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ABSTRACT 

pH dependent release has been reported from the formulations coated with 

dispersions of cellulose polymers. Unlike ionizible methacrylate polymers, such as 

Eudragit® polymers (L-lOO and S-100), cellulose polymers are pH insensitive. However, 

incorporation of ionic stabilizers in the process of pseudolatex preparation could render 

the coating membrane pH sensitive. Therefore, the objectives of the present dissertation 

were: (1) to develop an aqueous pseudolatex dispersion of cellulose acetate butyrate 

(CAB) with a non-ionic stabilizer, (2) to evaluate and compare the films made from the 

pseudolatex and organic solution of CAB, and (3) to test the ability of aqueous 

pseudolatex films of CAB for a pH dependent release from confroUed release multi

particulate beads. 

Pseudolatex was prepared with cellulose acetate butyrate and polyvinyl alcohol 

(PVA) as stabilizer by polymer emulsification after screening different stabilizers. The 

mean particle diameter was found to be 300nm. The pseudolatex was stabilized by steric 

forces and the stabilization layer was found to be 23 nm around each particle. The 

pseudolatex displayed viscoelastic behavior with higher solids content. The 

sedimentation volume was found to be 0.03%) over a period of six months. An mcrease 

in plasticizer concenfration increased the free volume fraction and degree of elongation 

of the casted film. Also, an increase in plasticizer concenfration decreased the Tg and 

Young's modulus. Films made from CAB pseudolatex were found to be less permeable 

to tritiated water than the ones prepared from aqueous dispersion. All the essential 
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properties of coating membrane, such as permeability, mechanical properties, and Tg, 

were fairly confroUable as a function of plasticizer concentiation. 

Excipient compatibility was studied by thermal analysis (differential scanning 

calorimetry) and x-ray powder diffraction. Blends of equal proportions of verapamil HCl 

and excipient with 5% water were stored at 55 °C for three weeks and then subjected to 

analysis. More than 95% of the verapamil HCl was retained in dmg excipient blends. 

X-ray powder diffraction pattern revealed absence of any crystallinity change in 

verapamil HCl. However, thermal analysis indicated an interaction between verapamil 

HCl and excipient. 

ContioUed release multi-particulate beads were prepared by loading the 

verapamil HCl on inert beads and subsequently coating it with CAB pseudolatex. The 

process and formulation factors were screened by Plackett-Burman screening design in 

order to identify the most important factors affecting the amount of verapamil HCl 

released in 12 hours. Factors and response were linearly modeled. The mathematical 

model fitted the data and explained 98.05% of variability in the response. 

The difference between observed and predicated values of any given mn did not 

exceed 6% of maximum cumulative release at 12 hours. Plackett-Burman screening 

design identified coating weight gain, duration of curing and amount of plasticizer as the 

most important factors determining cumulative percent released in 12 hours. Increase in 

coating weight gain and duration of ciuing decreased the rate and extent of verapamil 

HCl released. However, increase in plasticizer concentiation increased the rate and 

extent of verapamil HCl released. Amount of Polydexfrose/HPMC (Opadry II®), spray 
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rate, fluid bed coater outlet temperature, and atomizing pressure had no statistically 

significant (p < 0.05) influence on the response. 

In order to optimize the dissolution profile for zero order release, coating weight 

gain, duration of curing, and plasticizer concentiation were modeled with in-vitio release 

profile of verapamil HCl. Experiments were designed and data was collected according 

to three-factor, three-level face-centered cenfral composite design. The factors and 

responses were modeled and optimized by Response Surface Methodology (RSM) and 

Artificial Neural Network (ANN). The model fitted the data and explained 90%) of 

variability in response in the case of RSM and at least 70% in the case of ANN. Release 

profile was optimized for a zero-order. 

Optimized formulations were prepared according to the factor combinations 

dictated by RSM and ANN. In both cases the observed release pattern of the optimized 

formulations was close to the predicted release pattern. However, the modeling and 

optimization abilities of RSM, as evaluated by the R-squared values, were found to be 

higher than that of ANN. X-ray powder diffraction and content analysis of optimized 

formulation suggested the integrity of verapamil HCl and excipients incorporated. 

Optimized formulations were subjected for dissolution at pH 1.2 and 7.4. The 

release profile of verapamil HCl was pH independent, which was attributed to the non-

ionic nature of the polyvinyl alcohol. The optimized formulations were stored at 25 C, 

30 °C, 40 °C, 50 °C, 60 °C and at different conditions specified by the International 

Committee on Hormonization. The rate of release of verapamil HCl from the beads 
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stored at room temperature and at 30 ̂ C was found to be stable. However, a decrease in 

rate and extent of release was observed from the beads stored at 50 °C and 60 ''C 
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CHAPTER I 

INTRODUCTION 

New Dmg Delivery Systems 

Research and development is the engine that drives the growth ofthe 

pharmaceutical indusfry. A major new product can bring a company to life and create 

value not just for the company, but also for the entire pharmaceutical mdustiy. A 

company's ability to invest in research and development determines its sales, profits, 

market shares, stock price and shareholder value (Engel, 2000). 

In the past few years, the number of products based on new dmg dehvery systems 

has significantly increased. Phenomenal advances in the field of bioinformatics, 

genomics, proteomics, and highthroughput screening have accelerated the research of 

drug discovery and biopharmaceuticals comprising small molecules, peptides, and 

protein-based drugs. According to a Boston Consulting group, the pretax cost of 

developing a dmg infroduced in 1990 is estimated at $500 miUion. However, the pretax 

cost of developing a dmg infroduced in 1998 is estimated at $900 miUion. This figure 

includes the cost of research failures and interest expense in the entire period of 

investment (Engel, 1999). The average cost and time required to develop a novel dmg 

delivery system (NDDS) costs $20 to 50 million. An existing dmg can get a new life if it 

gets a new NDDS form. By getting this new life, its market value and competitiveness 

can be increased by extending the patent life (Verma and Garg, 2001). There are number 

of reasons for the pharmaceutical companies to focus on designing and developing new 



and better methods of dmg delivery, such as limited formularies, patent expiry with 

subsequent entiy of generic competition, and vertical integration of pharmaceutical 

industries, to name a few. Due to these reasons, there has been a significant increase in 

approvals of NDDSs in the past few years and this is expected to continue at an 

impressive rate in near future. The sale of dmg delivery products is valued at more than 

$22 billion worldwide and expected to continue. It is estimated that there are 

approximately 350 dmg delivery companies and 1000 medical device companies at 

present and the dmg delivery market will be at $120 billion by 2007. 

Need for Controlled Dmg Delivery 

New drug entities were intioduced for the cure of various diseases and disease 

states over the past several years and concomitantly, the therapeutic advantages of 

confroUed dmg delivery were also recognized. Therefore, greater attention has been 

focused on the development of novel controlled dmg delivery systems. As a result, 

various controlled dmg delivery devices are currently available for patient use (Grass and 

Robinson, 1990). Many advantages are associated with this type of dosage forms. The 

foremost advantage is patient compliance. Using controlled release techniques, the 

dosage form can be designed to suit the onset, duration and intensity of action ofthe dmg 

entity. This provides the plasma dmg concentrations at steady state over a prolonged 

period. Also, dmgs needed to be given in multiple doses, because of then short half-life 

could be administered successfully as once-a-day controlled dmg delivery systems. With 

controlled or sustained drug delivery, steady therapeutic efficacy can be achieved with 



reduced or zero risk of side effects. Spatial and temporal delivery of dmgs is possible by 

an appropriately designed sustained-release dmg delivery system (Chiao and Robinson, 

1995). Amongst all the contioUed dmg delivery systems, oral controlled dmg delivery 

has received major attention because of its greater popularity (Banakar, 1987; Khan et al, 

1994; Sastry et al , 1997). Ideal oral dmg delivery systems are those that steadily meter 

out a measurable and reproducible amount ofthe dmg over a prolonged period (Sastry et 

al., 1997). In addition, dmg delivery at a zero-order rate is possible by controlled release 

systems. Zero-order delivery is essential to achieve uniform plasma drug concenfrations 

for absorption, and allows for maintenance of dmg concentiations within a therapeutic 

window. These systems also prevent sudden increases in plasma concenfration that may 

produce side effects and sharp decreases in plasma concentrations that may lower a 

dmg's effectiveness. 

Classification of ContioUed Dmg Delivery Systems 

The term "sustained release" describes a pharmaceutical dosage form formulated 

to retard the release of a therapeutic agent such that its appearance m the systemic 

cfrculation is delayed and /or prolonged. The onset of pharmacologic action is often 

delayed, and the duration of its therapeutic effect is sustained. The term "contioUed 

release" has a meaning that goes beyond the scope of sustained dmg action. It also 

imp ties a predictability and reproducibility in the dmg release kinetics (Chien, 1982). 

According to the mechanism of release of dmg from tiiese devices, tiiey are classified 

mto 



I. Rate-preprogrammed dmg delivery systems 

II. Activation-modulated dmg delivery 

n. Feedback-regulated drug delivery systems. 

Rate-preprogrammed Dmg Delivery Systems 

The confroUed release dmg delivery systems in this group release the dmg 

molecules from the delivery system in a preprogrammed rate. In polymer membrane 

permeation-confroUed dmg delivery systems, the formulation is partially or fiiUy covered 

by a rate confroUing polymeric membrane with a specific permeability. The dmg 

reservoir may be solid, suspension, or solution form. Examples include ocular implants, 

subdermal implants and intrauterine device. In polymer matrix diffusion confroUed dmg 

delivery systems, the dmg reservoir is prepared by homogenously dispersing drug 

particles in a rate-confroUmg polymer matrix fabricated from polymer(s) (Nonoon et al, 

1986). Examples include fransdermal dmg delivery and subdermal implant. In 

microreservoir partition confroUed dmg delivery systems, the dmg reservoir is fabricated 

by microdispersion of an aqueous suspension of dmg using a high-energy dispersion 

technique in a biocompatible polymer (Wolff, 1985). Examples include fransdermal 

confraceptive device and implants. 

Activation-modulated Dmg Dehvery Systems 

The release of dmg is activated by some physical, chemical or biological process 

and facilitated by the energy supplied externally. The activation process could be 



osmotic pressure, vapor pressure, mechanical activation, magnetic activation, 

iontophoresis, pH confroUed, ion-activated, hydrolysis activated, enzyme activated and 

biochemical activated. 

Feedback-regulated Dmg Delivery Systems 

The release of dmg in these systems are activated by triggering agent, such as 

biochemical substance in the body and also regulated by its concentration via some 

feedback mechanisms. In glucose-triggered insulin delivery system, the insulin reservoir 

is encapsulated within a hydrogel membrane having pendent -NR2 groups. In alkaline 

solution, the -NR2 groups are neutial and the membrane is unswoUen and impermeable to 

insulin. As glucose, a triggering agent, penefrates into the membrane, it is oxidized 

enzymatically by the glucose oxidase enfrapped in the membrane to form gluconic acid. 

The -NR2 groups are promoted to form -NR2H'̂  resulting a swollen membrane permeable 

to insulin molecules. Thus the amount of insulin dehvered is bioresponsive to the 

concenfration of glucose penefrating the insulin delivery system. 

Aqueous Pseudolatex Dispersions 

Organic solvents had extensively been used in several industrial settings ranging 

from plastics to pharmaceuticals until the latter part ofthe 20''' century. It was primarily 

due to the convenience of processing and apphcation. However, there has been a 

progressive fransition from organic to aqueous based coating in last two decades. The 

reasons are: (1) Environmental Problems: The criteria pollutants such as Non Methane 



Volatile Organic Compounds (NMVOC) do not have a direct effect on atinosphere, but 

indirectly affect the terrestrial radiation absorption by influencing the formation and 

destmction of tropospheric and stiatospheric ozone. (2) Health: Direct contact of orgaiuc 

solvents could cause variety of illness. (3) Potential Danger: Explosion due to the 

inflammable nature of organic solvents. 

As a result of these problems, the EPA enacted the Clean Air Act in 1970, and its 

amendments in 1990 and 1997 restrict the amount of pollutants including NMVOC in the 

an (www.epa.org). Similarly, the Occupational Safety and Heath Act (OSHA) of 1970 

assure safe and healthy working conditions. One ofthe standards is to restrict the 

exposure of an employee to certain VOCs. 

Due to the scientific imderstanding behind the damage caused by VOCs and the 

regulatory requirements from the law enforcing agencies, phenomenal change has 

occurred in the manufacturing process of several products, such as coatings and paint 

technology involved in automotive, aerospace, high-performance wall coatings, heavy-

duty industrial coatuigs, paperboard, decorative, packaging, pharmaceutical application, 

adhesives & sealants, aerosols, cleaning systems for equipments and parts (for more 

information see: www.es.epa.gov, www.wilcox-inc.com , www.waterbomes.com, 

www.nycwateless.com). 

Advances in polymer technology led to the preparation of aqueous-based latex 

and pseudolatex dispersions (Vanderhoff et al, 1979). The functional difference between 

the latex and pseudolatex principally lies in the method of preparation. Tme latex is 

made by polymerization of a monomer or monomer blend, usually in an aqueous medium 
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witii the aid of anionic or nonionic surfactants (Wheatiey and Steumagel, 1997). 

However, it requires addition of initiators that function by free radical, anionic, or 

cationic polymerization mechanisms. The disadvantage is the toxicity associated with the 

residual monomers. 

