the contrary data for 

layer three of PEO M6 indicate slight weight gain initially followed by continuous and 

extensive weight loss (figures 6.10 and 6.11A). Both composite systems as a whole 

appear to moderately change in terms of weight gain and erosion. It was noted that 

percent weight gain for HPMC based composite system was minimal and its overall 

erosion rate was greater than PEO based composite system. The log values of percent 

weight remaining versus time (see figure 6.11B) indicate the rate constant of erosion 

calculated from the slope of the lines. It clearly demonstrates that individual layers and 

composites have variable erosion rates (see k values in figure 6.9B), thus providing for 

controlled surface area changes during dissolution, consequently leading to zero-order 

kinetics. 
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Figure 6.11. Changes in erosion with time  (A) and  log value of percent weight 
remaining versus time (B) for composites and its layer: layer 1 of PEO M6 (♦), layer 3 
of PEO M6 (■), PEO M6 (▲), two layer composite based on HPMC/HPC (×). 
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6.3.1.4 Texture Analysis Study 

Hydration and erosion study of each layer of PEO M6 and H/H M7 and whole 

tablet of PEO M6 and H/H M7 were carried out on texture analyzer TX 2i. The force-

distance profiles for H/H M7 system and its second layer at pH 2.0 is depicted in figure 

6.12 (A & B), the single first layer as such disintegrated within 2hours and its swelling 

behavior could not be determined. Thus no profile is provided for this layer. The second 

layer (drug layer) alone swells to its largest extent around 6 hours with a thickness of 

about 3.3mm, after which time erosion was more dominant and thickness continuously 

decreased as shown on figure 6-10A. H/H M7 composite swelled to the maximum 

thickness about 6mm of around 8hour and then gradually decreased (see figure 6.12B). 

None of the samples showed any detectable peak prior to the final ascending curve, 

indicating the absence of any brittleness or hard core (existence of glassy core) in the 

system. 

The force-distance profile of PEO M6 and its first and third layer at pH 2.0 is 

depicted in figure 6.13. The individual second layer as such (drug layer) disintegrated 

once being introduced into dissolution media. The first layer alone swelled to its largest 

extent around 8 hours with a thickness of >6.5mm, after which time erosion was 

dominant as shown by various time points (arrows) in figure 6.13A. The thickness of 

third layer rapidly increased within the first two hours, and then gradually decreased with 

time. It showed significant erosion rate as a result of low molecular weight polymer and 

the added lactose monohydrate as an erosion promoter showing continuous decrease in 

swollen layer thickness with time. (see figure 6.13B). In the case of whole tablet of PEO 

M6 composite (see figure 6.13C) it gradually swelled reaching its maxima around 6hour 
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and then eroding. There was no detectable peak prior to the final ascending curve 

indicating the absence of glassy core. The observed swelling and erosion characteristics 

measured via the novel texture analysis work demonstrate significant impact of system 

geometry and composition on the dynamics of physical changes and their associated 

effect on maintaining constant surface area and achievement of zero-order kinetics. 

 
 

 
Figure 6.12. Texture profiles representing force-distance relationship for H/H M7 

based system: (A) layer 2 (drug layer); (B) composite tablet as a whole. 
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Fig 6.13. Texture profiles representing force-distance relationship for PEO M6 based 
system: (A) layer 1; (B) layer 3; (C) composite tablet as a whole. 
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6.3.2 Kollidon SR Based Monolithic Composite 

Though layered effervescent composites showed comparable in vitro performance, 

potential stability issue and complexity of manufacturing process were potential 

weaknesses associated with these systems. Therefore, it was decided to develop the final 

formulation based on simple monolithic system with good stability and near zero-order 

delivery. As mentioned in earlier chapters, KSR has good flowability and drug release 

from delivery systems based on Kollidon SR was independent of hydrodynamic 

conditions. It was noticed that dissolution profile of soluble API from system based on 

neat KSR showed apparent burst release effect (chapter 4, figure 4.10). Therefore, with 

freely soluble drug like alfuzosin hydrochloride, near zero order release kinetics is 

possible only when other components are incorporated in the system.  

The application of Kollidon VA64F in gastro-floatable system was suggested due 

to its low density (Ali et al., 2006), therefore the release profile of matrices based on KSR 

and Kollidon VA64F with ratio of 4 to 1 was studied (figure 6.14).  

With the adding of Kollidon VA 64F, the release rate of alfuzosin was suppressed 

at the early stage of dissolution and release profile still curved. As water soluble excipient, 

the competition of water between VA64F and alfuzosin hydrochloride maybe the reason 

of suppressed release rate of alfuzosin at the early stage of dissolution.  

One primary way to suppress release rate of drug with high solubility is 

incorporating hydrophilic polymers that can form strong hydro-gel around dosage form. 

HPMC K4M is one of the popular hydrophilic polymers used in oral control release 

dosage form. Incorporating of HPMC K4M (20% w/w) even promoted the release of 

alfuzosin at early stage of dissolution. The dissolution of HPMC K4M may be one reason 
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behind the increased release rate at early stage. Taking release profile of matrices based 

on neat Kollidon SR as reference, all f
2 
values calculated would be higher than 50 to 

indicate the sameness of dissolution curves in figure 6.14. 
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Figure 6.14. Release profile of alfuzosin hydrochloride from monolithic matrices based 
on Kollidon SR at pH 2.0 and 100rpm: neat KSR (◊), KSR/VA64F (4:1) (■) and 
KSR/HPMC K4M (4:1) (∆) (n=3). 
 

 

To further inhibit the burst release of alfuzosin, PEO with high molecular weight-

PEO 303 was added with a ratio of 4:1 (KSR: PEO 303) as second release-modifying 

polymer. The release profiles of alfuzosin from various monolithic matrices based on 

KSR and PEO 303 are showed in figure 6.15. Compared with matrices based on neat 

KSR, the addition of PEO 303 greatly suppressed the initial burst release effect due to 
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strong hydro-gel it formed. Taking release profile of Uroxatrol as reference, the 

calculated f
2 
value was 69 indicating that the two release profiles were comparable. 

Taking data points up to 80%, the corresponding diffusion constant “n” value for release 

profile from monolithic matrices based on KSR and PEO 303 (4:1) was 0.7411, which 

was very close to the corresponding value for release profile of the market product 

(0.7210, table 6.2). Release kinetics with “n” values greater than 4.5 in the case of 

cylindrical tablets indicate a mixed release operating mechanisms such as diffusion and 

erosion. 

 

0

20

40

60

80

100

0 4 8 12 16 20 24
Time (hour)

%
 re

le
as

ed

 

Figure 6.15. Release profile of alfuzosin hydrochloride from monolithic matrices based 
on Kollidon SR (○), Kollidon SR and PEO 303 (4:1)(♦) and Uroxatral (∆) at pH 2.0 
and 100rpm (n=3). 
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To produce a system having release profile more comparable with that from 

Uroxatral and ensure robustness of the system designed for possible future composition 

variation, the weight ratio between PEO 303 to KSR was increased to 30:70. The 

corresponding release profiles are depicted in figure 6.16. Taking the release profile of 

Uroxatral as reference, the new similarity and difference factor are 5.4 and 80.4, 

respectively. The diffusional constant “n” value for KSR/303 (7/3) is 0.7523, indicating 

near zero order release kinetics.  

No floating lag time is observed for all monolithic matrices based on KSR and 

PEO 303 as second polymer at pH 2.0 and 100rpm. Thereafter, KSR and PEO 303 (7/3) 

is selected as the final formulation and subjected to further study. SR and PEO 303 (7/3) 

is selected as the final formulation and subjected to further study.  
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Figure 6.16. Release profile of alfuzosin hydrochloride at pH 2.0 and 100rpm: 
KSR/PEO303 (3/7) (■) and Uroxatral (∆) (n=3). 
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6.4 Developmental Evaluation of Monolithic Matrix System of 
KSR/PEO 303 (7/3) 
 
6.4.1 Powder Flow Properties  

The density of powders may influence the compressibility, flowability, tablet 

porosity, and dissolution. It is suggested that the relative change in density in response to 

changes during processing, rather than the absolute density is more significant (Harnby et 

al., 1987). Using the measured bulk and tapped density of the KSR/PEO 303 (7/3) 

powder formulation, the Carr index was calculated as follows: 

 

 

 

 

 

 

 

The calculated Carr index of 14.29% indicates good flowability according to table 

6.3. In this table different ranges of powder compressibility are listed along with the 

corresponding flow properties (Carr, 1965). As the Carr index of a powder increases, the 

flow properties worsen. On the other hand powder beds with Carr index of less than 5 

would flood. Poorly flowable powders would result in adverse affect regarding content 

uniformity of the delivery system. Therefore, an appropriate flowability is a prerequisite 

and is required to produce consistent tablets with good quality. 

 

 

ρ0=W/V0=36/75=0.48g/cm3 
ρt=W/Vt=36/64=0.56g/cm3 
Carr index= (ρt - ρ0) ×100/ ρt = (0.56-0.48) ×100/0.56=14.29% 
W: powder weight 
V0=bulk volume 
ρ0=bulk density 
Vt = tapped volume 
ρt =tapped density 
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Table 6.3. Carr index or % compressibility and corresponding flowability of powders 
(Carr, 1965) 

Carr index or % compressibility Flowability 
5-15 Excellent 
12-16 Good  
18-21 Fair-possible 
23-35 Poor 
>33 Very poor 

 

Another measurement to predict flow properties of a powder is Hausner ratio 

(Hausner, 1967). Powders with greater propensity to densification have lower Hausner 

ratio. Table 6.4 summarizes this relationship. 

 

Table 6-4. Hausner ratio and corresponding flowability of powders (Hausner, 1967) 
Hausner ratio Flow property 

<1.25 Good flow 
1.25-1.5 Moderate flow 

>1.5 Poor flow 
 

The Hausner ratio was calculated using the bulk and tapped density values of the 

KSR/PEO 303 (7/3) powder formulation as follows: 

Hausner ratio= ρt/ ρ0 = 0.56/0.48=1.17 
 

The powder with Hausner ratio of 1.17 is categorized in good flow group. Based 

on the calculated Carr index and Hausner ratio, the developed formulation is predicted to 

show good flow properties as required in scale up of tablet production. 
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6.4.2 Rheological Properties  

As mentioned earlier in chapter four, powder rheometer connected with a special 

probe measures cohesive interparticulate forces within powder bed. Energy needed to 

break down those cohesive interparticulate forces would be equal to work down by probe. 

Therefore, based on force-distance profile acquired, work done can be quantitatively 

interpreted as the area under the curve. Powder beds with less cohesive force would have 

small value of work done. 

 

 

 

   

The typical force-distance profile acquired by powder rheometer for lubricated 

and unlubricated of 7/3 binary mixture of KSR and PEO 303 is depicted in figure 6.17. 

Binary mixture of KSR and PEO303 showed some cohesive interparticulate force, which 

was visualized by a saw-tooth force-distance profile.  

The addition of lubricant greatly reduced the cohesion force (figure 6.17). Value 

of AUC in the effective zone dropped from 58.330 N×mm before lubrication to 46.86 

N×mm, which corresponds to 20% reduction. Neat KSR exhibits very littlie cohesive 

interparticulate force, and is insensitive toward lubrication (Chapter 4, figure 4.5). 

Therefore, most of the cohesive interparticulate force is contributed by PEO 303. 

 

 

 

W=AUC= ∫ F×dD 
W=work done by probe 
AUC: area under the force-distance curve inside the effective zone (N×mm) 
F: force applied by probe (N) 
dD: distance traveled by probe 
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Figure 6.17. Typical force distance of unlubricated and lubricated powder of KSR and 
PEO 303 (up) and work input reflected as area under the curve in the effective region 
(bottom). * two vertical dash lines correspond to the powder bed zoen tested. 
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6.4.3 Dissolution Study with Modified Dissolution Method 

As mentioned earlier, for gastro-floatable delivery systems, the major drawback 

of USP dissolution apparatus 2 is insufficient dissolution media exposure. In chapter 5, a 

modification was proposed with the aim to achieve more in vivo relevant dissolution 

condition. For monolithic matrices based on hydrophilic polymers, the modified method 

promoted symmetrical matrix swelling and erosion, which was verified by the change of 

symmetrical shape factor (SSF) as a function of time. Selection of monolithic system 

made of KSR and PEO 303 (7/3) as the final formulation was based on the in vitro 

release profiles acquired with standard UPS dissolution apparatus 2. It was found in 

chapter 4 that the introduction of mesh (modification) promoted drug release from 

monolithic matrices based on HPMC K15M and PEO N60-K, which generated release 

curves very different from those obtained with standard method. Although matrices made 

of KSR were not affected by dissolution system modification, with 30% of PEO 303, the 

final formulation may perform differently when dissolution study is carried out with the 

modified system.  

With modified system the value change of SSF was independent of time (figure 

6.18), which could be interpreted as perfect symmetrical swelling and erosion brought by 

the addition of mesh. Results of spreadability study (chapter 4) and SSF value analysis 

(chapter 5) indicated that KSR does not undergo apparent swelling. Therefore, high load 

of KSR (70%) could be another reason behind the time independence pattern observed in 

figure 6.18. On the contrary, with standard dissolution apparatus the SSF values 

gradually increased in the first 6 hours and peaked with SSD value of 1.17. Although the 

curve underwent steep reduction after 6 hour, the process of SSF value declining toward 
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unity would take more than 2 hours. The SSF values between modified and standard 

dissolution conditions were analyzed by Mann-Whitney test and were found to be 

significantly different (p<0.05). 

 

0.8

1

1.2

1.4

0 2 4 6 8

Time (hour)

Sy
m

m
et

ri
ca

l s
ha

pe
 fa

ct
or

 

Figure 6.18. Relationship between symmetrical shape factor and time for matrices of 
the final formulation (KSR/PEO 303, 7/3) in pH 2.0 HCl buffer at 100rpm: with mesh 
(◊) and no mesh (▲) (n=3). 
 

 

The swelling and erosion promotion effect of the application of mesh was also 

verified by weight gain and mass loss of the swollen matrices (figure 6.19 and 6.20). 

System swelling can be quantitatively expressed as the weight gain of the swollen 

matrices, while mass loss of the dried matrices stands for dissolution of active ingredient 

and excipients. The extent of weight gain and mass loss was more when modified 
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apparatus was used. With modified dissolution system, weight of the swollen matrices 

underwent a quick but extensive growth and the value at each time point was 

significantly greater than corresponding values found in the profile obtained with 

standard dissolution method (figure 6.19). At 10hour, with modified system the dried 

matrices lost 35% of its original weight. However, 85% of the original weight was 

retained when subjected to dissolution under standard condition (figure 6.20). 
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Figure 6.19. Weight gain of swollen matrices of the final formulation (KSR/PEO 303, 
7/3) in pH 2.0 HCl buffer at 100rpm with two different dissolution method: with mesh 
(◊) and no mesh (▲) (n=3). * p<0.05 (student t test) 
 
 
 
 
 
 
 
 
 
 
 

* 

*

*

*



 207

 

0

10

20

30

40

0 2 4 6 8

Time (hour)

%
 M

as
s 

lo
ss

 

Figure 6.20. Mass loss of dried matrices of the final formulation (KSR/PEO 303, 7/3) 
in pH 2.0 HCl buffer at 100rpm with two different dissolution method: with mesh (◊) 
and no mesh (▲) (n=3).* p<0.05 (student t test) 
 

The promotion of system swelling and erosion would definately affect drug 

release. Alfuzosin HCl release from the final formulation was assessed under two 

different dissolution conditions (figure 6.21). As expected, alfuzosin HCl was released at 

a higher rate from the matrices of the final formulation under modified dissolution 

condition. The corresponding f1 and f2 value calculated using release profile of Uroxatral 

under modified condition were 13 and 63, which roughly indicates the sameness between 

release profiles. The corresponding diffusional constant using dissolution data up to 80% 

(Mt/M∞=ktn) was 1.0 with r2 value of about 0.98 demonstrating even more time 

independent zero-order release kinetics. 

*
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Figure 6.21. In-vitro release profiles of alfuzosin HCl with modified dissolution 
method at 100rpm from: Uroxatral (♦) and final formulation (□) (n=3) 
 

6.4.4 Safety Issues 

KSR itself is non-erodible, and then blockage of the pyloric canal could be a 

potential problem. In 2003 a new application of texture analyzer to simulate 

gastrointestinal contractile forces was proposed (Jamzad et al., 2003). Here this method 

was employed to investigate the possibility of the final formulation to deform and easily 

be expelled out of the stomach. With USP dissolution apparatus 2 at 100rpm, monolithic 

matrix based on KSR and PEO (7/3) was introduced into 900ml HCl pH 2.0 buffer. At 2 

hour, swollen matrix was gently taken out of the vessel and subjected to compression 

forces of about 1.9N by texture analyzer (TA-XT2i) equipped with a cylindrical probe 

with a diameter of 1.3cm. During each test cycle, the probe advanced into the sample at 

speed of 0.1mm/s and the trigger force for data collection was set as 0.005N. Once the 
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target force is reached, the probe would retreat back to the original height. At each 

sampling time point, force data were gathered from three consecutive test cycles. After 

data collection, tablets were carefully placed back into the vessel (figure 6.22). The 

procedure was repeated at each sampling point (4, 6, 8 and 10hr), and six tablets were 

used in each run. Typical force-distance profiles are shown in figure 6.23. The difference 

between the distance traveled at the first and last compression cycles at each time point 

showed that the matrix is losing its resilience as time goes on. The matrix integrity 

showed signs of collapsing at 6hours when the probe force was enough to flatten the 

tablet. Therefore, via the swelling and erosion of PEO 303 component, the final 

formulation could easily be deformed and pass through the pylorus by typical contractile 

forces encountered in the stomach. 

 

Figure 6.22. Gastric contractile force simulation process for delivery system safety 
assessment. 
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Figure 6.23. Typical force-distance profiles for one tablet at different time points: 2hr 
and 4hr (up), 6hr and 8hr (middle) and 10hr (bottom) 
*The force-distance profiles were modified by removing data points with negative value 
of forces due to probe sticking. 
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6.4.5 Formulation Robustness toward Composition Changes 

To investigate the robustness of the final formulation toward composition change, 

matrices of formulations with different weight ratio between alfuzosin and polymeric 

excipients were prepared. Those matrices were prepared by varying the weight 

concentration of either polymeric excipient or active ingredient. The impact of 

composition change on system performance was assessed by dissolution study with USP 

apparatus 2.  

In first attempt, the weight of alfuzosin hydrochloride (10mg) and weight ratio 

between KSR and PEO 303 (7 to 3) were kept as constants. However the total weight of 

the polymeric content increased or decreased proportionally. Formulation M1 was 

prepared by increasing the weight of each polymer by 20%, while in formulation M2 

each polymer was subjected to 20% weigh reduction. As a result, drug concentration in 

each formulation varied (table 6.5).In formulation M3 weight of alfuzosin HCl doubled. 

The corresponding in vitro release profiles are depicted in figure 6.24. Taking the release 

profile of the final formulation as reference, all dissolution curves were comparable (table 

6.5). According to the values of similarity factor the average difference between those 

dissolution profiles was less than 3% (Shah et al., 1998). The dissolution profile showed 

very good reproducibility and small variation as well. In the first 9 hour, M3 showed 

slowest drug release. It was noticed that the release rate of tramadol was increased once 

the drug content was subjected to 20% reduction (Hite et al., 2005). The slower release 

rate could be attributed to reduced concentration gradient (Cs-C). However, due to 

diffusion of PVP and erosion of PEO 303, the difference was diminished in the late time 
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period of dissolution. Therefore, final formulation was insensitive to composition change 

(within the studied range).   

Table 6.5. Formulation used in robustness assessment. 

Formulation Final 
formulation 

M1 M2 M3 

Alfuzsion HCl (mg) 10 10 10 20 
KSR (mg) 90 108 72 90 

PEO 303 (mg) 210 252 168 210 
Total weight (mg) 310 370 250 320 

% drug 3.2 2.7 4.0 6.3 
f1 Reference 4.32 3.31 4.40 
f2 Reference  75.84 83.97 80.80 

t30%(hour) 3.0 3.0 2.8 3.5 
t50% (hour) 6.3 6.0 6.0 7.0 
t80% (hour) 12.5 15.5 13.5 13 
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Figure 6.24. Mean in-vitro release profiles of alfuzosin HCl with USP apparatus II at 
100rpm from: final formulation (10mg API, total weight of about 310mg, ◊), M1 
(10mg API, total weight of about 370mg, ♦), M2 (10mg API, total weight of about 
250mg, □) and M3 (20mg API, total weight of about 320mg, ○) (n=3)* SD<10. 
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6.4.5 Stability Issue 

As mentioned earlier that one of the purposes for designing noneffervescent 

monolithic matrices was to improve stability. Matrices of the final formulation were 

stored at 40°C/75% RH for 3 months before being subjected to dissolution study. In 2001, 

it was reported that post-compression curing could stabilize tablets made of KSR so that 

release profiles of the cured tablets showed less deviation from those acquired with fresh 

samples (Shao et a., 2001). Therefore, the tablets of the final formulation underwent 

curing at 60°C for 18 hours before being subjected to accelerated stability test. The effect 

of curing was assessed by changes of dissolution profiles. The related release profiles of 

alfuzosin hydrochloride from tablets of the final formulation after storage and curing is 

shown in figure 6-25. Based on dissolution profile key parameters, the tablets based on 

the final formulation were relatively stable. Compared with uncured samples, curing 

resulted in more comparable dissolution profiles (table 6.6). 