However, pseudolatex is devoid of such toxicity concerns because ofthe absence 

of any kind of chemical reactions during preparation. It can be prepared from 

thermoplastic water insoluble material, such as cellulose polymers, by polymer 

emulsification technique. Typically, in this technique, polymer is dissolved in suitable 

water immiscible organic solvent and infroduced into aqueous phase containing 

emulsifier / stabilizer. With homogenization, an organic phase in water emulsion is 

obtained. The globule size can be further reduced by passing the emulsion through a 

microfluidizer. Following the microfluidization, the organic solvent is then stripped from 

the globule by fractional distillation. 

Despite the differences in preparation, the latex and pseudolatex share lot of 

common properties. Both remam liquid even up to concenfration of 30% W/W solid 

content. With both, particle size remains in sub-micron range and film formation 

mechanism is comparable (Banker and Peck, 1981). Since the colhsion of solvent 

molecules and polymer particle occiu-s m both, Brovmian motion counterbalances the 

sedimentation of particles. In the absence of such motion, for the particles ranging from 

10 nm to 1 pm, expected sedimentation rate is 1 mm / 24 hour (Overbeek, 1952). 

Latex and pseudolatex dispersions offer a wide variety of technical advantages 

over organic polymeric solutions. Water insoluble polymers tend to stay as a spherical 



particles in an unfavorable solvent due to the low surface area / weight ratio. As a resuh, 

the viscosity ofthe dispersion remains low. However, in organic solvent, the polymer 

main chain and side chains open up leading to increase in friction between the polymeric 

particle and the medium. Consequently, the viscosity increases tremendously with 

mcrease in polymer concenfration (Bindschaedler et al, 1985). The measurement of 

viscosity, calculation of specific viscosity, intrinsic viscosity and the relationship between 

the intiinsic viscosity and particle size are vividly described by Martin et al. (1995). 

Therefore, during the coating process, independent of viscosity as a rate-limiting 

factor, more film-forming polymer can be applied per milliliter of coating solution and 

less water is needed to be driven off The rate of solvent loss is proportional to the vapor 

pressure ofthe solvent. With increase in polymer concenfration, in the case of organic 

solvent, the viscosity increases and the vapor pressure drops leading to concurrent drop in 

the rate of solvent loss. Confrary to the organic solution, latex and pseudolatex gives up 

the water more quickly and completely (Wheatiey and Steumagel, 1997). Mechanisms of 

film formation from aqueous based dispersion have been studied extensively. DiUon et al 

(1951) postulated that the main contribution towards energy for particle coalescence is 

provided by the polymer surface tension exerted as the total surface area ofthe latex 

polymer. Frenkel (1945) model was used to describe the coalescence of spheres by 

viscous flow. B^-(3yt) I (2m-Tj) (Figures I.l. and 1.2.). 



Figure 1.1. Fikn formation from pseudolatex particles 
(a) deformation ofthe sphere during viscous 
according to Frenkel Model and (b) action of 
capillary forces according to Brovm Model 



Force exerted on three spheres 
wet by water film 

Force exerted on two spheres 
wet by water film 

Water evaporation brings 
spheres together 

Water evaporation fuses 
deformable spheres 

Figure 1.2. Coalescence during the evaporative phase 
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The degree of coalescence measiu-ed by the half angle of coalescence, 0, is 

described as a function of siu-face tension (;'), and time (/), and viscosity (rj). Since for a 

given latex, the parameters, y, t, r, and 77 do not vary from particle to particle, it was 

concluded that the coalescence occurs by viscous flow with the polymer surface tension 

providing the driving force. Brown (1956) postulated a capillary force, which results 

from surface tension ofthe water when evaporation has caused the formation of very 

small radiicurvature between the particles. According to this hypothesis, coalescence 

occurs when the capillary force exceeds the force resisting deformation (the forces 

between colloidal particles - the double layer repulsion and London-van der Waals 

atfraction). Vanderhoff (1970) suggested that the surface tension and capillary forces are 

complementary in fihn formation. Eckersley and Rudin (1988) confirmed Vanderhoff s 

model by freating the polymer as a time-independent viscoelastic material. The kinetics 

of fihn formation in acrylic lattices was studied with multiple-angle-of-incidence 

ellipsometry and envfronmental scanning electron microscopy (Keddie et al, 1995). 

Dobler and HoU (1996) reviewed the mechanisms of latex fihn formation extensively. 

A film-forming polymer latex is deposited from an aqueous colloidal dispersion of 

discrete polymer spheres. Individual submicron-size spheres, each containing hundreds 

of polymer chains, coalesce into a continuous fihn as the aqueous phase evaporates. 

Figure 1.3. represents film formation from a pseudolatex dispersion. 

The critical phenomenon in film formation is the decrease of glass fransition 

temperature ofthe polymer to such an extent that the fihn formation occurs at room 

temperature itself 
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Aqueous Dispersion Deposited on Surface 

Water evaporation 

Close-Packed Spheres With Water Filling Voids 

1 Water evaporation + 
polymer deformation 

777777777777777777777777777777777777777777 
Continuous Polymer Coating 

Figure 1.3. Fihn formation from pseudolatex 
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Plasticizers are defined as nonvolatile, high boiling point substances 

added to polymeric films to reduce brittleness, increase toughness, strength, resistance 

and impart flexibility (Banker, 1966). Polymers behave as a very viscous liquid in the 

mbbery state with relatively high freedom of rotation around the carbon-carbon bonds in 

the backbone within the consfraint ofthe tefrahedral bond angle. If the temperature is 

high enough, the bonds can overcome the potential energy barrier against rotation. 

Rotational freedom results in very flexible chains, segmental or micro-Brownian motion 

and changing of chain conformations. 

Plasticization can be intemal, where the Tg is lowered through the 

copolymerization, or added extemally to a finished product. The plasticizer screens off 

the atfractive forces between the polymeric chains and acts as lubricant between them. 

Plasticization ofthe polymeric pseudolatex decreases the Tg, allowmg the formulation 

scientist to exercise contiol over processing conditions ofthe coating, permeability 

characteristics and microscopic free volume (Banker 1966). Plasticizers are classified as 

water-soluble and water-insoluble. Water-soluble plasticizers such as diacetyl glycerin, 

triacetyl glycerin and triethyl citrate can be added dfrectly to the pseudolatex. However, 

plasticization is a function of time and therefore, plasticizer has to be added with the 

pseudolatex with a mild stirring (Keshikawa, 1994). Water insoluble plasticizer is 

emulsified in pseudolatex and not dissolved. However, the permeance of water-insoluble 

plasticizer into polymeric particles is an extiemely slow process and a report mdicates it 

may take up to 24 hours for intake of dibutyl sebacate by a cellulose acetate dispersion 

(Sutter, 1987). 
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Several investigators have studied the properties of pseudolatex and its films. 

Wu et al. (2000) studied dmg permeability and mechanical properties of free films 

prepared by a cellulose acetate pseudolatex system and identified that drying time, 

temperature, and concenfration of plasticizer affects the permeability and mechanical 

properties ofthe pseudolatex films of cellulose acetate. The performance of polymer 

emulsification was significantly improved by saturating organic solvent by aqueous phase 

(Thioune et al , 1997; Quintanar-Guen-ero et al, 1999; Thioune et al, 1999). A 

surfactant-free pseudolatex of zein for fihn coating of sohd dosage form was prepared 

and evaluated as a film coating material by O'Donnell et al, (1997). Obara and 

McGinity, (1995) concluded that the tensile properties of free fihns of Aquacoat did not 

differ from those ofthe films prepared by spraying. In addition, spray rate did not after 

the mechanical properties of these fihns. Vaithyalingam et al , (2001) concluded that the 

permeability characteristics of an aqueous coating membrane of cellulose acetate did not 

change for 12 months when stored at 25 °C. The permeability characters were evaluated 

from osmotically controlled tablets. The influence of aqueous coatings on the stabihty of 

enteric-coated pellets and tablets was evaluated by Thoma and Bechtold (1999). These 

authors found out that the fihn formation from aqueous dispersion was improved by 

reducuig the particle size ofthe polymer. Evaporation of plasticizers, such as triethyl 

cifrate was encountered during the spraying process. Felton et al. (2000) proved that the 

force of adhesion, elongation at adhesive failure, and adhesive toughness of aqueous-

based acrylic polymeric membrane depends upon the natiu-e ofthe plasticizer. 
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Lee et al. (1999) reported a controlled release formulation coated with Eudragit® 

RS30D dispersion. The active components were incorporated in inner core ofthe tablet 

as well as outer coated layer. The biphasic release profile was modified by amount and 

type of plasticizers incorporated. 

Multi-particulate Beads 

Sustained and contioUed release formulations are available as single unit dosage 

forms such as tablets or multiple unit dosage forms. However, the latter are 

advantageous over the former in a number of ways. They have more predictable gastric 

emptying (DoeUcer, 1988) because of their smaller size, the gastric emptying is relatively 

independent of state of nutrition (Davis, 1986), local concenfration of dmg is mirumized 

due to the greater extent of dispersion of beads (Haigh, 1986; Eskilson, 1985), statistical 

assurance of lesser degree of dose dumping (Sam, 1985) and lower incidence of inter and 

infra- subject variability (Butier et al, 1998; Kyroudis et al , 1989). The single unit 

dosage form behaves in terms of stochastic (all or none) as compared to the statistical 

behavior of multi-particulate beads. 

Multi-particulate beads are made by extmsion and spheronization (Henrist et al, 

1999) for matiix type release. Pan coating (Ghosh et al, 1999) and fluid bed coatmg 

(Singh et al , 1995,1996) have been employed for membrane controlled release. 

Extrusion and spheronization involve five unit operations viz., blending, granulation, 

extmsion, spheronization, and drying. 
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Incorporation of dmg occurs in the first operation itself The moistened pre-

compacted mass is extmded into stiands, which are then rounded into pellets in a 

spheronizing machine, dried and subjected to further processing. The desired plastic 

deformability during extmsion is a function of moisture content and composition ofthe 

mixture. The particle size distribution ofthe pellets obtained is primarily determined by 

the degree of extmdate density and water content (Dietrich, 1989). 

In membrane confroUed muhi-particulate systems, inert beads such as Nupariel 

beads are loaded with dmg. Active component is dissolved or suspended in appropriate 

solvent along with polymers for adhesion and layered onto the inert beads. Since the 

coating is a uniform process, the size difference between the inert beads dmg layering is 

not expected. The dmg layering can be protected from confroUed release coating by 

applying a seal coating. Either organic solvent based or aqueous based coating can be 

given for confroUed release. A review of general process of extmsion and spheronization 

and its importance in the development of multi-particulate controlled oral pellet 

formulations is presented by Gandhi et al. (1999). 

The multi-particulate system has been tested for its potential site specific and 

confroUed dmg delivery by Rodriguez et al. (1998). In this study, Ondansefron HCl was 

targeted for colon by encapsulating the pH sensitive multi-particles of Eudragit S-IOO. 

Multi-particulate beads containing insulin along with enzyme inhibitors were evaluated in 

Sprague-Dawley rats and the presence of enzyme inhibitor was found to unprove the 

bioavailability significantly (McPhilips et al, 1997). 
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Dali and Carstensen (1998) concluded that dissolution of multi-particulate beads 

could be confroUed as a function of mean height to breadth ratio ofthe particles. Since 

the individual bead of die multi-particulate system behaves like a discrete unit and the 

release of dmg from one unit is independent of other unit, the release of dmg from the 

mixture of different type of beads can be controlled by modifying the proportion of 

different beads (Vaithiyalingam et al, 2000). More predictable confroUed release of dmg 

from the muhi-particulate system can be achieved by applying pH sensitive coating onto 

the beads. Since the pH differs in different segments of gastio-intestinal tiact, application 

of pH sensitive coatings such as Eudragit® polymeric dispersion would let the dmg to 

release as a function of pH in different segments ofthe GI fract. 

The release mechanisms ofthe drag from these beads differ according to the 

stmctural arrangement ofthe individual beads and to any compaction process that follows 

the manufacturing ofthe multi-particulates (Nesbitt, 1994). In monolithic systems made 

by extmsion and spheronization technique, the active agent is incorporated in the 

polymer or excipient phase in dispersed or dissolved form. If the initial solute loading is 

below the solubihty limit in polymer, the release is achieved by diffusion ofthe drag 

through the polymer. Nevertheless, when the solute loading is above the solubility limit, 

the dissolution ofthe solute in polymer becomes the limiting factor in the release process 

(Peppas, 1995). Erodible polymers could be classified as chemically degradable such as 

hydrolysable or biodegradable due to enzymatic degradation. 
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Release of drag from such multi-particulate beads is a function of shape ofthe 

individual beads and available surface area for reaction (Hopefenberg, 1976). During the 

dissolution, the erosion rate is proportional to the continuously changing area ofthe 

beads. This rate tends to decrease with the time. 

In membrane-contioUed systems, the release of drag depends upon the difference 

in the drag concenfration between the membrane and dissolution medium. However, 

since this value is difficult to determine experimentally, the concentration ofthe drag in 

the membrane is related by the partition coefficient. The partition of drag from the 

cenfral core to the membrane is a measure of drag solubility in a dissolution medium 

swollen polymer. The partition coefficient is thermodynamic rather than stmctural 

characteristics ofthe drag / polymer / solvent system and it is easy to determine 

experimentally (Peppas, 1995). 

Factors Affecting Fihn Formation 

Film formation process is of paramount importance, since it stiongly affects the 

release mechanism of drag (Harris and Ghebre-SeUassie, 1986). Continuous and uniform 

fihn is cracial for controlled release in addition to absence of time-dependent changes in 

storage conditions. Different process and product variables that may influence above-

mentioned behavior suggest that their effects should be appropriately investigated. 
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Coating Level 

The coating level, which determines the permeability distance ofthe drag 

molecule from the core through membrane, is a ftmction of percentage weight gain ofthe 

core beads. In general, an increase in coating weight gain increases the permeability 

distance and slows down the drag release. Aqueous coating membrane generally offers 

more resistance for drag fransport compared to the orgaiuc coating (wheatiey and 

Steuemagel, 1997). 

For beads or pellets with one to two mm in diameter, a weight gain of 7 to 25 % 

results in confroUed drag release. The type of polymer and the degree of substitution 

affect the fransport of drag across the membrane. Fihns of cellulose acetate offer higher 

water permeability than those of cellulose acetate butyrate (CAB). The increase of 

butyryl content in CAB decreases water permeability since the butyryl moiety is more 

hydrophobic than acetyl moiety. Selection of polymer and the degree of substitution of 

different groups are of paramount importance and are usually based on the information 

supplied by manufacturers and suppliers. The amount of free acid in the raw polymeric 

material might influence the degradation process of final product. It is recommended that 

raw polymeric material be washed with water in order to eliminate free acid before 

starting any process (Bodmeier and Chen, 1993). 

Coating thickness may also influence the release mechanism. If the fihn is thin, 

the limiting factor for drag release is the diffusion path of active component across the 

core. Therefore, with time, decrease in the rate of release may be noticed, leading to 

square root of time profile. 
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If tiie coating membrane is sufficiently thick, the thickness of coating membrane will be 

the rate-limiting factor and drag release will follow nearly a zero-order release (Zhang et 

al, 1991). 

Solids Content 

Unifomtity m fihn formation is more when the total solids content is reduced. 

However very low solid content may lead to increase in duration of coating process. The 

best results were found when the content was kept at 80-20 % wt/wt (Bindschaedler et al, 

1983). 

Subsfrate 

The core beads should be of similar size in order to avoid large discrepancies. 

Bigger core beads tend to be less fluidized compared to smaller core beads (Wesdyk et 

al , 1993), resuhing in differences ui coating thickness. By having narrow particle size 

distribution this problem can easily be addressed. Smooth surface tends to facilitate a 

uniform film compared to the rough surface. Porous surface is detiimental towards fihn 

formation. Water needed for capillary force and surface tension is drained off so fast that 

film formation is virtually interrapted leaving powdery component of polymer on surface. 
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Drag-Excipient Aqueous Solubility 

During application, solubility ofthe active component may lead to migration of 

drag into coating film. This can be prevented by two means. First preheating the core at 

30 to 40° C and secondly spraying the pseudolatex slowly in very thin layers. Once the 

critical starting phase has been overcome, the spray rate can be increased. If the core is 

sensitive to moisture, a thin layer of organic coating can be given (Bauer et al, 1998). 

The organic coating may account 3 to 10 %) ofthe entire coating. 

Process Variables 

Process variables such as spray rate, atomizing air pressure, and volume may 

affect the membrane stmcture uniformity. Outlet temperature as well as coating 

temperature may affect the coalescence of polymeric particles for fihn formation and 

eventually the release profile. Top spray coating is advantageous due to the easy 

accessibility of spray nozzles, good mixing, less sensitivity to impact of interparticle 

size/density (Porter and Ghebre-SeUassie, 1989). However, since the drying and spraying 

are oriented counter-currently in top spray coating, there exists a high risk of premature 

drying of spray droplets and eventual material loss (Bauer et al , 1997). Bottom spray 

accompanied with Wurster spray, facilitates uniform distribution of coating and is 

adaptable to a wide range of coating apphcations. 
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Yet, the coating is more sensitive to impact of inter-particle size and density difference 

on coating uniformity. Further, the spray nozzles are not easy to access for cleaning and 

replacement. 

Drying Temperature 

The successful film formation of aqueous latex film is a function of minimum 

film forming temperature (MET) (Lippold et al, 1990; Lehmann and McGinity, 1997). 

Since this is the lowest temperature at which a polymeric dispersion forms a film, the 

drying temperature should be above the MET. An important factor for fihn formation is 

the driving force that causes the coalescence of polymeric particles that results from the 

capillary and surface tension force caused by water evaporation and this coalescence 

occurs only above the MET. Most of the cellulose type polymeric dispersion have MET 

around 20-25° C Pre warming of beads or tablets is essential before die application of 

the dispersion. If the drag or excipient dissolves in the aqueous coating dispersion, it 

might decrease the surface tension ofthe water, thereby reducing the capiUary forces 

required for deformation of polymeric spheres. 

Curing Conditions 

Fihn formation is a progressive process and usually it is not complete during tiie 

coating time. Further curing in an oven at a specific temperature for a specific period of 

time is necessary. In coating technology curing refers as to thermal tieatinent, where the 

coated dosage forms are stored at elevated temperature for short period. Curing of coated 
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beads after coating process is found to have a significant impact on the drag release 

profile and mechanism of drag release (Bodmeier and Paeratakul, 1994). Film formation 

is relatively faster in the case of soft polymethacrylate latexes with an MET below 10 °C 

and the process is complete within few minutes after application ofthe coating to the 

formulation (Lehmann, 1997). However in case of cellulose polymeric dispersions, 

formation of stable fihn stmcture takes few days and curing at the temperature range of 

40 to 60 °C for 24 to 48 hours accelerates the coalescence and allows film formation 

process to complete within shorter span of time (Leppold et al , 1990, Shah et al, 1994). 

The effect of curing on drag release is more complex and depends upon the nature ofthe 

drag, polymer involved in the coating dispersion, curing temperature and duration of 

curing. Both retardation and increase in drag release profile have been observed to 

varying degrees (Bauer et al , 1997). 

Characterization of Films Prepared from Aqueous Dispersion 

In the development of a film coating system, evaluation of free films has been 

established as a valuable tool because it can readily be used to characterize and evaluate 

the fimdamental properties ofthe coating (Li and Peck, 1989). Testing of free films 

allows the formulator to identify the critical regions ofthe controllable properties ofthe 

film such as tensile sfrength, permeability, glass fransition temperatiore and microscopic 

free volume fraction. 
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Testing of Mechanical Properties ofthe Films 

According to American Standard for Testing Materials (ASTM) the data for 

tensile properties may be acquired in the form of load-time profile or a typical load -

displacement or stiess-sfrain profile (ASTM). Tensile stiength is defined as the 

maximum load that a material can withstand without fracture when being sfretched, 

divided by the original cross-sectional area ofthe material. Tensile stiength has the 

dimensions of force per unit area expressed in units of pounds per square inch (psi). 

When stiesses less than the tensile strength are removed, a material returns either 

completely or partially to its original shape and size. As the sfress reaches the value of 

the tensile sfrength, however, a material, if ductile, that has afready begun to flow 

plastically rapidly forms a constricted region called a neck, where it then fractures. 

Young's modulus is a measure ofthe abihty of a material to withstand changes in length 

when imder lengthwise tension or compression. Sometimes referred to as the modulus of 

elasticity. Young's modulus is equal to the longitudinal sfress divided by the sfrain. The 

sfrain or relative deformation is the change in length, Ln - Lo, divided by the original 

length, or (Ln - Lo)/Lo (Sfrain is dimensionless). Thus, Young's modulus may be 

expressed by Hooke's law. 

Young's modulus = sfress / strain = (F/A) / [(Ln - Lo)/Lo] 

Toughness is measured as the energy absorbed by a polymer before failure—often as the 

result of a sudden impact. Area under the sfress-sfrain curves of polymeric fihn would 

give the measurement of toughness. A polymeric fihn should have the desfred 

mechanical properties to be able to form a fihn on the dosage form and take the shape of 
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the dosage form. The film should be mechanically strong enough to stay on the subsfrate 

during the entire period of coating, withstanding the frictional force between the different 

units ofthe formulations and between the coating chamber wall and the substrate. Since 

most ofthe formulations are spherical, or longitiidinal or disc shaped, the fihn should 

have sufficient elasticity to stay on the substrate for the entire shelf life ofthe product. 

The representative stiess-strain curves is given in Figure 1.4. Along the portion, LO, the 

elongation is directly proportional to the applied stiess following the Hooke's law. The 

linear portion ofthe curve for steel is about 100 times steeper than for the plastic while 

the one for rabber is about 1000 times flatter, reflecting the magnitude of their moduli of 

elasticity. Beyond L, the plot curves and Hookes law no longer applies. In Figure 1.4, 

point R is yield point and the corresponding M is the yield sfress. The plastic polymer 

behaves elastically when subjected to stiesses below M. However, when sfresses up to 

the yield sfress are apphed and then removed, a plastic specimen that sfretched along 

OLR refracts along the same curve RLO and assumes its original sfrength. The curve 

shows no hysteresis, and the sample undergoes no permanent elongation. Beyond R, the 

specimen exhibits plasticity, becoming ductile and flowing or creeping under nearly 

constant stress resembling a highly viscous liquid. The corresponding portion of RAH of 

the stiess-sfrain curve is nearly horizontal and this phenomenon is called cold flow or 

creep. The nonrecoverable deformation, OC is called permanent set. 

Materials are described as soft, hard, tough, weak, brittle or strong depend upon 

the characteristic of sfress-sfrain curve. 
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Table 1.1. illusfrates the polymer description and its characteristics. Thermoplastic 

polymers such as nylon and engineering plastics acetal, polycarbonate and polysulfone 

are considered as hard and tough. 

Glass Transition Temperature 

The glass fransition is a property of only the amorphous portion of a semi-

crystalline solid whereas, the crystalline portion remains crystalline (Bauer et al, 1998). 

At a low temperature the amorphous regions of a polymer are in the glassy state. In this 

state, the molecules are frozen on place. They may be able to vibrate slightly, but do not 

have any segmental motion in which portions ofthe molecule wiggle around. When the 

amorphous regions of a polymer are in the glassy state, it generally will be hard, rigid, 

and brittle. If the polymer is heated, it eventually will reach its Tg. At this temperature 

portions ofthe molecules can start to wiggle aroimd leading to a rabbery state, which 

tend to soften and impart flexibility to the polymer. 

The glass transition temperature decreases with molecular weight ofthe polymer. 

Many polymers have two or three glass tiansitions corresponding to the freezing in ofthe 

rotational motions that occur in the main chain, and in the side chains as well those of 

entire side groups. The diffusivity ofthe small molecules across the amorphous or semi-

crystalline polymers is considerably lower than above then glass fransition temperature. 

The segmental mobility in the amorphous region above Tg greatly facilitates the tiansport 

of small molecules. 
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Figure 1.4. Sfress-sfrain curves (Adopted from Martin et al., 
Li Physical Phannacy, p.576 (1995) 

27 



Table 1.1. Sfress Strain Curve (Adopted from Martin et al. In 
Physical Pharmacy, p. 577 (1995) 

Characteristics of Sfress Strain Curve 

Descript 
ion 

Soft, 
weak 

Soft, 
tough 

Hard, 
brittle 

Hard, 
sfrong 

Hard, 
tough 

Yoimg's 
Modulus 

Low 

Low 

High 

High 

High 

Yield 
Sfress 

Low 

Low 

None 

High 

High 

Tensile 
Sfrength 

Low 

Moderate 

Moderate 
to High 

High 

High 

Elongation 
to break 

Low to 
Moderate 

Very high 
(20-100%) 

Very Low 
(<2%) 

Moderate 
( - 5 % ) 

High (cold 
drawing) 

Examples 

Soft Gels 

Elastomers, 
Plastisized PVC 

Polystyrene, 
Polymethyl

methacrylate, 
Phenol resins 
Rigid PVC, 
impact resistant-

polystyrene 
poly blends 

Nylons, 
Ethyl cellulose. 
Cellulose nitrate. 
Cellulose acetate. 
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The glass fransition differs from melting. Below Tg, polymer exhibits a disordered 

amorphous solid with immobile molecules and above Tg it exhibits a disordered 

amorphous semisolid in which portions of molecules can wiggle around and it is a second 

order thermodynamic fransition. However, melting is a property ofthe crystalline region. 

Below Tm it exhibits an ordered crystalline solid and above Tm it exhibits a disordered 

melt. Tm is a first-order thermodynamic fransition. In first-order transition, there is a 

fransfer of heat between system and surroundings and the system undergoes an abrapt 

volume change. In a second-order fransition, there is no fransfer of heat, but the heat 

capacity changes. The volume changes in order to accommodate the increased motion of 

the wiggling chains. This results in a change m slope of specific volume-temperature 

plot or a discontinuity in thermal expansion coefficient. Tg can be identified by the 

derived thermodynamic second order functions such as heat capacity, cubic thermal 

expansion coefficient, and isothermal compressibility. In addition, a change in elastic 

modulus, dielectric constant, surface and interfacial tensions and refractive index can also 

be used to identify the Tg. 

Mechanism of Plasticizer Action 

Several theories have been proposed to explain plasticizer action and some of 

these are described below. Each theory varies m its detail and complexity. Some involve 

detailed analysis of polarity, solubihty and interaction parameters and the 

thermodynamics of polymer behavior, whereas others freat plasticization as a simple 

lubrication of chains of polymer, analogous to the lubrication of metal parts by oil. 
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While each theory is not exhaustive, an understanding ofthe plasticization process can be 

gained by combining ideas from each theory. The overall theory of plasticisation must 

include all these aspects. 

The Lubricity Theory. Lubricity theory is based on the assumption that the 

rigidity ofthe polymer arises from intermolecular friction binding the chains together in a 

rigid network. On heating, these fiictional forces are weakened so as to allow the 

plasticizer molecules slip between the chains. Once incorporated into the polymer bulk, 

plasticizer molecules shield the chains from each other, thus preventing the re-formation 

ofthe rigid network. Whilst atfractive in its simplicity, the theory does not explain the 

success of some plasticizers and the failure of others. 