 

Table 6.6. Stability test condition and key in-vitro release profile parameter. 

Treatment  Final formulation 45°C/75%, 3 months 
storage 

Curing +45°C/75%, 3 
months storage 

f1 Reference 6.1 4.4 
f2 Reference  74.9 81.4 

t30%(hour) 3.0 3.3 3.0 
t50% (hour) 6.3 6.5 6.0 
t80% (hour) 12.5 14.5 14.5 
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Figure 6.25. Mean in-vitro release profiles of alfuzosin HCl with USP apparatus II at 
100rpm from final formulation with various treatment: fresh matrices (◊), 45°C/75% 
RH three months storage (▲) and curing plus 45°C/75% RH three months storage (□) 
(n=3)* SD<10. 
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6.5 Conclusion 

Alfuzosin HCl was released from the final monolithic matrix system with near zero 

order release kinetics. Although under modified dissolution condition system swelling 

and erosion was significantly promoted, the corresponding release profile was still 

comparable with the commercial product. Based on data presented in this chapter and 

chapter 3, the final formulation exhibited good floatability and compressibility implying 

possibility of successful scale up manufacturing. Due to the extensive swelling and 

erosion of PEO 303, swollen matrices of the final formulation could easily be deformed 

by typical contractile force encountered in the stomach, which would indicate that there is 

less chance of pyloric valve blockage. The selected matrix formulation for alfuzosin 

hydrochloride (KSR/PEO 303, 7/3) was shown to be insensitive to compositional change 

within the studied ranges. Matrices were insensitive to harsh storage condition as well. 

The robustness of developed formulation for alfuzosin hydrochloride can offer several 

advantages over the more complex multi-layer system including:  

• Simple formulation (two excipients)  

• Ease of manufacturing  

• Reproducible release  

• No lag time for floatation  

• Insensitive to storage condition and changes in excipient and drug content (within 

the studied range)  

• Potential platform as universal formulation for other low dose drugs for controlled 

drug delivery   
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Appendix A 
 

ADDITIONAL INFORMATION ABOUT BENIGN 
PROSTARIC HYPERPLASIA, α- 1 ADRENERGIC 

RECEPTOR BLOCKER AND ALFUZOSIN 
HYDROCHLORIDE 

 

A.1. Benign Prostatic Hyperplasia (BPH)  

A.1.1 Introduction 

  Benign prostatic hyperplasia (BPH) pathologically refers to the increased size of the 

prostate in middle-age and elderly men. It could also be called as benign prostatic 

hypertrophy or benign enlargement of the prostate (BEP) (www.wikipedia.com).   

  The prostate gland stays right below the bladder and surrounds the urethra. The growth 

phase of prostate during adolescent around age 25 could eventually result in BPH. The 

chance of acquiring BPH increases with age, 84% of men over 70 years would have a 

high chance to suffer from BPH (Platz et al., 2002, figure 2-1). As the life expectancy 

rises, the occurrence and treatment related cost of BPH also increase.  

 

 

Figure A-1.  The prevalence of BPH increases with age (Platz E. Urology. 2002). 
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  Although the prostate tends to enlarge, there is not enough space within the anatomic 

region to allow this expansion. As it expands, the prostate presses against the urethra and 

bladder (figure 2-2). The bladder wall becomes thicker; the opening of the urethra shrinks 

as well. As a result, the bladder is so irritable that it begins to contract even with small 

amounts of urine, causing more frequent and urgent urination at daytime and in the night 

(nocturia). At the same time with the narrowed urethra, urine flow is impaired which 

causes other urinary symptoms associated with BPH, such as weak urine flow and 

terminal dribbling. Finally, as the bladder could not empty itself, the urine residue in the 

bladder would increase the chance of infection in the urinary system. 

  BPH is largely undiagnosed, because men are generally embarrassed to talk about the 

prostatic gland. Also, prostate enlargement is normally deemed as a common outcome of 

aging. In the United States in 2000, BPH was responsible for 4.5 million physician visits 

(NIH publication, No. 06-3012). 

 

Figure A-2. Normal urine flow (left panel) and urine flow with BPH (right panel) 
(NYU medical center at 
http://www.med.nyu.edu/healthwise/article.html?hwid=ncicdr0000062965). 
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A.1.2 Risk factors of BPH 

  The real cause of BPH remains unknown, and there is no definite information on risk 

factors.  

  A well defined BPH-causing chemical is dihydrotestosterone (DHT). DHT is a 

metabolite of testosterone in the prostate via the help of an enzyme named 5α reductase. 

DHT promote the cell growth in the prostatic region. DHT binds to androgen receptor in 

the stromal and nearby epithelial cells and signals the transcription of growth factors in 

those cells. With slower dissociation rate, DHT is more potent than its parent chemical 

testerosterone. In elderly men once the balance between androgen and estrogen is broken, 

even a small drop of free testosterone level will intriguer the production and 

accumulation of high levels of DHT in the prostate. 5α-reductase inhibitor significantly 

reduces the DHT level in the prostate and prostate volume (www. drugs.com). 

  In human body levels of any chemical are well balanced, so does the sexual hormones. 

However, elderly men lose their ability to produce sufficient level of androgen, leaving a 

relatively higher estrogen concentration in the blood.  There is a growing body of 

evidence that estrogen plays a role in the etiology of BPH. Studies done with animals 

suggested that higher amount of estrogen in the prostate makes the gland more sensitive 

and irritable to substances that promote cell growth (such as DHT).  

  Although over the world millions of elderly men suffer from BPH, rate of BPH 

occurrence varies dramatically depending on lifestyle. Men in the western world 

normally have a higher chance to acquire BPH than those in the eastern countries with 

rural lifestyle. A study carried out in China confirmed the role of lifestyle in BPH 

development. It was found that much less BPH cases were reported in rural areas than in 
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cities where western lifestyle has been adopted. Family history, obesity, diabetes (Parsons 

et al. 2006), smoking and uptake of excessive alcohol could contribute to the 

development of BPH as well. 

 

 

A.1.3 Symptoms 

  Urinary symptoms such as hesitation before beginning to urinate, sensation of 

incomplete emptying, nocturia, weak urine flow and terminal dribbling are all suggestive 

of BPH in middle-aged and elderly men (figure 2-3). The urine residue in the bladder not 

only increases the possibility of getting urinary tract infection, it also raises the chance of 

development of urinary bladder stones formed by crystals of waste salt in urine. 

 

 

Figure A-3. Clinical symptoms of BPH (Abbott India at 
www.abbott.co.in/patientinfo.htm). 
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  Clinically Benign prostatic hyperplasia has two physiological components: a static 

component related to enlarged prostate size and a dynamic component via the increased 

prostate smooth muscle tone. BPH usually associates with lower urinary tract Symptoms 

(LUTs). Overactive bladder or other downstream pathology, such as urethral stricture 

disease could also cause LUT. The extent to which LUTs can be attributed to BPH and 

bladder pathology alone has been estimated and is about 87% (Gades et al., 2005).  

  

 

A.1.4 Diagnostics  

  When BPH is suspected, Digital Rectal Examination (DRE) is usually the first test to be 

carried out. Initially the doctor feels the size and condition of the prostate by inserting a 

gloved finger into the rectum. Bumps or hard regions in the prostate make other prostate 

cancer tests necessary. DRE is employed to measure the progression of cancer or efficacy 

of intervention for patients with prostate cancer. 

  Urine flow study is another simple and direct approach for BPH diagnosis. A reduced 

flow may suggest prostate obstruction caused by BPH. Improvement of peak urine flow 

rate is also a primary efficacy measure of many clinical studies for BPH treatment. 

  Prostate-specific antigen (PSA) test in conjunction with DRE is approved by FDA for 

prostate cancer detection. PSA is produced by prostate cells. Elevated blood level of PSA 

could be associated with some prostatic diseases, such as prostatitis, BPH and prostate 

cancer. PSA level is normally reported in the unit of ng/ml with less than 2.5ng/ml being 

deemed as normal level. Since the result is affected by several factors (e.g. age, race), an 

elevated PSA level alone could not give any hint about the real cause. Although levels of 
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free and attached PSA are used to differentiate BPH from prostate cancer, other tests for 

further study are recommended to eliminate the possibility of prostate cancer accurately. 

  If prostate cancer is suspected, transrectal ultrasound (TRUS) is normally recommended. 

An image of the prostate gland can be visualized via the echo patterns of the sound waves 

from a probe inserted in the rectum. The region with cancer would generate a different 

echo pattern than normal tissue. It also helps to guide the biopsy needle to the targeted 

region of prostate.  

  During a cystoscope procedure the cystoscope is inserted into the bladder through the 

urethra. It gives a visual image of the size of the prostate gland and degree of the 

obstruction. This kind of test takes about 5 to 10 minute after anesthesia. 

 

 

A.1.5 BPH progression assessment 

  The most widely used method of assessing BPH symptom is the validated International 

Prostate Symptoms Score (IPSS). This self-completion questionnaire is employed for 

common urinary symptoms and quality of life evaluation, and patients use a six-point 

scale to rate the severity of each item. A 0 means least score with no symptoms, and a 5 

indicates highest score with severe symptoms. For instance, if a patient gets 0 for the 

“Incomplete emptying”, this means that he did not have any feeling of occupied bladder 

after urination in the past one month.  If a 5 is given, the patients would always have that 

kind of feeling in the past one month. When it comes to item of “quality of life”, 1 means 

that if these BPH related symptoms were life long patients would be happy, 5 points to a 

terrible life full of suffering and nightmares. 
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  Total IPSS improvement is widely employed as a primary efficacy measure of most 

clinical studies for BPH intervention. Patients can be assigned into three classes by their 

total IPSS score: those with mild symptoms that do not interfere with daily activities 

(IPSS less than 7), those with moderate symptoms (IPSS of 8 to 19) and those with 

severe symptoms (IPSS of >20). The American Urological Association Symptoms Index 

(AUA-SI) is similar to the IPSS. However, to finish AUA-SI patients do not need to 

report the quality of their lives. 

 

 

A.1.6 Treatment   

  Drug treatment, minimally invasive therapy and surgical treatment can be employed for 

BPH treatment depending on the severity of symptoms and patients’ response. Taking the 

cost into consideration, drug treatment is preferred by most of the patients with BPH, 

although it can only relieve the symptoms.  

• Drug treatment 

  Drug candidates for BPH are either α1 adrenergic receptor blockers or 5α-reductase 

inhibitors (5ARI). α1 adrenergic receptor blockers relieve the symptoms of BPH via 

relaxation of the smooth muscle on the prostate. The family members include terazosin 

(Hytrin), doxazosin (Cardura), tamsulosin (Flomax), and alfuzosin (Uroxatral). Terazosin 

and doxazosin were developed initially for hypertension treatment. However, tamsulosin 

and alfuzosin were designed specifically to treat BPH. 

  Finasteride (Proscar) and dutasteride (Avodart) (figure 2-4) are 5α-reductase inhibitors 

(5ARI) approved by FDA for BPH treatment. Dutasteride inhibits both type I and type II 
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isoforms of 5α-reductase, and finasteride only inhibits type II isoforms (Russell et al., 

1994). Type II isoenzymes are predominant in the prostate gland and other genital tissue, 

while the type I isoenzymes have wide distribution in the skin and liver. Both types 

hydrolyze testosterone into DHT. The greater reduction in DHT levels obtained with 

dutasteride compared with finasteride in clinical trial is shown in figure 2-5. On average, 

it takes about one year for finasteride to shrink the prostate into the ¾ of its original 

enlarged size. Moreover, it does not work on every patient with BPH. Since the elevated 

level of DHT is also responsible for male baldness, there are some studies on 5α-

reductase inhibitors’ effect on hair growth. But the application of 5α-reductase inhibitors 

on men baldness is not approved by FDA yet. 

 

 

Figure A-4. Structure of finasteride (Proscar, MerK, left) and dutasteride (Avodart, 
GSK, right). 
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 Figure A-5. Greater suppression of DHT levels achieved with dutasteride (Dut) versus 
finasteride (Fin) (Modified from Roehrborn et al., 2003). 
 

Since 5α-reductase inhibitors are used to reduce the enlarged volume of prostate and α1-

blcokers relieve the BPH symptoms via smooth muscle relaxation. Each of them aim at 

one of the components of BPH mentioned earlier (the static component caused by the 

enlarged prostate volume and the dynamic component via the increased smooth muscle 

tone). Moreover there is no observed drug-drug interaction between these two kinds of 

drugs. These facts suggest the drug combination as a potential intervention of BPH. The 

beneficial effect of combination drug therapies is confirmed by the Medical Therapy of 

Prostatic Symptoms (MTOPS) trial, supported by the National Institute of Diabetes and 

Digestive and Kidney Disease (NIDDK). It was found that finasteride and doxazosin 

together is more effective than using either drug alone regarding symptoms relieving and 
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BPH progression prevention. The combination regiment reduced the risk of BPH 

progression by 67 percent, in comparison doxazosin and finasteride alone reduced such 

risk by 39 and 34 percent respectively (McVary et al., 2004).  

  Not every patient needs some kind of treatment at the very beginning when BPH 

symptoms are reported. Since the symptoms of BPH clear up without treatment in as 

many as one third of all mild cases, watchful waiting for early problems is recommended 

when the gland is just mildly enlarged. Figure 2-6 shows one of the possible algorithms 

for management of patients with benign prostatic hyperplasia (Fitzpatrick et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-6. One of the possible algorithms for management of patients with benign 
prostatic hyperplasia. 
LUTS = lower urinary tract symptoms; IPSS = International Prostate Symptom Score; 
PV = prostate volume; 5ARI = 5a-reductase inhibitor. 
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• Minimally invasive therapy (MIT) 

  The FDA approved in 1996, transurethral microwave therapy (TUMT) uses computer-

regulated microwave to heat and destroy excess prostate tissue. Normal tissues and 

organs are protected by a cooling system. This 1hr procedure can be performed on an 

outpatient basis. TUMT leads to less erectile dysfunction than transurethral resection of 

the prostate  (TURP) (Fitzpatrick et al., 2002). Microwave therapy relives several urinary 

symptoms of BPH such as frequency, urgency, straining, and intermittent flow. In 2000, a 

warning letter about possible injuries TUMT may cause was issued by the FDA (U.S. 

Food and Drug Administration, 2002). 

  The Transurethral needle ablation (TUNA), or radiofrequency therapy, uses low-level 

radiofrequency energy to burn away the enlarged part of prostate. This procedure may 

cause more pain than TUMT, spinal or general anesthetics are needed. TUNA was less 

effective than TURP but results in less ejaculation problems (Fitzpatrick et al., 2002, 

Webber et al., 2003). The TUNA is also employed for bladder cancer treatment (Sun et 

al., 2001). 

  Water-induced thermotherapy (WIT) uses hot water (60 degrees C) to destroy excess 

tissue in the prostate. The catheter of WIT is composed of four parts, urinary drainage 

lumen, positioning balloon, treatment balloon and an insulated shaft. The treatment 

balloon in the middle of the prostate transfers the thermal energy to the surrounding 

prostate tissue.  A 2-year follow-up data from a European multicenter study consisting of 

125 patients verified the effectiveness of WIT with greatly improved peak urine flow and 

reduced IPSS total score (Cioanta et al., 2000). 
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  Ultrasound wave therapy or high intensity focused ultrasound (HIFU) for BPH 

treatment is still undergoing clinical trials in the United States. It has not been approved 

by FDA yet. 

   

• Surgical therapy 

  All the minimal invasive therapies are effective for mild and moderate urethral blockage. 

Removal of the enlarged part of the prostate would be the best long-term solution for 

BPH with very large prostate. 

  To carry out a transurethral surgery no external incision is needed. Transurethral 

resection of the prostate (TURP) is referred as the golden standard of all prostate 

surgeries for BPH. A resectoscope (12 inches long and ½ inch in diameter) is inserted 

into urethra after anesthesia. An electrical loop circulates in the resectoscope cuts 

enlarged tissues and seals blood vessels.  When transurethral incision of the prostate 

(RUIP) is performed, a few small cuts will be made in the bladder neck and the prostate. 

These small cuts help to relieve symptoms of BPH via widening the urethra. Although it 

is believed that TUIP is as effective as TURP, its long-term side effects still needs further 

investigation.   

  Type of laser therapy includes photosensitive vaporization of the prostate (PVP), 

holmium laser enucleation of the prostate (HoLEP) or holmium laser ablation of the 

prostate (HoLAP), transurethral evaporation of the prostate (TUEP) and visual laser 

ablation of the prostate (VLAP). PVP uses high-power Potassium-Titanyl-Phosphate 

(KTP) laser (532 nm), while VLAP employs Nd:YAG laser. The laser fiber under the 

prostate delivers several burst of energy to burn away the targeted region. The shrinked 
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prostate after therapy helps to improve urine flow. Laser surgery causes little blood loss 

with a shorter hospital stay than TURP.  

  Once the volume of the enlarged prostate is too big (>80g) for transurethral surgery to 

be carried out safely (Cornell university, department of urology), open surgery is needed.  

 

 

A.2 α1 adrenergic receptor blocker  

 A.2.1 Adrenergic innervation of lower urinary tract 

  The sympathetic nervous system controls almost all the organs in human body, and 

adrenoceptors have a wide distribution. In smooth muscle both alpha and beta receptors 

exist. Activation of α and β receptor has opposite effect. α1 receptor stimulation leads to 

intracellular release of Ca2+ via activation of the inositol trisphosphate (IP3) pathway. 

Together with the protein calmodulin, Ca2+ activates myosin kinase, leading to a raised 

tonus by contractile protein myosin phosphorylation. So the stimulation of α1-receptors 

results in vasoconstriction (Lullmann et al., 1999).   Theoretically BPH physiologically is 

composed of a static component caused by an enlarged prostate and a dynamic 

component related to the increased smooth muscle tone of inside the prostatic capsule 

and bladder neck (Cain et al., 1986). In the 1970s Dr. Caine discovered that α1-

adrenoceptor was predominant in the prostatic stroma and capsule. Blockage of the α1-

adrenoceptor relieves BPH symptoms via deducing the tone of the prostate smooth 

muscle. This finding triggered the search for α1-receptor inhibitors for LUTs caused by 

BPH (Caine et al., 1975). The first generation of α1-receptor inhibitors was designed for 

hypertension treatment because of the peripheral resistance reduction effect (Leptor et al., 
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1992). Most recently, several BPH specific agents have been developed (Garg et al., 

2006). The therapeutic efficacy of α1-receptor inhibitors was clearly verified in several 

clinical trials (Djavan et al., 1999). Today α1-receptor blockers are the first line medical 

treatment recommended by American health care policy and research (AHCPR) for lower 

urinary tract symptoms suggestive of BPH.  The α1–blockers have rapid onset of action 

and minimal influence on sexual function. Moreover their effectiveness is independent of 

prostate size. Current available α1-blocker includes the terazosin, doxazosin, tamsulosin 

and alfuzosin with no subtype selection. 

  Three high-affinity α1-adrenoceptor subtypes: α1A, α1B and α1D have been cloned and 

characterized (Hieble et al., 1995). α1L-adrenoceptor with low affinity for prazosin was 

pharmacologically defined but not fully characterized (Kenny et al., 1996). All three 

high-affinity receptor are present in the prostate (Price et al., 1993; Faure et al., 1996). 

Quantification of α1-adrenoceptor shows that normal and hyperplastic prostates have 

different distribution of those subtypes. Within normal prostate, the order of subtype level 

is α1A (63%)>α1D (31%)> α1B (6%). Level of α1A–adrenoceptor is more elevated in the 

hyperplastic prostate (α1A: α1B: α1D: 85:1:14) (Nasu et al., 1996). The α1A–adrenoceptor is 

predominantly distributed in the stroma, α1B–adrenoceptor in the epithelium, and α1D–

adrenoceptor in the stroma and blood vessels (Walden et al., 1999). The high expression 

of α1A–adrenoceptor is the rationale behind the development of silodosin as α1A–

adrenoceptor selective inhibitor. 
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A.2.2 α1 blockers  

 Prazosin 

N

N N

N

NH2

O
CH3

O

CH3

O

O

 

  Prazosin is a potent piperazinyl quinazoline derivative with high selectivity toward α1–

adrenergic receptors. Its affinity toward α1–adrenoceptor is 1000-fold greater than that 

for α2–adrenoceptor. Alcohol helps to increase its absorption (www.Drugs.com). The 

most common adverse effect of prazosin is postural hypotension, syncope, fatigue, stuffy 

nose and headache. Retrograde ejaculation may occur as well. 

 

 Terazosin 

N

N N

N

NH2

O
CH3

O

CH3

O

O

 

  Terazosin has a very similar structure to prazosin. It is reported that about 70% of 

patients had relieved BPH symptoms after terazosin treatment (rxlist.com). Most adverse 

effects are mild or moderate (Rochrborn et al., 1996). 
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 Doxazosin 

N

N N

N

NH2

O
CH3

O

CH3

O

O
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  Like terazosin, originally developed as an antihypertensive doxazosin is a highly 

selective α1–adrenergic antagonist. Bioavailability of doxazosin mesylate is about 65%. 