The Gel Theory. Gel theory extends the lubricity theory in that it deals with the 

idea ofthe plasticizer acting by breaking the polymer chain - polymer chain attachments 

with each other and by masking these centers of attachment from each other, preventing 

then reformation. Such a process may be regarded as being necessary. Nevertheless, this 

process by itself is insufficient to explain a completely plasticized system. While a 

certain proportion of plasticizer molecules will provide plasticisation by this process, the 

remainder will act more in accordance with the lubricity theory. Meaning, the unattached 

plasticizer molecules will swell the gel, facilitating the movement of plasticizer 

molecules and imparting flexibility. 

Molecules acting by this latter action may, on the basis of molecular size 

measurements, constitute the bulk of plasticizer molecules. If plasticisation took place 

solely by this method, it would not be possible to explain the ability of PVC polymers to 
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accept their own weight in plasticizer without exudation i.e. large amounts of additional 

space ("free volume") are related which other plasticizer molecules can occupy. 

The Free Volume Theory. Free volume theory extends the above ideas and also 

allows a quantitative assessment ofthe plasticisation process. Free Volume of a polymer 

is described by the equation 

Vf = Vt-Vo 

Vf = the free volume ofthe resin and Vt = specific volume at a temperature t 

Vo = Specific volume of an arbifrary reference point, usually taken as zero degree Kelvin. 

Free volume is a measure ofthe intemal space available in a polymer for the 

movement ofthe polymer chain, which imparts flexibility to the resin. A rigid polymer 

(e.g., unplasticized PVC) is seen to possess very little free volume whereas resins that are 

flexible in their own right are seen as having relatively large amounts of free volume. 

Plasticizers therefore, increase the free volume ofthe resin and also to ensure that free 

volume is maintained as the resin-plasticizer mixture is cooled from the melt. Combining 

these ideas with the gel and lubricity theories, it can be seen that plasticizer molecules not 

interacting with the polymer chain must simply fill free volume created by those 

molecules that interact with the polymer. These molecules may also be envisaged as 

providing a screening effect preventing interactions between neighboring polymer chains 

thus preventing the rigid polymer network reforming on cooling. 

For the plasticized resin, free volume can arise from: (i) motion ofthe chain 

ends, (ii) motion ofthe side chams, (iii) motion ofthe main chain. These motions can be 

increased in a variety of ways, including - (i) increasing the number of end groups, (ii) 
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increasing the length ofthe side chain, (iii) increasing the possibility of main group 

movement by the inclusion of segments of low steric hindrance and low intermolecular 

atfraction, (iv) infroduction of a lower molecular weight compound which imparts the 

above properties, (v) raising the temperature. The infroduction of a plasticiser, which is 

of lower molecular weight than the polymer, has the ability to impart a greater free 

volume per volume of material. 

A detailed mathematical freatinent of this can be carried out to explain the success 

of some plasticisers and the failure of others. Clearly, the use of a given plasticizer in a 

certain application will be a compromise between the above ideas and physical properties 

such as volatility, compatibility, high and low temperature performance, viscosity etc. 

This choice will be application dependent, i.e., there is no ideal plasticizer for all 

application. 

Solvation-Desolvation Equilibrium 

Due to the observation of migration of plasticizer from plasticized polymers, it is 

clear that plasticizer molecules, or at least some of them, are not bound permanently to 

the polymer as in an internally plasticized polymer, but that an exchange/equilibrium 

mechanism is present. This would imply that there would not be a stoichiometric 

relationship between polymer and plasticizer levels, although some quasi-stoichiometric 

relationships appear to exist. 
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Modulated Differential Scarming Calorimefry 

The theory supporting modulated DSC can easily be understood by comparing it 

with conventional DSC. In conventional DSC, the difference in heat flow between a 

sample and an inert reference is measured as a function of time and temperature as both 

the sample and reference are subjected to a controlled environment of tune, temperature, 

and pressure. 

The most common instrument design for making those DSC measurements is the 

heat flux design. In this design, a metallic disk (made of constantan alloy) is the primary 

means of heat fransfer to and from the sample and reference. The sample, contained in a 

metal pan, and the reference (an empty pan) sit on raised platforms formed in the 

constantan disc. As heat is tiansferred through the disc, the differential heat flow to the 

sample and reference is measured by area thermocouples formed by the junction ofthe 

constantan disc and chrome wafers, which cover the underside ofthe platforms. These 

thermocouples are connected in series and measure the differential heat flow using the 

thermal equivalent of Ohm's Law, dQ/dt = AT/RD, where dQ/dt = heat flow, AT = the 

temperature difference between reference and sample. 

Modulated DSC (MDSC) is a new technique that provides not only the same 

information as conventional DSC, but also provides unique information not available 

from conventional DSC by overcoming most ofthe limitations of conventional DSC. The 

result is an exciting new way to significantly increase the basic understanding of material 

properties. 
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Modulated DSC measures the difference in heat flow between a sample and an 

inert reference as a ftmction of time and temperature. In addition, the same "heat flux" 

cell design is used. However, in MDSC a different heating profile (temperature regime) is 

applied to the sample and reference. Specifically, a sinusoidal modulation (oscillation) is 

overlaid on the conventional linear heating or cooling ramp to yield a profile in which the 

average sample temperature continuously changes with time but not in a linear fashion. 

The net effect of unposing this more complex heating profile on the sample is the 

same as if two experiments were run simultaneously on the material-one experiment at 

the tiaditional linear (average) heating rate and one at a sinusoidal (instantaneous) heating 

rate. The actual rates for these two simultaneous experiments are dependent on three 

operator-selectable variables (Craig et al , 2000): 

dQ/dt = CpB + f(T,t) 

where, dQ/dt = total heat flow, Cp = heat capacity, B = heating rate, and 

f(T,t) = heat flow from kinetic (absolute temperature and time dependent) processes. 

As can be seen from the equation, the total heat flow (dQ/dt), which is the only 

heat flow measured by conventional DSC, is composed of two components. One 

component is a function ofthe sample's heat capacity and rate of temperature change, and 

the other is a function of absolute temperature and time. 

Modulated DSC determines the total, as well as the two individual heat flow 

components, to provide increased understanding of complex tiansitions in materials. 

MDSC is able to do this based on the two heating rates seen by the material-the average 

34 



heating rate which provides total heat flow information and the sinusoidal heating rate 

which provides heat capacity information. 

The heat capacity (Cp) ofthe sample is continuously determined by dividing the 

modulated heat flow amplitude by the modulated heating rate amplitude and multiplyuig 

it witii instrument calibration constant. These individual heat flow components are often 

referred to by different names. In literature, the terms "heat capacity component" [CpB] 

and "reversing heat flow" are used interchangeably. Likewise, "kinetic component" 

[f(T,t)] and "nonreversing heat flow" are used interchangeably (McPhihps et al, 1998; 

Royal, 1998) 

Many tiansitions are complex because they involve multiple processes. Examples 

include the enthalpic relaxation that occurs at the glass tiansition, and the crystaUization 

of amorphous or metastable crystalline stractines prior to or during melting. Enthalpic 

relaxation is an endothermic process that can vary in magnitude depending on the thermal 

history ofthe material. Under some circumstances, it can make the glass tiansition appear 

to be a melting fransition. Simultaneous crystallization and melting makes it nearly 

impossible to determine the real crystallinity ofthe sample prior to the DSC experiment. 

These problems are compounded fiirther when analyzing blends of materials. 

Conventional DSC does not allow these complex fransitions to be analyzed 

properly since conventional DSC measures only the sum of all thermal events in the 

sample. Hence, when multiple transitions occur in the same temperature range, results are 

often confusing and misinterpreted. Modulated DSC has been utihzed extensively for 

measuring Tg, studying interactions in preformulation, and in solid-state characterization. 
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Guinot and Leveiller (1999) employed Modulated DSC for quantitation ofthe amorphous 

contents in samples of a micronized drag substance co-crytstal (form A), an antibiotic 

drag substance, that does not re-crystallize even when exposed to temperature of solvent 

vapors. The method was performed through measurement ofthe heat capacity jump 

associated wdth the amorphous phase glass tiansition. The Modulated DSC parameters 

and experimental conditions were optimized for this system. The amorphous content 

calibration curve was established using pure crystalline and amorphous drag substance 

samples and their known mixtures. 

Hill et al. (1999) have reviewed the effects of experimental parameters and 

calibration on modulated temperature differential scanning calorimetry (MTDSC) data 

and also provided some guidance on how to achieve optimum results. They suggested 

that the modulation parameters should be chosen to ensure that the sample can follow the 

program without thermal gradients developing and also that at least 6 modulations should 

take place during any thermal fransition. Two methods of calibration were discussed; a 

single point method is sufficient in most cases but a temperature dependent method 

should be used when more accurate data are required or for sub-ambient experiments. A 

review ofthe benefits of MTDSC over conventional DSC for studying thermal tiansitions 

in materials is presented by means of a number of examples. These examples include the 

separation of overlapping phenomena such as melting/recrystallization ui semi crystalline 

materials, the heat capacity variation and enthalpic relaxation at the glass tiansition, and 

transitions from the different components of a blend. In addition, examples were 

presented demonsfrating the ability of MTDSC to detect subfle fransitions more readily 
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and without loss of resolution. The possibility of measuring heat capacity in quasi-

isothermal conditions and the evaluation ofthe thermal conductivity of a material are 

explained (Verdonc et al, 1999). 

The thermal properties of sulfapyridine were studied using a combination of 

differential scanning calorimetry (DSC), modulated DSC, and thermo optical analysis to 

examine the combined use of these methods as a characterization sfrategy. Conventional 

DSC indicated that quenched sulfapyridine exhibited a series of transitions on reheating 

at lODGC/min that were ascribed to a glass fransition, cold crystallization, a solid-solid 

fransition, and metastable and stable polymorphic melting. MTDSC studies showed the 

glass fransition with much greater clarity in the reversing signal than was possible using 

the conventional technique, while it was also possible to observe the phase angle that 

again allowed clearer visualization ofthe Tg. Thermo optical analysis confirmed the 

interpretation ofthe DSC and MTDSC data, showing the formation of spheralitic crystals 

that converted to a needle shape morphology on heating (Bottom, 1999). 

Position Annihilation Spectroscopy 

In the presence of elections, the antimatter (positively charged particles called 

positions) exists for only a split second. When a posifron and an electron come in contact, 

they annihilate each other, creating energy in accordance with the famous equation E -

mc^ (Howell et al., 1998). Energy is released in the form of elecfromagnetic radiation, or 

gamma rays. By characterizing tiie gamma rays through spectroscopy, scientists can 

determine the properties ofthe elections. 
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The annihilation rate gives the density ofthe electrons, and the energy and angle ofthe 

annihilation supply information about electron momentum. 

If positrons are directed at material that contains voids or other open-volmne 

defects, they wander around the material, for all of a nanosecond, and tend to be trapped 

at the defects. A void means no atoms and hence fewer electrons, so the positions live 

longer tiian they do in a defect-free material. To measure posifron lifetunes, the tune at 

which the posifrons are implanted in the sample is determined as each posifron passes 

through a scintillator. Annihilation gamma rays from the implanted posifrons are then 

detected by a barium fluoride detector. 

The annihilation lifetime is calculated from the time difference between the two 

detectors to a system resolution of about 250 picoseconds. The source beam is derived 

from a sodium-22 source moderated by a tungsten foil positioned at the high-energy end 

ofthe accelerator. Both the moderated posifrons and posifrons emitted directly from 

the source are captured and accelerated. Positron hfetime specfroscopy is an excellent 

tool for nondestructive evaluation of defects as small as an atom. 

Optical microscopy, neutron scattering, fransmission elecfron microscopy, 

scanning tunneling microscopy, atomic force microscopy, and x-ray scattering are the 

methods that have been developed to find vacancies, voids, and other defects in materials 

(Houghmanet, 1998; Yuan et al , 1998). Each technique is useful at specific depths for 

certain defect sizes and concenfrations, and each has found its niche in appropriate 

research or manufacturing activities. But, position annihilation hfetime spectioscopy is 
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the best of tiie lot for finding the smallest defects and a range of defect concentrations at 

virtually any depth in metals, semiconductors, and molecular or organic compounds. 

The extent of microscopic free volume in polymeric film is a function of 

plasticizer concenfration in casted film and in tum it reflects on the permeability 

properties ofthe film. The Schematic representation of positron hfetime spectrometer is 

given in Figure 1.5. 

Scanning Electron Microscopy 

The scanning electron microscope, designed for studying the surfaces of solid 

objects directly, utilizes abeam of focused elections (of 5-25 kilovolts energy) as an 

elecfron probe that is scanned in a regular manner over the specimen. The electron source 

and elecfromagnetic lenses that generate and focus the beam are similar to those 

described for the fransmission elecfron microscope. The action ofthe electron beam 

stimulates emission of high-energy backscattered elecfrons and low-energy secondary 

elecfrons from the surface ofthe specimen. These are collected and passed to a 

scintillator, which emits light when bombarded with electrons. The light is passed to a 

photomultiplier tube, where it is converted back to an electric signal with an effective 

gain of 10,000 times or more. The resultant amplified curtent is used, m tum, to 

modulate the brightness of a display cathode-ray (television) tube that is scanned in 

synchronism with the probe beam in the microscope column. There is thus a one-to-one 

relation between the brightness of each point on the display tube and the number of 

electrons emitted from the corresponding point on the surface ofthe specimen. 
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hi this way, a map ofthe specimen is built up, with a magnification equal to the ratio 

between the sizes ofthe picture on the display tube and the area scanned by the probe, hi 

modem instruments, a point-to-point resolution of one nanometer is attainable. 