Titration would reduce the risk of cardiovascular effect associated with its first dose 

(PDR, 47th edition, 1993). In most clinical studies, symptoms improvement was observed 

within two weeks. 

 

 Tamsulosin 

NH
O

CH3 OC2H5
H3CO

H2NO2S

 

  There are controversial reports on the subtype selectivity of tamsulosin. Some analyses 

indicates that tamsulosin is weakly selective of the α1A subtype vs α1B (Foglar et al., 1995; 

Michel et al., 1996), others report that none of the four agent (alfuzosin, doxazosin, 

tamsulosin and terazosin) has subtype selectivity (Brune et al., 1995 & 1996; Kenny et al., 

1994).  It is efficacious in the treatment of BPH. It was reported that tamsulosin interferes 

less with blood pressure regulation and induces less vasodilatory adverse events than 

alfuzosin (Rochrborn et al., 1996, see section 2.3 for more information). It is well 



 248

absorbed with a t1/2 about 5 to 10 hour. It is extensively metabolized by the cytochrome 

P450 system (Wilde et al., 1996).  

 

  Silodosin 

OF3C

O
NH

OH

NH2

O

H

CH3

 

  Silodosin (KMD-3213) is a new, highly selective α1A–adrenoceptor antagonist 

developed by Kissei Pharmaceutical Co., Ltd (Mastumoto, Japan). The selectivity of 

silodosin towards α1A vs α1B subtype was reported to be 38 times higher than that of 

tamsulosin hydrochloride in studies using Chinese hamster ovary cells expressing three 

human α1–adrenoceptors (Shibata et al., 1995). A phase 3 clinical trial conducted in 

Japan verified the therapeutic value of silodosin. Silodosin showed superior therapeutic 

effect than tamsulosin, however silodosin caused more abnormal ejaculation than 

tamsulosin (Kawabe et al., 2006). 
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A.3 Alfuzosin 

  Alfuzosin is a second generation of α1–adrenoceptor antagonists approved by the FDA 

on June 12, 2003 for the treatment of BPH.  It is available in a hydrochloric salt form. 

Alfuzosin hydrochloride is (R, S)-N-[3-[(4-amino-6, 7-dimethoxy-2-quinazolinyl) 

methylamino] propyl] terahydro-2-furancarboxa-mide hydrochloride. The empirical 

formula of alfuzosin hydrochloride is C19H27N5O4 HCl, and its molecular weight is 425.9 

with a pKa of 8.1 It is stable under normal conditions of temperature and light. 

UroxatralTM is an extended-release tablet which contains 10mg of alfuzosin hydrochloride. 

Although immediate release alfuzosin is available in EU, the FDA recommended 10mg 

extended release tablet once daily as regiment. 

N

N N NH

O

CH3O

CH3O

NH2

CH3

O
.HCl

 

 

 Clinical Pharmacokinetics 

  Alfuzosin exhibits linear kinetics at dose up to 30mg daily. Immediate release alfuzosin 

is well absorbed with a mean time to Cmax about 1.5h (Wilde at al, 1993; Scott et al., 

1989). Alfuzosin is preferentially absorbed in the proximal part of the gastrointestinal 

tract and, in particular, jejunum appear to be the main region for absorption (Maggi et al., 

2000; Anrieu et al., 1995). Relieved symptoms were reported within 1.5hours (Teilac et 

al., 1992).  The absolute bioavailability of Uroxatral (10mg alfuzosin HCl extended-

release tablet) is approximately 49% when taken with food. Absorption may be decreased 

by up to 50% when fasting as shown in figure 3-1 (PDR 59th edition, 2005); therefore the 
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manufacturer recommends administration of alfuzosin immediately after meal. Mean 

Cmax and AUC0-24 of alfuzosin hydrochloride 10mg extended release tablet are 13.6 ng/ml 

and 194 ng.h/ml, respectively (PDR 59th edition, 2005). Following oral administration of 

10mg alfuzosin hydrochloride extended release tablet, the apparent elimination half-life 

is 10 hours. Steady-state plasma levels followed by a second dose of 10mg extended 

release tablet are 1.2 to 1.6 fold higher than single dose (Sanofi-aventis, 2007).  

 

 

Figure A-7.  Food effect on absorption of Uroxatral (reproduced from PDR). 

 

  The volume of distribution following intravenous administration in healthy male 

middle-aged volunteers is 3.2 l/kg. In vitro studies show that alfuzosin moderately bound 

to human plasma proteins (82% to 90%), with linear binding over a wide concentration 

range (5 to 5000ng/ml) (sanofi-aventis, 2007). 
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  Alfuzosin undergoes extensive hepatic metabolism.  However its metabolism is not 

saturable. Only 11% of the administrate dose excreted unchanged in the urine (sanofi-

aventis, 2007). Alfuzosin is metabolized by three metabolic pathways: oxidation, O-

demethylation, and N-dealkylation. The metabolites are not pharmacologically active. 

CYP3A4 is the principle hepatic enzyme isoforms involved in its metabolism.  

  Following oral administration of 14C-labeled alfuzosin solution, the recovery of 

radioactivity after 7 days (expressed as a percentage of administered doses) was 69% in 

feces and 24% in urine (PDR 59th edition, 2005).    

 

 Clinical efficacy 

  Three randomized, placebo controlled trials have been conducted to assess the safety 

and efficacy of extended release alfuzosin 10mg once daily (Roehrborn et al., 2003). 

Taking international prostate symptom score reduction and peak urine flow rate as 

primary efficacy measures, alfuzosin significantly relieved BPH symptoms in all 3 

studies when compared with placebo.  It was found that alfuzosin significantly reduced 

the mean IPSS by -6.0 [-4.2 with placebo (P<0.005)] and the peak flow rate (PFR) by 

+2.3 ml/s [1.1ml/s with placebo (P<0.001)] irrespective of prostate size (see figure 3-2). 

Specifically, significant improvement in the irritative, nocturia and the obstruction 

subscore of the IPSS was observed (see figure 3-3). Between 40% and 70% of patients 

with BPH reported symptom relief with alfuzosin regimen (Andersen et al., 1995). The 

positive effect of alfuzosin on postvoided residual urinary volume is testified via a meta-

analysis of 11 double-blind controlled studies of 953 patients with postvoided residual 

urinary volume about 50-350ml as the baseline. The regimen under investigation is 
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alfuzosin 2.5mg thrice daily 4mg twice daily for one to six months. It was found that 

alfuzosin led to a significantly decreased post-voided residual volume (p<0.01) and rate 

of acute urinary retention (0.3% with alfuzosin and 1.4% with placebo).  

 

 

Figure A-8. The mean (95% CI) change from baseline in patients receiving alfuzosin 
( squares) or placebo (open circles) in the overall International prostate Symptoms 
Score (IPSS) at 28, 56 and 84 days of treatment (A), Peak urine Flow Rate (PFR) at 14, 
28, 56 and 84 days of treatment (B). 
(Roehrborn et al., 2003) 
. 
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  Figure A-9. The mean (95% CI) change from baseline in patients receiving alfuzosin 
(squares) or placebo (open circles) in the irritative (a), obstructive (b) and nocturia (c) 
subscores at 28, 56 and 84 days of treatment 
 

 

  The long-term benefit of alfuzosin is supported by two follow-up studies. One follow-up 

study (alfuzosin 2.5mg three times per day, 2579 patients) showed that the percentage of 

patients requiring surgical intervention decreased or remained stable within 3 years 

(Lukacs et al., 2000). In another follow-up study lasted about 24-30 months, the extent of 

improvement in voiding symptoms and urinary flow rate was also maintained (Jardin et 

al., 1994). These two studies clearly verify that continuous alfuzosin treatment could 

delay the progression of BPH. 

  When compared indirectly, all α1–adrenoceptor antagonists demonstrate a comparable 

efficacy (Djavon et al., 2004).  IPSS total scores decreased 30-45% (figure 3-4) and peak 

urinary flowrate increased 5-30% vs. baseline, respectively. Compared with tamsolusin 

0.4mg directly, either 2.5mg three times daily (Buzelin et al., 1997) or 10mg (CDER, 
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1998-2004) once per day showed similar efficacy. In both studies, IPSS reduction (35-

40% vs. baseline) and peak urine flow improvement (16-26% vs. baseline) was observed 

during the three-month treatment. 

 

 

Figure A-10. Improvement in total symptom score with a1-AR antagonists in placebo-
controlled studies. ALF=alfuzosin  IR=immediate release 2.5mg three times daily, 
SR=slow release 5mg two times daily, XL=extended release 10mg once daily; TER= 
terazosin (5mg and 10mg once daily); DOX S=doxazosin standard (4 and 8mg once 
daily), GITS=gastrointestinal therapeutic system (4 and 8mg once daily); TAM= 
tamsulosin (0.4 and 0.8mg once daily).*numbers showed below each column is the 
reference number of each individual clinical trial cited (Djavon et al., 2004)   
 
 
 
 Clinical safety 

    In rat, it was showed that alfuzosin decreased urethral pressure with no interfere with 

blood pressure (Martin et al., 1997).  A clinical trial involved 12 patients with BPH 

showed that oral alfuzosin was relatively concentrated in the prostate (Mottet et al., 2003). 

Seven doses (5mg twice daily) were given within 4 days. On day 4, a blood and prostate 

tissue sample were taken simultaneously 12 hours after the last dose.  The mean prostate 

concentration on day 4 was 12.3±5.6ng/g, which is about 2.4 times the level in the blood. 
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  Due to the wide distribution of α1–adrenoceptors and alfuzosin’s nonselectivity toward 

any subtypes, cardiovascular effects, such as hypotension are the most common side 

effects of alfuzosin. However, these adverse effects are normally reported when higher 

doses are used (>10mg/day) (Lefevre-Borg et al., 1992). With lower dose range (5-

10mg/day) used for BPH treatment, hypotension and dizziness would not be common. In 

a randomized, double-blind, placebo-controlled crossover study, the effect of alfuzosin 

10mg on blood pressure and heart rate was evaluated in 14 male volunteers (Mondaini et 

al., 2006). Compared with placebo, alfuzosin 10mg did not affect systolic blood pressure 

(SBP), diastolic blood pressure (DBP) or heart rate (see figure 3-5 and table 3-1, blood 

pressure was measured every hour daily between 8am and 8pm). When grouping all α1–

adrenoceptor blockers together, reports of hypotension and dizziness with immediate 

release alfuzosin are less than prazosin (Buzelin et al., 1997), similar to terazosin and 

doxazosin (Chapple et al., 1998; Djavan et al., 1999; Lukacs et al., 1997), but more than 

tamsulosin (figure 3-6, Buzelin et al., 1997). However, with the introduction of controlled 

release dosage form these side effects would be less.     
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Table A-1. Blood pressure and heart rate in relation to placebo and treatment 
(alfuzosin 10mg once daily) (Mondaini et al., 2006). 
 