No elaborate specimen-preparation techniques are required for examination in the 

scanning electron microscope and large and bulky specimens may be accommodated. It is 

desirable that the specimen be rendered electrically conducting, otherwise a sharp picture 

will not be obtained. Conductivity is usually achieved by evaporating a film of metal 50 

to 100 angsfrom thick onto the specimen in a vacuum (such a thickness does not 

materially affect the resolution ofthe surface details). If, however, the scanning elecfron 

microscope can be operated at between one and three kilovolts of energy, then even non

conducting specunens may be examined without the need for a metallic coatmg. 

Scanning and Transmission Electron Microscope (STEM) 

In principle, STEM is a stiaightforward technique similar to SEM. A 

conventional Transmission Elecfron Microscope (CTEM) produces a parallel image on a 

screen, photographic plate or camera, in which all pixels are recorded or observed 

simultaneously. Image magnification is controlled by the projector lenses after the beam 

has passed through the specimen. However, in STEM, the image is collected in series, 

pixel by pixel and no lenses are required for image magnification. This helps to preserve 

a high quality image in STEM, because aberrations in "post-specimen" lenses do not 

mfluence the image quality. 
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Statistical Optimization 

The problem faced by experimenters in many fields is to identify the relationship 

between the response variable of interest and the independent variable. In some cases, 

the relationship is known based on underlying engineering, chemical or physical 

principles. In most cases, the relationship is complicated. It requires statistically 

designed experiments, development of empirical equations that relate the independent 

factors and the response variable of interest followed by product or process optimization. 

A final formulation product must meet not only the requirements placed on it 

from a bioavailability standpoint, but also the practical mass production criteria of 

process and product reproducibility. Process and formulation justification are 

requirement for pre-approval inspections for all new drag applications. Therefore, it is in 

the best interest ofthe pharmaceutical scientist to understand the functional formulation 

and target processing parameters. Optimization techniques not only provide depth of 

understanding, but also an ability to explore and defend ranges for formulation and 

process parameters. 

Terminology 

Confounding 

A confounding design is one where some freatment effects (main or interactions) 

are estimated by the same linear combination ofthe experimental observations as some 

blocking effects. In this case, the treatment effect and the blocking effect are said to be 

confounded. Confounduig is also used as a general term to indicate that the value of a 
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main effect estimate comes from both the main effect itself and also contamination or 

bias from higher order interactions. Confounding designs naturally arise when full 

factorial designs have to be ran in blocks and the block size is smaller than the number of 

different freatment combinations. They also occur whenever a fractional factorial design 

is chosen instead of a full factorial design. 

Effect 

The effect explains how changes ofthe settings of a factor changes the response. 

The effect of a single factor is also called a main effect. For a factor. A, with two levels 

scaled so that low = -1 and high = +1, the effect of A is estimated by subtiacting the 

average response when A is -1 from the average response when A = +1 and dividing the 

result by 2 (division by 2 is needed because the -1 level is 2 scaled units away from the 

+1 level). 

Orthogonality 

Two vectors ofthe same length are orthogonal if the sum ofthe products of their 

corresponding elements is 0. An experimental design is orthogonal if the effects of any 

factor balance out (sum to zero) across the effects ofthe other factors. The roles ofthe 

two variables are assessed independent of each other. In essence, if the model is first 

order and if there are no confoimding between the interactions and main effects, then the 

design is orthogonal. A second order model is considered as orthogonal as long as all the 
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main effects and the interaction terms are available. Similarly a two-level full factorial 

design in considered as orthogonal if it has all linear and interactions terms. 

Resolution 

A term which describes the degree to which estimated main effects are aliased (or 

confounded) with estimated 2-leyel interactions, 3-level interactions, etc. In general, the 

resolution of a design is one more than the smallest order interaction that some main 

effect is confounded (aliased) with. If some main effects are confounded with some 2-

level interactions, the resolution is three. Full factorial designs have no confounding and 

are said to have resolution "infinity". For most practical purposes, a design with a 

resolution of five is excellent and a design with a resolution of four may be adequate. 

Designs with resolution of three are usefiil as economical screening designs. 

Plackett-Burman Screening Design 

Plackett-Burman screening Design (PBSD) is a fractional factorial design to get 

an unbiased estimation of all main effects of N-1 variable in N number of experiments. 

Plackett-Burman (1946) has obtamed arrangements with this same orthogonal property 

when N is a multiple of 4. This type of fractional factorial design is economical in 

screening the factors. Full-factorial designs may give a complete picture of hnear terms 

and all possible interaction terms. However, redundancy in terms of an excess number of 

interactions that can be estimated and sometimes in an excess number of variables are 

studied. Thus fractional factorial designs exploit this redundancy. Though the flill-
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factorial designs provide a resolution of infinity due to the resolution of all possible 

interactions, it is generally observed that any 3-way and above interactions are 

statistically not significant (Box et al, 1979). Nevertheless, PBSD have resolution of 

three or four. A design of resolution three does not confound main effects with one 

another but does confound main effects with two-factor interactions. For example, the 

outcome of such a model with four factors, consist of linear terms only. 

Y = Po + PiX, + P2X2 + P3X3 + P4X4 

A design of resolution four does not confound main effects and two factor interactions, 

but does confound two-factor interactions. For example, the outcome of such a model 

with four factors, consist of linear terms, interaction terms and quadratic terms. 

Y = Po + PlXi + P2X2 + P3X3 + P4X4 + P5X1X2+ p6 X,X3 + P7X1X4 + P8X2X3 + P9X2X4 

+ P10X3X4 + PiiX,'+ P12X2' + P13X3' + P14X4' 

A saturated PBSD offers resolution of three and fold-over pair of PBSD offers resolution 

of four (Box and Wilson, 1951). Due to its above mentioned resolution and orthogonal 

nature, a basic assumption of absence of significant two-way uiteractions are made. 

PBSD has been used extensively in formulation and process development. Effects 

of process development and process parameters on compressibility of granulation 

manufactured in a high shear mixture were evaluated by Badawy et al. (2000). 

Parameters involved in resolution in micellar electro kinetic chromatography by 

multivariate evaluation of electrolytes were screened by Mikaeh et al. (2000). Factors 

involving robustness of capillary elecfrophoresis method using the short end mjection 

technique were screened by Fabre and Mesplet (2000). Medium components were 
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screened by PBSD for enhanced riboflavin production by UV-Mutant of Eremothecium 

ashbyii. Formulation variables affecting the performance of osmotically controlled tablets 

were screened by PBSD (Khan et al, 1997). 

Response Surface Methodology 

Response surface methodology (RSM) is a collection of statistical and 

mathematical techniques useful for developing, improving and optimizing processes. Its 

applications include designing, developing and formulating new products as well as in 

the improvement of existing design products (Myers and Montgomery, 1995). In RSM, 

the independent variables are called as "factors" and the performance measure or quahty 

characteristics are called "response." Successful use of RSM critically depends upon the 

experimenter's ability to develop the suitable approximation for relationship between the 

response and factors. In a first order model, y = Po+PiXi +P2X2,the ftmction is relatively 

simple. However, m a first order model with interactions, not only the linear terms are 

estimated, but also, the interaction terms between the variables are estimated. 

Y = Po+P,Xi+P2X2+Pl2XiX2 

For further approximation of trae response, a second-order model may be required. A 

second order thus consists of quadratic terms, which would explain the curvature nature 

ofthe response. 

Y= Po+PlXi +P2X2+PuXi^+p22X2^+Pl2Xi X2 

A second order model is widely used in RSM for several reasons: (1) it is very flexible 

and can take wide variety of functional forms resulting as a very good approximation to 
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tiie trae response surface, (2) by using the method of least squares, it is easy to estimate 

the coefficients, and (3) there is considerable practical experience indicating that second-

order models work well in solving real response surface problems. 

Sequential Nature of RSM 

Phase Zero. Ideas are generated concerning which factors or variables are likely 

to be important in the response surface study. Thus the screening experiments were 

designed to eliminate the unimportant ones. 

Phase One. The objective is to determine if the current levels or settings ofthe 

independent variables result in a value ofthe response that is near the optimum. If the 

current settings or levels ofthe independent variables are not consistent with optimum 

performance, the investigator must detennine a set of adjustments to the process variables 

that will move the process toward the optimum. 

Phase Two. This part of RSM begins when the response is near the optimum ui 

order to understand the trae nature ofthe response surface; a second-order or a higher 

order polynomial model is used. Once a suitable model has been obtained, this model 

may be analyzed to determine the optimum condition for process. 

The ultimate goals of RSM are: (I) to design processes or products that are robust 

to environmental conditions and component variations, (2) to minimize variability around 

the target value, (3) to find process and operating conditions that would simuftaneously 

maximize or minimize the responses or bring them to desired levels, and (4) to get a 
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graphical perspective ofthe problem environment, in which response surface is viewed as 

a function of two dimensional factor plane. 

Response Surface Modeling 

Classical quadratic designs for Response Surface Modeling fall into two broad 

categories: (1) Box-Wilson Designs. (2) Box-Behnken Designs. 

Box-Wilson Designs. Box Wilson designs are commonly called cential composite 

design and contain a full factorial or fractional factorial matrix with center points 

augmented with a group of vertex and axial points. With three basic factors to be 

explored and each factor coded to be in the range of-1 , 0, +1 the Box-Wilson designs 

have 8 vertex points, 6 axial points and a cenfroid point. Circumscribed cenfral composite 

designs are the original form ofthe cenfral composite design. The star points are at some 

distance from the center based on the properties desfred for the design and the number of 

factors in the design. The star points establish new exfremes for the low and high settings 

for all factors. These designs have circular, spherical, or hyperspherical symmetry and 

require 5 levels for each factor. Augmenting an existing factorial or resolution five 

fractional factorial design with star points can produce this design (Figure 1.6.). 

For those situations where the limits specified for factor settings are traly limits, 

the cenfral composite inscribed design uses the factor settings as the star points and 

creates a factorial or fractional factorial matrix within those Iknits. This design also 

requires 5 levels of each factor. 
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In face-centered cenfral composite design, the star points are at the center of each 

face ofthe factorial space. This variety requires 3 levels of each factor. Augmenting an 

existing factorial or resolution five design with appropriate star points can also produce 

this design. 

The effects of pH, temperature and NaCl concentration on the growth kinetics, 

proteolytic activity and biogenic amine production of Enterococcus faecalis were 

optimized by cenfral composite design (Gardin et al, 2001). They concluded that with 

this perspective, "it is important that the presence of biogenic amines due to the activities 

of these microorganisms is maintained within safe levels, without affecting the positive 

effects of enterococci on the final organoleptic characteristics ofthe cheese." 

Enhancement of glucose oxidase production in batch cultivation of recombinant 

Saccharomyces cerevisiae was optimized for oxygen transfer condition by Kapat et al. 

(2001). According to this study, the combined effect of agitation and aeration on 

recombinant glucose oxidase production in batch cultivation has lot of influence on 

recombinant protein production. It also suggests that since there is no correlation between 

kLa and specific production of glucose oxidase, kLa should not be used as one ofthe 

scale-up parameters. 

The thermal stability of a model protein, lysozyme, in the presence of 2-model 

excipients, sucrose and hydroxypropyl-beta-cyclodextrin, was investigated using high 

sensitivity differential scanning calorimetiy in combination with a cential composite 

design (Branchu et al, 1999). 
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Box-Behnken Design: Unlike Box-Wilson designs, Box-Behnken design is an 

independent quadratic design that does not contain an embedded factorial or fractional 

factorial matrix. The freatment combinations in this design are at the center. Unlike Box 

Wilson designs there are no different types in Box-Behnken and it requires 3 levels of 

each factor. The geometry of this design suggests a sphere within the process space such 

that the surface ofthe sphere protrades through each face with the surface ofthe sphere 

tangential to the mid-point of each edge ofthe space. This design does not substantially 

deviate from rotatability and when the number of factor reaches to 4 or 7, the design is 

exactly rotatable. Apart from this property, this design is spherical in nature (Figure 1.7) 

and no point is on the comer ofthe cube. Therefore, the limitation ofthe design is it is 

confined to situations in which one is not interested in predicting the response at the 

exfremes. 

A Box-Behnken cenfral composite design was used to evaluate 3 process 

parameters with respect to the application of ethylcellulose films to pellets ofthe model 

drag propranolol hydrochloride in order to obtain an optimized sustained release drag 

delivery system, and an overall desirability ftmction was used in the interpretation ofthe 

results (Bodea and Leucuta, 1998). A 3-factor, 3-level Box-Behnken design with drag-

polymer ratio, polymer-polymer ratio and, solvent ratio as the independent variables was 

used for the optimization of formulation variables to improve dissolution characteristics 

of a matrix formulation of indomethacin coprecipitates with polymer mixtures (Kamachi 

and Khan, 1996). 
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A Box-Behnken experimental design was used to relate independent formulation 

variables to dependent rheological or mechanical properties and finished pellet 

characteristics. It is possible to define a window of rheological/mechanical properties 

within which extmsion and spheronization can be successfully carried out (Bodea and 

Leucuta, 1998). The effect of different formulation factors (lipid type, cholesterol, 

charge, internal buffer capacity, drag-to-lipid incubation ratio) on the encapsulation 

efficiency and size of primaquine liposomes (SUV's) in response to a pH gradient was 

investigated by a fractional factorial screening design. Three ofthe factors (charge, 

intemal buffer capacity, drag -to-lipid incubation ratio) were ftirther studied in a Box-

Behnken optimization design (Stensrad et al , 2000). El-Helow et al. (2000) showed that 

optimization of fermentation conditions by applying statistically designed, multifactorial 

experiments can offer an additional method for potential enhancement of gene expression 

systems. Among the 11 fermentation factors we examined, the most significant variables 

influencing beta-galactosidase expression were statistically elucidated for optimization. 