 

 

  Another common side effect of α1–adrenoceptor antagonists is ejaculation disorders. It 

was reported that 4-11% of patients treated with α1–adrenoceptor had ejaculation 

problems, such as retrograde ejaculation, reduced ejaculation volume, and absence of 

ejaculation (Roehrborn et al., 1995; Kedia et al., 1981). These adverse effects are caused 

by relaxed bladder neck. With semen flowing into the bladder during ejaculation, 

decreased ejaculation volume or dry sex may happen. These effects are reversible when 

the drug is discontinued. Compared with tamsulosin, the frequency of abnormal 

ejaculation with alfuzosin is very low. In a previous analysis of patients enrolled in 

randomized, double-blinded studies, no ejaculation disorders were reported in 536 

patients with alfuzosin 2.5mg three times daily or 407 patients with alfuzosin 5mg twice 

daily (Hofer et al., 2002). In another clinical study of alfuzosin 10mg once daily, only 

three patients (0.6%) experienced ejaculation disorders (Roehborn et al., 2003).   
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Figure A-11. Blood pressure (BP) during the first and last day of placebo treatment. (A) 
▲: systolic BP, ■: diastolic BP during the first day; ○: systolic BP, □: diastolic BP 
during the seventh day and during the first and last day of alfuzosin treatment. (B) ▲: 
systolic BP, ■: diastolic BP during the first day; ○: systolic BP, □: diastolic BP during 
the seventh day (Mondaini et al., 2006). 
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 Figure A-12.Effect of alfuzosin 2.5 mg tid and tamsulosin 0.4 mg od on blood pressure 
in a direct comparative study [36]. SBP, systolic blood pressure; DBP, diastolic blood 
pressure. * P<0.05, **P<0.01, #P=0.057 (Buzelin et al., 1997). 
 

 Contradiction and drug-drug interaction 

  Alfuzosin is mainly metabolized by CYP450 3A4. Metabolic reactions are oxidation, O-

demethylation and N-dealkylation. The metabolites are not pharmacologically active. 

Any inducers or inhibitors of CYP450 3A4 would affect the metabolism and clinical 

performance of alfuzosin. When given together with ditilzem, an additive hypotension 

effect with a reduced oral bioavailability of ditilzem would be observed. Alfuzosin does 

not interfere with warfarin, digoxin, hydrochlorothiazide and atenolol (Wild et al., 1993; 

Bianchetti et al., 1986). Caution should be taken when alfuzosin is given to patients 

taking other antihypotensives and ethanol (PDR 59th edition, 2005). If using alfuzosin in 

patients taking antihypertensives, the lowest effective dose of alfuzosin should be used 

(Sanofi-aventis, 2007). 

  Although compared with the second generation of α1–adrenoceptor antagonists, 

prazosin, terazosin and doxazosin caused more side effects; they are still available as 
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solid oral dosage forms for the treatment of BPH. Table 3-2 and table 3-3 shows the 

regiment and average whole seal price of each α1–adrenoceptor antagonists. 

 

Table A-2. Usual Oral dosing regimen of α1–adrenergic antagonists for BPH (Jonler 
et al., 1994; Lieber et al., 1998) 
 
Drug Usual oral dosing regiment 
Prazosin 1mg at bedtime to start. Increase dose to 2, 5, or 10mg/day at 3-

10-day intervals. Usual maintenance dose 2-10mg daily in two 
or three divided doses. 

Terazosin 1mg at bedtime to start. Increase dose to 2, 5, or 10mg/day at 3-
10-day intervals. Usual maintenance doses 5-10mg once daily. 
Up to 20mg  

Doxazosin 1mg at bedtime to start. Increase to 2, 4, or 8mg daily at 3-10-
day intervals. Usual maintenance dose 2-8mg once daily. Up to 
12mg daily has been used. 

Alfuzosin IR: 2.5mg three times a day, up to 10mg a day in three divided 
doses.  
ER: 10mg once daily or 5mg twice daily 

Tamsulosin 0.4-0.8mg daily. Start with 0.4mg once daily. 
*IR=immediate release, ER=extended release 
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Appendix B 
 

LIST OF PUBLICATIONS AND POSTER 
PRESENTATIONS 

 
B.1. Publications 
 

1. Liu, Q., Fassihi, R. 2008. Zero-order delivery of an alfa1 adrenergenic 
receptor blocker alfuzosin hydrochloride via gastro-retentive system. Int. J. 
Pharm. 348:27-34. 

2. Liu, Q., Fassihi, R. 2009. Application of a novel symmetrical shape factor to 
gastroretentive matrices as a measure of swelling synchronization and its 
impact on drug release kinetics under standard and modified dissolution 
conditions. J. Pharm. Pharmacol.  61(7): 861-867. 

3. Liu, Q., Wang, Y. 2009. Development of an ex vivo method for evaluation of 
topical ophthalmic formulations (AAPS PharmSciTech, Online First version). 

 
B.2. Poster Presentations 
 

1. Liu, Q., Jamzad, S., Missaghi, S., Navaneethan, C. C. and Fassihi, R. 
Interactive functions of moisture content, lubricant, and physical character of 
excpients on ejection force and tensile strength. AAPS annual meeting in 
Nashville, TN. Nov.2005. 

2. Liu, Q., and Fassihi, R. Development and In vitro dissolution study of 
Alfuzosin hydrochloride extended-release composite formulation.           
AAPS annual meeting in San Antonio, TX. Nov.2006. 

3. Liu, Q.and Fassihi, R. Comparative study of swelling and erosion properties 
of PEO, HPMC and Kollidon SR. AAPS annual meeting in San Diego, CA. 
Nov.2007. 

4. Liu, Q., Wu, Y. and Fassihi, R. Development and evaluation of a swellable 
and floatable gastro-retentive delivery system. AAPS annual meeting in San 
Diego, CA. Nov.2007. 

5. Liu, Q.and Fassihi, R. A modified dissolution apparatus for floatable gastro-
retentive delivery system. AAPS annual meeting in Atlanta, GA. Nov.2008. 
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Appendix C 
 

DATA FOR SELECTED FIGURES IN CHAPTER 3 
 

Table C-1: Data for figure 3-11. 
 

0.45m/sec 1.93m/sec 

Pressure ln[Porosity] Pressure ln[Porosity]
10.28 0.90 10.01 0.73 
11.77 0.93 10.93 0.74 
13.54 0.95 11.95 0.76 
14.73 0.98 13.24 0.77 
16.30 1.01 14.81 0.78 
18.13 1.04 16.34 0.80 
19.62 1.08 17.52 0.81 
21.45 1.12 18.78 0.82 
23.08 1.15 19.22 0.84 
24.75 1.19 19.49 0.85 
26.72 1.24 20.11 0.86 
28.66 1.28 20.96 0.88 
30.70 1.33 22.08 0.89 
32.91 1.39 22.90 0.90 
35.42 1.44 24.05 0.91 
37.84 1.50 24.83 0.93 
40.56 1.57 25.44 0.94 
43.25 1.64 26.18 0.95 
45.86 1.71 26.18 0.97 
48.85 1.79 26.32 0.98 
51.67 1.87 26.43 0.99 
54.63 1.97 26.67 1.00 
57.75 2.06 27.11 1.02 
60.84 2.16 27.21 1.03 
64.07 2.27   
67.26 2.41   
70.25 2.56   
73.82 2.74   
76.89 2.94   
80.08 3.22   
83.17 3.64   
86.26 4.26   
89.46 7.54   
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Table C-2: Data for figure 3-13. 
 

0.45m/sec 1.29m/sec 1.93m/sec 
Pressure ln[Porosity] Pressure ln[Porosity] Pressure ln[Porosity] 

11.08 0.92 11.02 0.80 10.50 0.72 
12.78 0.95 11.87 0.82 12.00 0.73 
14.65 0.99 13.02 0.84 13.26 0.74 
16.14 1.02 14.21 0.86 15.10 0.75 
17.84 1.06 15.67 0.88 16.93 0.77 
19.88 1.11 17.60 0.91 19.15 0.78 
22.33 1.15 19.30 0.93 21.36 0.80 
24.87 1.19 21.07 0.97 23.57 0.82 
27.29 1.24 23.14 1.00 25.70 0.85 
29.97 1.29 25.75 1.04 28.22 0.87 
32.55 1.35 28.61 1.08 31.54 0.90 
34.93 1.42 31.59 1.13 34.60 0.93 
37.55 1.49 34.68 1.19 37.96 0.96 
40.14 1.56 38.46 1.24 41.36 0.99 
43.10 1.64 41.99 1.30 44.11 1.03 
46.26 1.73 45.97 1.37 47.17 1.07 
49.93 1.84 50.35 1.45 50.94 1.11 
54.18 1.96 55.18 1.53 54.51 1.15 
58.64 2.10 60.24 1.62 58.76 1.20 
63.60 2.25 65.81 1.73 63.11 1.25 
69.07 2.43 72.23 1.84 68.51 1.31 
74.48 2.64 78.49 1.97 73.57 1.36 
80.19 2.92 85.62 2.12 79.14 1.42 
86.10 3.29 93.06 2.31 84.96 1.49 
92.56 3.84 100.84 2.52 90.97 1.56 
99.33 5.07 109.24 2.79 97.49 1.63 

  117.67 3.13 104.49 1.71 
  127.09 3.65 111.32 1.79 
  136.84 4.69 118.83 1.88 
    126.21 1.98 
    134.10 2.08 
    141.75 2.20 
    149.87 2.35 
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Table C-3: Data for figure 3-16. 
 

0.45m/sec 1.93m/sec 

Pressure ln[Porosity] Pressure ln[Porosity]
10.94 0.81 11.51 0.75 
12.47 0.83 13.14 0.76 
13.96 0.86 15.18 0.78 
15.46 0.89 17.29 0.80 
17.63 0.92 19.29 0.81 
19.76 0.96 21.57 0.83 
21.94 0.99 23.58 0.85 
24.32 1.03 25.89 0.88 
26.74 1.07 28.27 0.90 
29.15 1.12 31.13 0.93 
31.56 1.16 33.89 0.96 
34.25 1.21 36.98 1.00 
37.17 1.26 39.71 1.03 
40.16 1.32 42.22 1.06 
43.46 1.37 45.58 1.10 
47.02 1.44 49.14 1.14 
51.00 1.51 53.01 1.18 
55.35 1.58 57.30 1.22 
60.04 1.66 61.89 1.27 
65.51 1.75 66.17 1.32 
71.12 1.84 70.99 1.38 
77.24 1.94 75.92 1.43 
83.67 2.07 81.08 1.50 
90.84 2.20 86.46 1.56 
98.66 2.35 92.00 1.63 
106.41 2.52 98.32 1.71 
114.74 2.70 104.33 1.79 
123.44 2.94 111.23 1.88 
132.48 3.21 118.13 1.97 
142.03 3.60 125.14 2.08 
151.68 4.19 132.17 2.18 
161.64 5.68 139.54 2.30 

  146.81 2.44 
  153.84 2.58 
  161.28 2.75 
  168.28 2.96 
  175.43 3.22 
  182.37 3.56 
  189.30 3.97 
  195.79 4.91 
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Appendix D 
 

DATA FOR SELECTED FIGURES IN CHAPTER 4 
 
 
Table D-1: Data for figure 4-10 (50rpm). 
 

 Mean of % released± STD (n=3) Time (hour) KSR N60-K 303 K4M K15M 
0 0±0.00 0±0.00 0±0.00 0±0.00 0±0.00 

0.25 13.96±0.81 7.81±1.75 7.97±1.45 5.62±0.11 5.87±0.10 
0.5 21.09±0.53 12.42±2.29 12.69±1.81 9.63±0.17 9.92±0.22 

0.75 25.76±0.21 16.28±2.77 16.63±1.78 12.97±0.47 13.16±0.39
2 41.55±0.56 31.55±4.93 32.21±0.90 25.74±2.01 25.00±0.59
3 50.01±0.72 41.84±6.69 42.72±0.27 33.94±2.56 32.41±0.77
5 62.37±1.13 58.59±5.71 59.83±0.57 46.98±3.47 44.18±0.99
6 67.31±1.14 65.33±3.22 66.71±1.07 52.50±3.78 49.26±1.12

7.5 73.80±1.19 73.71±2.78 75.26±1.74 59.86±4.04 56.09±1.17
9 79.26±1.19 79.17±1.32 80.84±2.27 64.90±3.95 62.14±1.26

10.5 84.06±1.08 85.68±2.74 87.49±2.69 71.13±4.57 67.80±1.16
12.5 89.21±1.04 90.82±2.38 92.74±3.29 77.72±4.04 74.62±0.64
14 92.08±0.87 93.54±1.73 95.51±3.56 81.73±3.91 79.33±0.29
17 96.11±0.54 97.09±3.55 99.14±3.93 88.78±3.47 87.37±0.23
20 98.31±0.29 98.74±4.12 100.83±4.45 94.37±2.81 93.34±1.14
22 99.25±0.14 99.54±2.45 101.64±4.40 97.41±2.31 96.84±1.52
24 100±0.00 100±1.34 102.11±4.41 100±1.78 100±1.76 
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Table D-2: Data for figure 4-11 (50rpm). 
 

N60-K  (n=3) KSR (n=3) K15M (n=3) K4M (n=3) PEO 303 (n=3) 
T(hour) % ± TSD T(hour) % ± TSD T(hour) % ± TSD T(hour) % ± TSD T(hour) % ± TSD

0 0 0 0.7±1.0 0 0 0 0.25±0.07 0 1±1.14 
0.25 1.27±0.15 0.25 1.75±0.87 0.25 0.05±0.07 0.5 0.9±0.37 0.25 1.5±0.70
0.5 2.20±0.05 0.75 3.2±1.75 0.5 0.25±0.35 1 1.15±0.50 1 2±1.14 
0.75 2.58±0.00 1 3.55±1.02 1 0.55±0.27 1.25 1.3±0.84 1.5 2.5±0.71
1.5 4.05±1.00 1.75 4.4±1.45 1.25 0.9±0.77 1.5 1.6±0.70 1.75 3±1.35 
2 4.47±1.22 3 6.55±1.90 1.75 1.1±0.51 2.5 1.65±0.54 2 4±0.87 

2.5 6.42±0.94 4.25 8.1±0.00 2 1.3±0.66 3 2.4±0.47 2.5 5±0.63 
3 9.50±1.77 5.75 10.55±1.48 3 2.6±1.07 3.75 2.9±0.59 2.75 5.5±1.01
4 11.95±2.55 7 12.15±1.76 4.25 4.05±1.20 4.5 3.9±0.28 3.25 6±1.55 
5 14.86±3.87 9.5 15.7±1.00 5.5 4.8±1.54 5 4.75±0.49 3.5 6.5±1.29

6.5 24.04±4.09 11 17.65±0.92 7 7.6±1.28 7 6.0±0.42 3.75 7±0.98 
8.5 35.39±3.48 13 19.55±0.92 9 10.25±0.50 9 8.5±0.00 4.25 7.5±1.14
11 52.99±1.25 16 21.65±1.34 10.5 12.05±0.07 10.5 10.3±0.14 5.25 8.5±2.01
14 73.07±0.50 19 23.2±1.27 12 15.5±1.27 12.5 11.6±0.85 7 10.5±1.26
16 87.32±2.12 21 24.9±0.56 13.5 18.25±0.64 14.5 13.05±0.07 8.5 11.5±2.11
18 94.25±0.83 23 26.7±1.55 15.5 20.35±0.35 16 15.5±1.28 10 12.5±1.33
20 97.42±0.24 24 27.9±1.00 18 25.1±1.55 18.5 17.5±1.98 11.5 14±2.04 
22 98.33±0.93   20 28.5±0.56 20.5 19.65±1.34 13 15.5±0.88
23 99.31±0.97   21 30.85±0.50 22 22.9±1.13 15 19±0.57 
    22 31.5±1.00 24 25.25±0.77 17 21±1.64 
    24 34.9±1.41   20 23.5±0.22
        21.5 25.5±1.39
        23 28±0.64 

        24 30±0.72 
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Table D-2: Data for figure 4-11 (100rpm). 
 

N60-K (n=3) KSR (n=3) K4M (n=3) K15M (n=3) PEO 303 (n=3) 
T 

(hour) % ± TSD 
T 

(hour) % ± TSD T (hour) % ± TSD T (hour) % ± TSD T (hour) % ± TSD
0 0 0 0 0 0 0 1.8±0.84 0 0.3±0.14 

0.25 2.02±1.07 0.5 0 0.25 0 0.5 3.35±2.05 0.5 0.75±0.07
0.5 2.37±0.81 1 0.3±0.37 0.5 0.5±0.37 1 4.05±1.89 1 1±0.14 

0.75 3.55±1.01 1.5 0.7±0.21 1 1.3±0.84 2 5.3±2.37 1.5 2.05±0.50
1 3.59±0.86 2 1±0.55 1.5 1.7±0.62 2.75 6.4±1.38 1.75 2.7±0.28 

1.25 4±0.29 4 2.4±0.61 2 2.7±1.00 3 7.7±2.02 2 2.35±0.77
1.75 6.11±0.17 5 4.2±1.87 2.5 4±0.56 4 8.25±3.06 2.25 3.4±0.42 
2.5 9.99±1.62 7 7.2±1.44 3 4.45±0.07 4.25 9.75±2.37 3 3.95±0.35

3.25 16.96±1.00 8.5 11.2±1.70 3.75 7.1±2.26 6 14.05±2.66 3.5 4.85±0.07
4.75 26.1±1.69 10 13.9±1.29 4.5 9.05±0.07 7 17.7±3.11 4 4.85±1.20
5.5 31.72±0.97 12 17.9±2.33 5 11.75±0.63 9 22.15±2.44 4.25 6.25±0.21
6.5 41.58±1.68 14 23±2.43 5.75 14.35±2.47 10 25.05±2.61 5.5 7.95±0.21
8 54.22±0.10 16 27.7±1.97 7 18.6±0.56 11.5 28.25±2.33 6 9.55±0.78

9.5 68.83±0.25 18 31.7±1.01 8.5 23.7±1.13 13 32.6±2.54 7 10.7±1.13
11 81.07±3.12 20 36±0.77 10 29.65±2.05 14.5 37.8±1.55 8.5 12.15±1.48

12.5 89.41±0.79 22 41.3±1.12 11.5 34.55±2.19 16.5 43.4±4.10 10 15.35±2.19
14 93.26±0.58 24 44.4±1.28 13.5 41.75±1.34 18 46.05±0.77 11.5 18.05±0.78
16 95.43±1.71   15 46.85±0.21 20 50.85±0.92 14 22.9±0.57
18 98.09±0.76   16.5 52.35±0.92 22 56.95±0.64 16 28.3±0.14
20 99.03±0.17   18 56.7±0.42 24 61±0.56 17.5 32.75±0.35
22 100   20 65.35±0.50   19 34.75±0.50
24 100   22 71.45±3.46   20.5 39±0.71 
    24 72.05±0.21   22.5 43.3±1.13
        24 48.35±1.91
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Appendix E 
 

DATA FOR SELECTED FIGURES IN CHAPTER 5 
 
Table E-1: Data for figure 5-8. 
 

 Mesh No mesh 
Time 

(hour) 
Mean (n=5) 
/% released STD Mean (n=5) 

/% released STD 

0 0.07 0.01 0.01 0.02 
0.25 5.36 1.26 2.16 0.64 
0.5 10.72 1.22 5.61 0.91 
0.75 15.23 1.06 8.62 0.90 

1 19.40 1.00 11.60 0.83 
1.5 26.32 0.99 16.65 0.91 
2 32.13 1.02 21.21 1.03 

3.5 45.93 1.14 32.80 1.48 
4.25 51.47 1.08 37.75 1.71 

5 56.43 1.01 42.30 1.84 
7.5 69.88 0.88 55.09 1.38 
9 76.18 0.77 61.48 1.14 
10 79.84 0.70 65.38 0.94 
11 82.79 0.83 68.84 0.77 

13.5 89.17 0.71 76.90 0.55 
15 92.27 0.52 81.43 0.47 

17.5 95.64 0.22 87.44 0.646 
19 96.98 0.27 90.56 0.73 
22 99.23 0.02 96.72 0.30 
24 100 0 100 0 

 
 
 
Table E-2: Data for figure 5-9. 
 

 With mesh No mesh 
Time 

(hour) 
mean 

(n=3)/SSF STD mean 
(n=3)/SSF STD 

0 1 0 1 0 
2 1.14 0.03 1.07 0.03 
4 1.25 0.03 1.11 0.01 
6 1.10 0.04 0.98 0.03 
8 1.02 0.00 0.94 0.04 
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Table E-3: Data for figure 5-10. 
 