The optimum concentiations of these variables were predicted by using a second-order 

polynomial model fitted to the results obtained by applying the Box-Behnken design (El-

Helow et al, 2000). 

Selection of an Experimental Design 

The selection of experimental design is based upon the feasibihty ofthe factorial 

combinations. For example in face centered central composite design, vertex pomts 

consist of all three levels at its maximum and its minimum levels. However such a 
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combination of factors is not available in Box-Behnken design. If it is not possible to get 

a product at either minimum or maximum levels of all three factors, it is desirable to 

avoid face centered cential composite. Though central composite circumscribed may 

offer high quality of predictions, the levels ofthe factors on axial points goes on 

extiemes. Therefore, if it is not possible to ran experiment with factorial combmations at 

extieme values, this design is not desirable. Box-Behnken offers most feasible freatment 

combinations. However, it contains poor prediction quality because of its mabihty to 

cover the entire space compared to central composite circumscribed. Nevertheless, it is 

one ofthe most extensively used designs because ofthe absence of extreme factor 

combinations such as -1 , -I, -1 and +1, +1, +1, where it is not feasible to ran experiments 

at these factor combinations (www.nist.gov). 

The desirable features for response surface designs are 

1. Satisfactory distribution of information across the experimental region. 

2. Fitted values as close as possible to observed values. 

3. Good lack of fit detection. 

4. Intemal estimate of error. 

5. Constant variance check. 

6. Estimation of transformations. 

7. Suitability for blocking. 

8. Sequential constraction of higher order designs from simpler designs 

9. Minimum number of treatment combinations. 
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10. Good graphical analysis through simple data pattems. 

11. Good behavior when ertors in settings of input variables occur. 

Artificial Neural Network 

Artificial neural networks (ANN) are a software approach to emulate the learning 

behavior of living neurons. They attempt to simulate some features ofthe biological 

brain such as learning, generalizing, or abstiacting from experience. They are basically 

composed of elementary computing units that are interconnected in different ways to 

form a network (Hecht-Nielsen, 1987, STAVEX Expert System). As a result of research 

and development in this area since the 1950s ANN has developed into a powerful family 

of tools and techniques which offer an adaptive, or learning-capable technology that has 

proven pattern-recognition ability. This ability makes ANN suitable for complex tasks 

such as modeling complex systems behaviors found in product formulation or 

manufacturing processes, optical character recognition and tiansaction monitoring of 

credit. They offer an abihty to perform tasks outside the scope of traditional processors. 

ANN can take the time factor into consideration and change in the pattern of behavior 

between the factors and responses over the time is well accounted in the learning 

behavior of ANN. Thus ANN is not programmed but they leam continuously. 

Even though they are not fraditionally programmed, the designing of neural 

networks does require a skill. This involves the understandmg ofthe various network 

topologies, current hardware, software tools, the application to be solved and a sfrategy to 

acquire the necessary data to frain the network. Needless to mention the selection of 
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learning rales, transfer functions, summation functions, and how to connect the neurons 

witiiin the network. The art of neural networking requires a lot of hard work such as data 

fed into the system, performance monitored, process tweaked, connections added, rales 

modified, until tiie network achieves the desired results with appropriate statistics. 

Difference Between ANN and Conventional Statistical Model 

Regression models can be characterized by the tertiary, quadratic, or higher order 

equations with coefficients that may provide information about the relative significance 

ofthe input variables or factors. However, in ANN, a large number of simple imits work 

in a highly parallel way to get the collective property ofthe input and output variables 

(Bourquin et al, 1997). The information is captured from their structure and the weights 

ofthe nodal connections. In the first place, statistical models are easy to create and 

understand, but large numbers of input variables or interactions between ingredients can 

make their stracture enormously complicated. Secondly, they are not flexible enough to 

take the "time factor" into consideration. The stmctural relationship between the input 

and output variables may change with time; however, that change may not be accounted 

by the statistical model but by ANN. The burden of computation is shifted to the model 

itself in the case of ANN. The model fits its intemal stmcture to the data during the 

fraining phase until the right intemal stracture is obtained for the given data, without 

having programming on the user's part. No simple mathematical model is available for 

the ANN, but the compensation is less number crunching effort on the designer's part and 

allows a faster model response and advanced modeling for complex systems. 
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Stractiire ofthe Artificial Neuron 

Artificial neuron is made up of seven units. 

Weighing factors. A neuron usually receives many inputs simultaneously. Each 

input has its own relative weight that gives the input that needs on the processing 

element's summation function. Weights are adaptive coefficients within the network that 

determine the intensity ofthe input signal as registered by the artificial neuron. They are 

measure of input's connection sfrength and can be modified in response to various 

fraining sets and according to a network's specific topology or through its learning rales. 

They are changed continuously during training in order to find out the appropriate 

weighing factor for the given input. 

Summation Function. The inputs and corresponding weights are represented as 

vectors as (il, i2, ...n) and(wl, w2, ...wn). The total input is inner product of 

corresponding component of both the vectors. 

Transfer Function. The weighed sum ofthe summation function is transferred 

through an algorithmic function and the output is compared with a threshold. A signal is 

generated regardless ofthe sign ofthe difference. Thus tiie transfer function tianslates 

the input in terms ofthe dependent function. In the earlier stage of ANN the fransfer 

function was linear. However, to accommodate the complicated relationship bev^een the 

input and output, the fransfer function adapted non-linear function (Yager, 1980). The 

tiansfer function could be hard limiter or ramping function or sigmoid ftmction. For 

example the sigmoid ftmction can be depicted as follow. 
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Figure 1.8. Basic artificial neuron 
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F(T; = l/{l+e-°'^)} 

where alpha is the parameter relating to the shape of sigmoidal function. Non-linearity of 

the sigmoidal fimction is sfrengthened with an increase in the alpha values. Y represents 

the output value (Achanta et al , 1995). 

ANN approaches the best approximate non-linear relationship by constantly 

varying the weight values (Wjj) ofthe below mentioned ftmction. Z represents the output 

value from previous layer and F represents the new output value 

Y='LWijXi 

Scaling and Limiting. The outcome of fransfer function is scaled by a 

multiphcation factor and/or Ihniting factor, which guides the seating in such a fashion 

that it does not exceed lower or upper limits. 

Output Function. One output signal is allowed by each processing element and 

that signal may be the input to several other neurons. This is in parallel to biological 

neurons, where there are many inputs and only one output action. In general, the output 

is directly equivalent to the fransfer function's result. 

Error Function and Back-propagated Value. The difference between the current 

output and desired output is calculated. This raw error is then transformed by the error 

function to match particular network architecture. The error is then typically propagated 

backward to a previous layer. The general tiansformations based on the distance (S) 

between the current output (CO) and the desired output (DO) is obtained individually by 

following statistical model. SD represents the standard deviation ofthe current outputs 

(Khuri and Conlon, 1981). 
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S = [E{(C0i-D0i)VSDi}]'^2 

Teaming Function. The purpose ofthe learning function is to modify the variable 

connection weights on the inputs of each processing element according to some neural 

based algorithm. This process of changing the weights ofthe input connections to 

achieve some desired result could also be called the adaptive function, as well as learning 

mode. The primary learning type is supervised learning where the ANN is frained with a 

supervision. With supervised learning, the ANN must be frained before it becomes 

useful. Training consists of presenting the input and output data to network. This data is 

referred to as the fraining set. Meaning, for each input, a set of cortesponding desired 

output is provided as well. The fraining can consume lot of time and considered 

complete when the ANN reaches a user defined performance level. This level signifies 

that the network achieved the desired statistical accuracy as it produces the required 

outputs for a given sequence of inputs. 

Training sets need to be fairly large to contain all the needed information if the 

network is to leam the features and relationships that are unportant. In addition, the 

fraining session should include a wide variety of data. In order to test the validity ofthe 

frained ANN, a validation data set, not included in the fraining will be used to predict the 

capabilities of frauied ANN. At this stage, unsupervised leaming remains in a theoretical 

and radimentary stage but holds a great promise ofthe future. 
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Leaming Laws 

There are many leaming laws, which are in common use. Most of these laws are 

some sorts of variation ofthe oldest and best-known leaming law, Hebb's Rule (Hebb, 

1949). Quite a few researchers have the modeling of biological leaming as their main 

objective. However, others are experimenting with adaptations of their perceptions of 

how nature handles leaming. Regardless of different types of approaches, our 

understanding of how neural processing actually works is limited. Leaming certaudy is 

more complex than the simplifications represented by the leaming laws currently 

developed. 

Hebb's Rule. The first, and undoubtedly the best known, learning rale was 

intioduced by Hebb (1949). His basic rale is: If a neuron receives an input from another 

neuron, and if both are highly active (mathematically have the same sign), the weight 

between the neurons should be sfrengthened. 

Hopfield Law. Except that it specifies the magnitude ofthe sfrengthening or 

weakening, Hopfield law (1982) is similar to Hebb's rale. It states, "if the desired output 

and the input are both active or both inactive, increment the connection weight by the 

leaming rate, otherwise decrement the weight by the leaming rate." 

The Defta Rule. This is another variation of Hebb's Rule and importantly is one of 

the most commonly used. It is based on the simple idea of continuously modifying the 

sfrengths ofthe input connections to reduce the difference (the defta) between the desfred 

output value and tiie actual output of a processing element. This rale changes tiie synaptic 

weights in such a fashion that it minimizes the mean squared error ofthe network. In 
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literatiire it is often referted to as the Widrow-Hoff Leaming and the Least Mean Square 

(LMS) Leaming Rule (Widrow et al, 1960a, 1960b;, Widrow 1973). 

The mechanism behind this rale is that delta error in the output layer is 

fransformed by the derivative ofthe transfer ftmction and is then used in the previous 

neural layer to adjust input connection weights. Meaning, this error is back-propagated 

into previous layers, one layer at a time. The process of back-propagatmg the network 

ertors continues until the first layer is reached. The most common way of referring this 

work is feed forward back-propagation. 

While using the delta rale, it is important to ensure that the input data set is well 

randomized. Network cannot converge to the desired accuracy if a well-ordered or 

stractured data is presented. It will then lead the network incapable of leaming the 

problem. 

The Gradient Descent Rule. Here the derivative ofthe transfer function is still 

used to modify the delta error before it is applied to the connection weights, similar to the 

Delta Rule. However, an additional proportionahty constant tied to the leaming rate is 

appended to the final modifying factor acting upon die weight. Even though it converges 

to a point of stability very slowly, this rale is used commonly. 

Surprisingly, different leaming rates for different layers of a network help the 

leaming process converge faster._The leaming rates for those layers close to the output 

were set lower than tiiose layers near the input. This is important for applications where 

the input data is not derived from a strong underlying model. 
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Kohonen's Leaming Law. This procedure is developed on the basis of leaming in 

biological systems (Kohonen, 1988). The processing elements compete for the 

opportunity to leam, or update their weights. Therefore, the processing element with the 

largest output is declared tiie winner and has the capability of inhibiting its competitors as 

well as exciting its neighbors. As expected, only the winner is permitted an output, and 

only the winner plus its neighbors are allowed to adjust their connection weights. 

Perhaps, the size ofthe neighborhood can vary during the fraining period. The typical 

approach in this technique is to start with a larger definition ofthe neighborhood, and 

narrow down as the fraining process proceeds. 

ANN has been extensively used in the pharmaceutical field. James et al. (1998) 

studied the application of ANN in In Vitro-In vivo correlation (IVIVC) of an extended-

release formulation and concluded that the ANN-IVIVC has the potential to establish 

complex relationships and may also possess the ability to interpolate pharmacokinetic 

parameters and profiles given formulation specifications. 

In another study, Gobbura and Chen (1996) concluded that ANN proved to be 

robust toward error in the data and pertiirbations in the initial estimates. Huuskonen et al. 

(1997) suggested that ANN could produce useful models ofthe aqueous solubility of a 

congeneric set of compounds even with simple stmctural parameters. 

Watano et al. (1997) found that the ANN could be a reliable tool to analyze the 

scale-up characteristics of granulation, and to predict granule properties being produced 

by the unknovm large-scale granulator. 
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Richardson and Barlow (1995) concluded that carefully tailored, well-frained 

networks could provide valuable tools not just for predicting but also for analyzing the 

spatial dynamics of pharmaceutical aerosols. 

Bozic et al. (1997) concluded that the ANN technique could be particularly 

suitable in the pharmaceutical technology of sustained release dosage form where 

systems are complex and nonlinear relationships between independent and dependent 

variables can exist. 

Vaithiyalingam et al. (2000) reported a comparative evaluation of ANN and 

simplex optimization procedure. Experiments were generated according to the simplex 

design with three levels. Modeling was carried out by both ANN and non-linear 

regression and the output was fiirther optimized. They concluded that with limited data, 

statistical modeling and optimization procedures performed better than that of ANN. 

Hypertension 

The pressure exerted on the walls m blood vessels is the physiologic blood 

pressure. The range of systolic/ diastolic blood pressure of a normal aduft individual is 

120-140/80-90 mm of Hg. Abnormally elevated blood pressure is commonly referred to 

as hypertension. Cardiovascular complications are commonly attributed to the elevated 

systolic pressure. 