 Mesh No mesh 
Time 
(hour) 

Mean (n=5) 
/% released STD Mean (n=5) /% 

released STD 

0 0 0 0 0 
0.5 3.64 0.43 0 0 

0.75 7.35 1.37 1.66 0.08 
1 12.21 0.29 3.21 0.15 

1.5 18.67 0.24 6.13 0.12 
2 24.85 1.39 9.17 0.06 

2.5 30.28 2.08 12.50 0.24 
3 33.76 0.81 16.20 0.27 

4.5 47.52 0.70 28.44 1.61 
5 52.21 0.73 33.16 1.92 

5.5 57.04 0.57 38.35 2.43 
7 74.45 0.23 55.26 2.06 
8 82.68 1.48 63.04 3.61 
9 90.17 2.28 69.82 3.43 

10 94.75 0.97 75.00 3.26 
12 99.25 0.45 84.28 2.86 
14 100 0 91.11 2.10 
17 100 0 96.09 0.99 
19 100 0 97.63 0.56 
21 100 0 99.46 0.05 
24 100 0 100 0 

 
 
 
 
 
 
Table E-4: Data for figure 5-11. 
 

 With mesh No mesh 
Time 

(hour) 
mean 

(n=3)/SSF STD mean 
(n=3)/SSF STD 

0 1 0 1 0 
2 0.96 0.01 1.06 0.03 
4 0.87 0.02 1.03 0.02 
6   1.01 0.02 

 
 
 
 
 



 269

Table E-5: Data for figure 5-12. 
 

 Mesh No mesh 
Time 
(hour) 

Mean (n=5) 
/% released STD Mean (n=5) /% 

released STD 

0 0 0 0 0 
0.5 8.20 0.33 6.43 0.43 

0.75 12.86 0.80 10.56 0.08 
1 16.93 1.10 14.35 0.03 

1.5 22.18 0.74 19.69 0.31 
2 27.61 0.63 25.52 0.57 
3 37.23 0.65 35.25 1.51 

3.5 41.41 0.44 39.43 1.79 
4 45.60 0.74 43.88 1.99 

5.5 56.52 1.11 55.82 2.44 
6 59.47 0.81 58.62 2.18 
9 72.21 0.44 71.22 2.01 

11 78.99 0.43 77.93 1.33 
13 84.60 0.25 84.59 0.19 
15 89.14 0.38 87.79 0.21 
17 92.74 0.33 91.53 0.71 
19 95.69 0.20 95.26 0.03 
21 97.81 0.10 97.63 0.40 
24 100 0 100 0 

 
 
 
 
 
Table E-6: Data for figure 5-13. 
 

 

Mean wet density ± STD 
(n=3) 

 

Mean dry density ± STD 
(n=3) 

 
Time 
(hour) Mesh No mesh Mesh No mesh 

0 0.8±0.00 0.8±0.00 0.8±0.00 0.8±0.00 
2 0.81±0.00 0.83±0.05 0.77±0.02 0.76±0.00 
4 0.91±0.02 0.92±0.01 0.76±0.03 0.76±0.02 
6 0.89±0.00 0.91±0.00 0.76±0.00 0.75±0.00 
8 0.87±0.04 0.89±0.00 0.76±0.03 0.75±0.00 

10 0.86±0.00 0.87±0.01 0.76±0.02 0.75±0.03 
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Table E-7: Data for figure 5-15. 
 

Mesh No mesh 
Time 
(hour) 

Mean (n=5) 
/% released STD Time 

(hour) 
Mean (n=5) /% 

released STD 

0 0 0 0 0 0 
1.25 8.42 1.47 0.5 5.69 0.63 
2.75 17.12 2.49 1 10.06 1.27 
5.75 42.32 3.88 3 21.03 2.38 
7.75 60.27 4.75 6 45.64 3.19 
8.75 70.92 3.67 9 67.64 7.69 
9.75 79.86 5.21 11 80.80 7.95 
11.75 92.91 4.63 13 90.41 5.21 
13.75 97.01 5.37 14 93.46 3.30 
14.75 97.58 4.92 15 96.52 2.63 
15.75 98.15 4.73 17 99.57 0.74 
16.75 98.66 3.78 18 100 0 
17.75 98.96 0.12    

 
 
 
 
 
 
 
 
 
Table E-8: Data for figure 5-16. 
 

 With mesh No mesh 
Time 

(hour) 
mean 

(n=3)/SSF STD mean 
(n=3)/SSF STD 

0 1 0 1 0 
2 0.97 0.02 0.98 0.01 
4 0.94 0.00 0.96 0.02 
6 0.96 0.01 0.92 0.01 
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Appendix F 

 

DATA FOR SELECTED FIGURES IN CHAPTER 6 

 
Table F-1: Data for figure 6-8. 
 

pH 2.0 Mean mg released ± TSD (n=3) 
Time 
(hour) 

Uroxatral PEO M6 H/H M7 

0 0 0 0 
0.5 0.91±0.04 0.57±0.07 0.31±0.08 
1 1.37±0.11 1.00±0.15 0.80±0.15 
3 2.75±0.20 2.09±0.26 2.19±0.26 
6 4.31±0.18 4.54±0.27 3.58±0.27 
9 5.96±0.31 6.72±0.65 5.24±0.65 
11 6.97±0.22 8.03±0.65 6.77±0.66 
13 7.98±0.15 8.99±0.40 8.34±0.40 
14 8.53±0.33 9.30±0.23 8.87±0.41 
15 8.99±0.24 9.60±0.20 9.32±0.32 
17 9.63±0.25 9.91±0.20 9.82±0.41 
18 9.72±0.26 9.95±0.26 9.95±0.33 
    

pH 6.8 Mean mg released ± TSD (n=3) 
Time 
(hour) 

Uroxatral PEO M6 H/H M7 

0 0 0 0 
0.5 0.55 0.38±0.00 0.46±0.07 
1 0.93 0.64±0.14 0.71±0.21 
3 2.43 1.98±0.01 2.13±0.05 
6 3.91 3.26±0.10 3.69±0.31 
9 5.82 5.17±0.23 5.57±0.34 
11 7.19 6.31±0.58 6.69±0.67 
13 8.31 7.50±0.11 7.94±0.13 
15 8.87 8.48±0.18 9.17±0.21 
17 9.87 9.20±0.25 9.71±0.17 
20 10.00 9.83±0.06 10.00±0.08
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Table F-2: Data for figure 6-9. 
 

 Mean mg released ± TSD (n=3) 
Time 
(hour) 

Uroxatral PEO M6 H/H M7 

0 0 0 0 
0.5 1.20 0.30±0.01 0.50±0.03 
1 1.60 0.63±0.11 1.00±0.07 
2 2.30 1.2±0.14 1.90±0.15 
4 3.10 2.00±0.16 3.00±0.27 
6 3.80 3.20±0.21 3.60±0.44 
8 4.40 3.63±0.33 4.00±0.23 
10 4.90 4.20±0.13 4.50±0.17 
12 5.60 5.03±0.34 5.10±0.25 
16 6.70 6.43±0.41 6.30±0.26 
20 7.50 7.80±0.20 7.40±0.19 
24 7.50 8.96±0.35 8.40±0.12 
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Table F-3: Data for figure 6-14. 
 

 Mean mg released ± TSD (n=3) 
Time 
(hour) 

KSR KSR/VA64F 
(4:1) 

KSR/K4M
(4:1) 

0 0 0 0 
0.25 5.49±018 8.77±039 14.89±0.36
0.75 16.48±0.55 22.51±0.36 21.27±0.26
1.5 26.73±0.81 31.29±1.91 35.10±1.14
3 41.02±1.42 39.69±7.05 46.81±1.32
5 54.57±1.01 50.38±3.39 57.44±2.16
7 65.20±1.33 59.16±2.55 65.95±1.23
9 73.26±1.48 66.41±1.90 73.40±1.20

10.5 78.02±0.72 71.37±3.85 77.65±0.95
12 82.05±1.20 75.57±3.60 80.85±1.12
14 86.08±0.79 80.91±2.95 86.17±0.76
16 90.10±0.33 85.49±3.83 89.36±0.70
18 93.40±0.21 89.31298±2.78 92.55±1.81
20 95.60±0.14 93.51±1.23 95.74±0.56
22 97.80±0.73 96.94656±0.98 97.87±0.36
24 100 100 100 
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Table F-4: Data for figure 6-15. 
 

 Mean mg released ± TSD (n=3) 
Time 
(hour) 

KSR KSR/PEO 303
(4:1) 

Uroxatral 

0 0 0 0 
0.25 5.49±018 2.66±1.60 4.59 
0.75 16.48±0.55 9.88±1.41 11.93 
1.5 26.73±0.81 15.96±1.26 18.35 
3 41.02±1.42 29.30±4.05 27.52 
5 54.57±1.01 42.97±6.43 37.61 
7 65.20±1.33 54.75±7.36 48.62 
9 73.26±1.48 65.01±7.09 59.63 

10.5 78.02±0.72 72.24±5.56 64.22 
12 82.05±1.20 77.95±4.26 74.31 
14 86.08±0.79 84.03±3.59 86.11 
16 90.10±0.33 88.97±2.13 93.58 
18 93.40±0.21 92.78±1.59 97.25 
20 95.60±0.14 95.82±0.82 100 
22 97.80±0.73 98.10±0.72 100 
24 100 100 100 
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Table F-5: Data for figure 6-16. 
 

 Mean mg released ± TSD 
(n=3) 

Time 
(hour) 

KSR/PEO 303 
(7:3) 

Uroxatral 

0 0 0 
0.25 2.67±0.85 4.59 
0.75 8.56±1.84 11.93 
1.5 15.51±1.34 18.35 
3 27.27±1.79 27.52 
5 39.57±1.50 37.61 
7 50.27±1.90 48.62 
9 63.10±0.87 59.63 

10.5 70.05±0.38 64.22 
12 74.33±0.15 74.31 
14 82.89±0.86 86.11 
16 87.70±0.29 93.58 
18 91.98±0.45 97.25 
20 95.19±0.57 100 
22 97.86±0.08 100 
24 100 100 
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Table F-6: Data for figure 6-21. 
 

 Mean mg released ± TSD 
(n=3) 

Time 
(hour) 

KSR/PEO 303 
(7:3) 

Uroxatral 

0 0 0 
0.25 1.20±0.89 4.40±0.33 
0.75 4.67±2.20 11.00±1.30
1.5 10.92±2.90 18.50±1.96
3 25.98±3.89 29.10±3.13
5 47.30±4.71 43.00±3.84
7 62.03±3.21 56.10±2.02
9 72.43±2.24 66.21±2.66
11 81.97±1.92 76.61±2.46
13 86.43±0.84 85.73±1.45
15 90.46±0.59 92.38±1.10
17 93.64±1.33 94.92±0.62
24 100 100±0.07 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