64 



Physiological Basis 

Blood pressure is determined by cardiac output and peripheral resistance. The 

cardiac output in tum is determined by stroke volume and heart rate. According to the 

Laplace law (P = t//), the peripheral resistance is proportional to the 4th power ofthe 

intemal radius ofthe blood vessels. As a result, any intemal lumen variations of blood 

vessels profoundly affect the blood pressure (Hurst, 1986). 

Epidemiology and Etiology of Hypertension 

Approximately 50 million Americans, accounting for over 20%) ofthe total 

population, have hypertension. The incidence depends on age, race and gender. The 

disease has a tremendous impact on the socio-economics ofthe nation. Less than 10%) of 

the hypertension cases have a definitive cause, and these are known as secondary 

hypertension. This may be cured if the underlying disorders are tieated successfully. The 

causes may be renal-vascular mediated by the renin-angiotensin system; endocrine 

disorders caused by excessive hormone production by tumors in endocrine glands; 

confraceptive ingestion, and coarctation ofthe aorta which is a congenital malformation 

of aorta resulting in a narrowmg ofthe aorta. The remaining 90% ofthe hypertension 

manifestations have no known cause, and are called idiopathic, primary or essential 

hypertension. Multifactorial abnormalities in physiological regulatory systems are 

known possibilities for essential hypertension. The causes may be reset of baroreceptors 

at a high pressure in response to chronic sfress, over-activity of sympathetic nervous 
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system or heredity. The kidneys may infact retain more salt and water in response to 

altered reflexes leading to abnormal retention of fluids in vascular system. Carefiil salt 

restriction in salt-sensitive hypertensive patients reduces the risk of hypertension. 

Pathophysiology 

Congestive heart failure, myocardial infarction and angina pectoris are major risks 

associated with hypertension. The chronic, sustained hypertension damages the eyes, 

brain, heart and kidneys. Hypertensive retinopathy leads to visual disturbances. A 

cerebral thrombosis and hemorrhage damage the brain. Severe hypertension causes 

fibrinoid necrosis in arterioles, malignant hypertension accelerates damage to the kidney. 

Therefore, the cumulative impact may lead to the subject's death (Tolman, White, and 

Hanson, 1995; Gates, 1996). 

Therapeutic Management of Hypertension 

Robust evidence from multiple controlled trials suggests that pharmacological 

freatment of patients with diastohc pressures of 95 mm Hg or greater will reduce 

morbidity, disability, and mortality from cardiovascular disease. 

Antihypertensive agents can be classified according to their sites or mechanisms 

of action. The classification of these agents by their primary site or mechanism of action 

(Oates 1996) is shovm in Table 1.2. 
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Table 1.2. Classification of anti-hypertensive agents. 

Class 
Loop Diuretics 
Potassium sparing diuretics 
CNS acting agents 
Ganglionic blokers 
Adrenergic neuron blockers 
Alpha adrenergic antagonists 
Beta-adrenergic antagonists 
Mixed adrenergic antagonists 
Vasodilators 
Calcium channel blockers 
ACE inhibitors 
Angiotensin II receptor antagonists 

Compounds 
Furosemide, Bumetanide,Ethacrynic acid 
Amiloride, Triamterine, Spironoloactone 
Methyldopa, Clonidine 
Trimethaphan 
Guanethidine, Reserpine 
Propranolol, Atenolol 
Prozocin, Terazocin 
Labetolol 
Hydralazine, Minoxidil 
Verapamil, Nifedipuie, Diltiazem 
Captopril, Lisinopril, Enalopril 
Losartan 
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The therapy of diastolic hypertension has been improving since 1958, because of 

the intioduction of various classes of drags for the treatment. It is recommended that 

young persons with diastolic blood pressure greater than 90 torr should be tieated for 

hypertension. Therapy should be initiated with a-antagonists, ACE inhibitors or calcium 

channel blockers as single agents in early hypertension. In the cases of inadequate confrol 

of hypertension, a combination of different classes of drags should be employed. In mild 

hypertension, first drags to be added to thiazides are P-blockers, ACE inhibitors or 

calcium channel blockers. 

In moderate situations, hydralazine, oii antagonists, or cenfrally acting drags may 

be added to thiazides. In hj'pertensive crisis, sodium nifroprasside, captopril or 

hydralazine are employed. Hypertension stabilization is difficult to anticipate. Currently, 

ACE inhibitors, jS-blockers, ai antagonists and calcium channel blockers dommate the 

therapy. Diuretics remain essential ui the freatment (Franz 1995). 

Cardiovascular drags that have been in use for many years are being repackaged 

into novel confroUed release delivery systems. These systems have significant effect on 

clmical medicine. Especially, the improvement in patient comphance and in side effect 

profile offered by contioUed-release preparation is ideal in clinical cardiology because 

majority ofthe patients require life-long drag therapy, and thus the compliance and 

ability to tolerate a drag assume great importance. 

This confroUed release formulations allow relatively short-acting drags to be 

taken once or twice daily while providing more consistent drag levels in serum and fewer 

side effects than standard immediate release formulations. 
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Curtently Available Controlled Release Preparations 

Nifidipine ER 

Once daily confroUed-release formulation of nifedipine, combined the principles 

of matrix dissolution with encapsulated dissolution. The outer core contains a slow-

release formulation of nifedipine distributed in a hydrophilic gel matrix and inner core 

contains a fast-release formulation of nifedipine. On contact with gastric fluid erosion 

begins at the tablet surface and allows the nifedipine in the matrix to be dissolved and 

absorbed as the tablet passes down the GI tract. With advanced erosion ofthe outer coat 

the fast-release inner coat of nifedipine is then exposed and made available for extended 

release. 

Diltiazem CD 

It is an extended-release formulation designed to use diffiision confroUed 

resorvoir technology for the management of hypertension and chronic stable angina 

caused by coronary artery system. Each diltiazem CD capsule contains a blend of two 

types of beads. The two types differ in the thickness of their polymer membrane, 

resulting in confroUed timing delivery. 

Felodipine ER 

This controlled release system is based on diffiision and erosion properties that 

allow once-daily dosing. A felodipine reservoir is surtounded by an outer gelatin layer 

also containing felodipine that is activated on contact with GI fluid and slowly erodes. 
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Felodipine is released at constant rate by diffusion through the gel layer, which contains a 

primary dose of felodipine. The release occurs over a 12-hour period, with maximum 

concenfrations reached after 3 hours and therapeutic plasma levels maintained for 24 

hours. 

Nicardipine SR 

This is a sustained-release hard gelatin capsule containing 30,45, or 60 mg of 

nicardipine HCl. The two-component capsule contains an immediate-release powder and 

a slow release spherical granule, the former containing 25%) and the latter 75% ofthe 

total nicardipine dose. The granule's erodible polymer of methacrylic acid ensures 

uisolubility at pH < 5.0, and the limited spheroidal surface area available for dissolution 

facilitates sustained release past the duodenum. To our knowledge, no verapamil HCl 

formulation made witii beads are available. 

Verapamil HCl 

Verapamil HCl is a calcium channel inhibitor (slow channel blocker or calcium 

ion antagonist). It is administered as a racemic mixture ofthe R and S enantiomers. It is 

an ahnost white, crystalline powder, practically free of odor, with a bitter taste. It is 

soluble in water, chloroform, and methanol. 

Verapamil HCl is not chemically related to other cardioactive dmgs. Its 

molecular formula is C27H38N204'HC1, molecular weight is 491.08 and chemically it is 

Benzenacetonitiile, a-[3-[[2-(3,4-dimethoxyphenyl)ethyl] methylamino] propyl]-3,4-
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dimetiioxy-a-(l- methylethyl) monohydrochloride. Ofthe available calcium charmel 

blockers, this drag has the greatest effects on the myocardium. Its effect on sinoatrial 

automaticity, AV conduction and myocardial contractility are greater than those of 

diltiazem. It dilates peripheral vascular smooth muscle more than ditiazem but not as 

much as does nifedipine. Effects on heart rate are available and depend on the amount of 

reflex sympathetic activity evoked by peripheral dilation. 

It is approved to freat stable and unstable angina, chronic atrial flutter and 

fibrillation and essential hypertension. The infravenous preparation is used to provide 

temporary confrol of rapid ventricular rate in atrial flutter or fibrillation. It is also 

effective prophylactically in reducing the incidence and severity of migrame and cluster 

headaches. It is more than 90% absorbed, but only 20 to 35%) ofthe dose reaches the 

system because of extensive first pass metabolism. It is bound approximately 90% to 

plasma proteins. It is metabolized rapidly by the liver to norverapamil and traces of 

several other metabohtes. About 70%) of a dose is excreted m urine as metabolites, 16 %> 

of doses appear in the feces within 5 days and less tiian 5%) is excreted unchanged. 

The half-life is 2 to 5 hours in normal persons but may exceed 9 hr during chronic 

therapy. In patients with cirrhosis ofthe liver, the half-life may be increased to 14 to 16 

hour. The half-life is increased in patients with liver disease due to an mcreased volume 

of distribution. 

US FDA Approved Indications include: angina pectoris, chronic (freatinent); 

effort-associated angina, crescendo angina; pre-infarction angina, hypertension 

(treatment), tachycardia, supraventricular (prophylaxis or treatment), fibrillation/flutter. 
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atiial (prophylaxis or tieatment). USP Accepted off-label indications include: 

cardiomyopathy, hypertrophic (freatment adjimct), headache, vascular (prophylaxis) 

(Goodman and Oilman, Micromedex Index, 2000). 
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CHAPTER II 

PURPOSE OF STUDY 

Hypothesis 

"The key hypothesis ofthe present study was that the "presence of non-ionic 

stabilizer in an aqueous-based cellulose acetate butyrate pseudolatex may provide pH 

independent film coating for confroUed release." To test the hypothesis, various non-

ionic stabilizers were screened for the preparation of cellulose acetate butyrate 

pseudolatex. Multi-particulate beads containing Nupariel® beads were used for 12 hour-

contioUed release formulation. Verapamil HCl was used a model drag. 

Objectives 

> To develop an aqueous-based pseudolatex system containing Cellulose Acetate 

Butyrate (CAB). 

> To characterize rheological properties, particle size, and sedimentation volume of 

the pseudolatex dispersion system. 

> To compare the casted fihns of pseudolatex with that of organic solution of CAB 

in ethyl acetate by, 

• Mechanical Analysis 

• Measurement of Tg as a ftmction of plasticizer concentiation 

• Free volume measurement as a function of plasticizer 

concenfration 
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• Permeation studies 

> To prepare suitable pre-programmed CAB permeation controlled multi-particulate 

dosage forms. 

> To determine the effect of formulation variables such as Vo wt gain due to coating, 

polymer concentration used for drag loading, plasticizer concenfration, and curing 

time on drag release. 

> To determine the effect of process variables such as spray rate, inlet temperature, 

and atomizing pressure on end product. 

> To systematically screen and optimize formulations by statistical designs. 

> To characterize the optimized formulations by thermal analysis, X-ray diffraction, 

scanning electron microscope, and in-vifro release kinetics. 

> To study the stability of coated beads. 
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CHAPTER III 

MATERIALS AND METHODS 

The list of materials used is given in Table 3.1. The hst of equipment used is 

given in Table 3.2. 

UV Specfrophotometric Method for the Assay of Verapamil HCl Samples 

Selection of Wavelength and Calibration Plot 

A 30pg/ml standard solution of verapamil HCl in water was scanned in the UV 

spectiophotometer from 200 to 400nm. The scan showed two peaks at 230 and at 275nm. 

The first maxima was found to be closer to die lower end ofthe UV range. Therefore, the 

second maxima was used for the UV analysis of verapamil HCl samples obtained from 

dissolution experiments and from content analysis. Absorbance was recorded at 278 nm 

for a series of standard solutions of verapamil HCl at the concentrations of 5, 10, 15, 20 

and 50 pg/ml. Standard curves were also constracted in 0.1 N HCl and phosphate buffer 

at pH 7.2. 

HPLC Analysis of Verapamil HCl 

A C8 column [symmetry, 3.9mm X 150] was used for the reverse phase. Acetate 

buffer [pH 2.6] and acetonitrile, at the ratio of 70:30 (v/v) at a flow rate of I.O ml/muiute 

was used for elution. Instrumentation consists of automated Varian Dynamax HPLC with 

software for collecting the data. 
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Table 3.1. List of Materials 

Materials 
Acetonitrile 
Acetyl tributyl cifrate 
Acetyl triethyl cifrate 
Cellulose acetate buti^rate 
Ethyl Acetate 
Glacial acetic acid 
Glyceryl diacetate 
Hydrochloric acid 
Lactose 
Magnesium Stearate 
Masterflex tubing 
Nupareil beads 
Opadry II 
Polyvinyl alcohol 
Potassium chloride 
Potassium phosphate 
Sodium acetate 
Sodium hydroxide 
Sodium chloride 
Sodiiun bromide 
Pluronic 
Triethyl cifrate 
Tritium water 
Tween 80 
Talc 
Verapamil HCl 

Manufacturer 
VWR Scientific 
Morflex Inc., Greensboro, NC 
Morflex Inc., Greensboro, NC 
FMC Corporation, Philadelphia, PA 
VWR Scientific 
Fischer Scientific, Fairlavm, NJ 
CP. Hall Company, Chicago, IL 
Fischer Scientific, Fairlavm, NJ 
Foremost, Baraboo, WI 
Foremost, Baraboo, WI 
Cole Parmer Inst. 
Ingredients Technology corporation 
Colorcon, West point, PA 
Amersco Inc, Solon, OH 
VWR Scientific 
VWR Scientific 
VWR Scientific 
VWR Scientific 
Fisher Scientific 
EM Science 
BASF Corporation 
Morflex Inc., Greensboro, NC 
Sigma chemicals 
Rita Corporation 
Spectrum Chemicals 
Geneva pharmaceuticals, Dayton, OH 

Lot No. 
39259938 
N94120 
N95200 
SP624 
39259938 
42726 
5001166 
4432 
72426 
60340 
4276 
2140NE25 
49517070 
2647A56 
862427 
332366343 
3426764 
34213845 
942908 
38202848 
WPDT-532B 
N87150 
H67326 
0578A29 
14807-96-6 
4273 
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Table 3.2. List of Equipment 

No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

14 

15 
16 
17 
18 

19 

20 

21 

22 

23 
24 

Equipment 
Fluidized-bed Coater 
Blade Propeller 
Stirter (Mixer) 
Tray Drier (Pilot) 
Analytical Balance 
pH meter 
Sonicator 
Water Bath 
Hotplate/Stirrer 
Weighing Balance 
Peristaltic Pump 
Dissolution Apparatus 
Drying Oven (30°C) 

Drying Oven (40°C) 

Drying Oven (55°C) 
Spectiophotometer 
Specfrophotometer 
DSC 

Microfluidizer 

Magnetic Stirrer 

Positron Annihilation 
Specfroscopy 
Material Properties 
Testing system 
Perm Gear Membrane 
a-Scintillation Counter 

Manufacturer 
Niro Inc., Columbia, MD 
Warton, Ontario, Canada 
Heidolph, Germany 
Permwalt Corp. Warminster, PA 
Mettler Instraments 
Cole Parmer Chicago, IL 
Bransonic Ulfrasonic 
Brinkmann Instruments 
Coming Glass, Midland, MI 
Pro-scientific Instruments 
Cole-Parmer 
Vankel Ind., 
Blue M. Electric Co., 
Bluelsland, IL 
W. H. Curtin & Co. New 
Orleans, LA 
Precision Sci., Chicago, IL 
GBC Scientific Equip. Ltd. 
Hewlett-Packard, Palo Alto, CA 
Perkin Ehner Co. Norwalk, CT 

Microfluidics Corp, Newton, 
MA 
Fisher Scientific, USA 
Coming Glass Works, Midland, 
MI 
EG«&G ORTEC Oak Ridge, TN 

Insfron Corp. Canton, MA 

Amie Systems Riegelville, PA 
Beckman Instruments Inc., 
FuUerton, CA 

Model No. 
Strcea-1 
Caframo RZR5 
Electro RZR 
Stokes 
Mettler HI0 
Chemcadet 
3510R-DTH 
Buchi B-480 
PC-351 
BP 4100 
78107-10 
VK-10-1000 
BM 

Fischer 

Thelco-4 
UV/VIS 918 
HP8451A 
DSC-4 & 7 
Printer 
M-IIOY 

Thermix-1205 

PC-353 
NE111&RCA85 
75 
frisfron 4442 

H3 60809 
LS-3801 

77 



Table 3.2 (continued) 

25 
26 

27 

28 

29 
30 
31 
32 
33 
34 
35 
36 

37 

38 

Homogenizer 
Scanning Elecfron 
Microscope 
X-Ray Diffractometer 

Sputter Coater 

Viscometer 
HPLC Pump 
Autosamler 
Autoinjector 
UV Detector 
HPLC Column 
Guage Tester 
Carver Press & 
Semiautomatic Assembly 
Rotary Press 

Drying Oven 

Pro hic. Monroe, CT 
Philips Co. Eindhoven, 
Holland 
Philips Co. Eindhoven 
Holland 
Ladd Research Ind., 
Burlington, VT 
HAAKE, Germany 
Isco Inc., 
Varian Instruments 
Varian Instruments 
Waters Inc. Milford, MA 
Waters Inc. Milford, MA 
Lux Scientific Instrument, NY 
Fred S. Carver Inc. Summit, 
NJ 
F.J. Stokes Machine Company, 
Philadelphia, PA 
Precision Scientific 

Pro-250 
Philips 505 

Philips 1840 

Ladd 30800 

RV20-CV20 
ISCO 2350 
ISCO-ISIS 

Waters 484 
NovapakC-I8 
Model G 
C & 3946 
IDIOAOO 
900-512-1 

1002-29 
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Cellulose Acetate Butyrate Pseudolatex Preparation 

CAB pseudolatex was prepared by polymer emulsification method. 25%) CAB 

solution in ethyl acetate was dispersed (Proscientific, Pro250) in 1% polyvinyl alcohol at 

37 ± 1 °C. To reduce the dispersed phase globule size, the emulsion was passed through 

a microfluidizer several times and the globule size was measured after passing through 

each time. This process was continued until a constant globule size was achieved. The 

inlet pressure was maintained at 110 psi. The actual pressure generated in the 

microfluidizer due to the diaphragm was 15000 psi. In order to reduce the temperature of 

the output, an ice-bath was maintained around the outlet tubing. Pseudolatex dispersion 

was obtained by stripping the ethyl acetate solvent from this emulsion in a rotary 

evaporator (Buch Rotavapor R-114) under reduced pressure. The water bath temperature 

was mamtained at 60 ' 'C The final sohds content was estimated by drying 20 ml samples 

of CAB pseudolatex in an incubator at 50 °C to a constant weight. The solid content of 

the dispersion was expressed in terms of % wt/wt. 

Particle Size Analysis 

Particle size analysis was made by Nicomp Submicron Particle Size Analyzer 

(Model 370; Particle Sizing System Inc). The pseudolatex was suitably diluted and 

analyzed. First the particle size was analyzed during the preparation ofthe pseudolatex. 

The globule size was measured before passing the emulsion into microfluidizer and 

measured after every cycle. 
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Freeze Thaw Experiments 

CAB pseudolatex was kept in the freezer for 8 hours and then allowed to thaw at 

room temperature for 2 hours. Thawed dispersion was visually checked for 

sedimentation, aggregation and agglomeration. The particle size was estimated 

and the viscosity was measured by ostwald viscometer. 

Elecfrostatic Repulsion Stability 

Sodium chloride or potassium chloride was added incrementally to the 

pseudolatex dispersion under mild stirring. A maximum of 10% w/w of electrolytes were 

added for 10 minutes and visually checked for flocculation for 2 hours. 

Rheological Experiments 

Ostwald viscometer was used for the measurement of one time point viscosity of 

CAB pseudolatex as a function of solid content in it. Relative viscosity was calculated by 

estimating the viscosity ofthe dispersed medium, surfactant solution and taking ratio of 

viscosity of pseudo latex to dispersed medium. Subsfracting "one" from relative viscosity 

yielded specific viscosity. Specific viscosity over concenfration ofthe solids was plotted 

as a fimction of solids concenfration and the line was exfrapolated to infinite dilution to 

get an intercept commonly known as intrinsic viscosity. Synchro-Lectic LVT model 

brookfield viscometer was utihzed for measurement of viscosity in centipoise as a 

function of shear rate. The spindle was immersed completely in the pseudolatex and 
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rotated at 8 different speeds viz., 60, 30, 12,6, 3, 1.5, 0.6 and 0.3 rpm. Care was taken to 

avoid tiappuig of air bubbles on the surface of spindles while inserting them into 

pseudolatex. Care was also taken not to hit the spindle against the sides ofthe 

pseudolatex container while it was attached to the viscometer, since this can damage the 

shaft alignment. Then the viscometer motor was allowed to rotate the spindle until the 

pointer of dial stabilizes at a fixed position. By consulting the factor finder supplied with 

viscometers, the viscosity of test material was easily obtained from the dial reading in 

terms of centipoise. 

Preparation of Casted CAB Free Films 

The free-fihns of CAB pseudolatex were prepared by casting the plasticized 

pseudolatex on flat petri dishes. The petri plates were kept at 50 °C in an oven. The dried 

fihns were retrieved from the plates and stored in a dessicator until tested. The thickness 

of each fihn was measured using a measuring gauge (Measure Tech 1000, Series 200). 

The instrament provided the mean tiiickness across the length ofthe film. Different fihns 

were prepared from the plasticized CAB pseudolatex as a function of plasticizer 

concenfration. 

Glass Transition Temperature (T^) 

The Tg of plasticized fihns and unplasticized powder was obtained by modulated 

differential scanning calorimeter (MDSC, TA histiniments 2950). hutially the sample was 

heated at 5 °C/min up to 150 °C and cooled to -60 °C. The reheating was canied at a 
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ramp of 3 °C per minute from -60 "C to 150 °C. The modulation was ± 1 ''C and cycle 

was for 60 seconds. The results were plotted as total heat flow, reversible heat flow [heat 

capacity component for enthalphic relaxation] and non-reversible heat flow [Kinetic 

component for relaxation endotherm]. The Tg was figured out from the drift appeared in 

heat capacity component. 

Posifron Annihilation Spectroscopy and Free-Volume Estimation 

The films were prepared according to the method described in the previous 

sections by adding 60, 90, 120 and 150%) W/W diacetin based on the solids content ofthe 

latex. Posifron lifetime measurements were performed using a fast-fast coincidence set 

up (Jean 1990) with time resolution of 300 ps. PAL spectra was recorded to give 10^ 

counts in 6 hours using a 10 p Ci ^̂ Na supported on a thin Al-foil of 1-2 mg/cm and 

placed between two identical pieces of samples (4 mm diameter x 1 mm thickness). This 

sandwich was completely enclosed in a copper sample holder and placed between the 

detectors of the PAS. The numerical analysis of PAL spectra were performed by the 

program PATFIT program using two Gaussian resolution functions and decomposed into 

three lifetime components. The PAL (position annihilation lifetime) spectra were fitted 

into 3 life times. The third and longest life time is used for the estimation of free-volume. 

Tritium-Tracer Diffusion Experiments 

Diffusion experiments on the free films were performed with tritiated water usmg 

Perm Gear Membrane Transport Systems (six side by side cell, volume = 3 ml) connected 
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to a thermostated (HAAKE, DIN 12879) water bath system. The films were prepared 

according to die method described in previous sections, by adding 60, 90,120 and 150 % 

w/w diacetin based on the solids content ofthe latex. Before mounting the membranes on 

diffiision cells, the thickness of each membrane was measured and they were soaked in 

distilled water for 10 minutes. 

A stock solution of tritiated water was made by adding I pi of 25 p Ci tritium per 

3 ml of distilled water. The soaked membranes in triplicate were mounted on the cells and 

clamped tightly to seal. Three ml of tiitiated water were then added to the donor 

compartment and 3 ml of plain distilled water was added to the receiver compartment. At 

time intervals of 0.083, 0.17, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, and 5 hours, a 10 pi sample was 

collected from the receiver compartment into scmtillation vials. The sample volume was 

replaced with 10 pi distilled water. The collected samples were suitably diluted with 

scintillation liquid and analyzed in a scintillation counter (Beckman). The counts obtained 

were converted to total amount of tritium permeated (gm/3 ml). The tritium activity in tiie 

receiver compartment was divided by the tritium activity per unit volume in the donor 

compartment. The exchange flux was obtained from the slopes of amount of tritium 

permeated versus time profiles. As the tritium activity ui the donor compartment was 

much higher than in the receiver compartment, the counter diffusion of tritium was 

neglected. Since the chemical activity difference between the compartments for tiitiated 

water is unity, no labeled water exists in the receiving compartment at the begiiming of 

the experiment (Lindstedt, Ragnarsson, and Hjamtstam, 1989). Therefore, the 

permeability coefficients for the membranes can be calculated using the equation 
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Pt = Fh/A 

where, Pt, permeability for tritiated water; F, exchange flux; h, thickness ofthe 

membrane, and A, surface area ofthe membrane exposed to permeation. 

Mechanical Properties 

Tensile properties ofthe casted films were performed on CAB pseudolatex fihns 

containing plasticizers at varying concentration. The concenfrations ofthe plasticizer 

tested were 60, 90, 120 percent diacetin based on the solids content of pseudolatex. 

Plasticizers were mixed with pseudolatex for a period of thirty minutes and the 

plasticized pseudolatices were casted on the glass plates and dried for 48 hours at 50 °C. 

Dried fihns were retrieved, cut into pieces of 0.7cm x 3 cm patches and subjected for 

mechanical properties using an Insfron material testing system (model # 4442) equipped 

with computer integrated data acquisition system. Films were affixed to the bottom of 

the moving crosshead and stationary platform with the help of tongs. The crosshead was 

raised at a constant speed and the force required for complete detachment (break point) 

between the sample and the tissue was recorded. The data was analyzed using Series DC 

software from Instron Corp for Young's modulus, tensile strength, elongation and 

toughness. An average of three readings and standard deviation was taken. 

Compatibility Studies Between Verapamil HCl and Excipient 

Equal amoimt of verapamil HCl was blended with Polydextiose/HPMC (Opadry 

n®) and with powdered inert beads (Nupareil®). Water was sprayed at 5% w/w level. 
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uniformly mixed and the powder blends were stored in tightly closed scintillation vials at 

55 °C. After a storage period of 3 weeks, the samples were observed physically for 

caking, mefting, discoloration and odor or gas formation. The powder blends were dried 

and subjected for thermal analysis. X-ray diffraction, and verapamil HCl content analysis. 

Thermal Analysis 

Changes in the thermal behavior of powder blends were analyzed by Differential 

Scarming Calorimetry. Accurately weighed samples (8-lOmg) were hermetically sealed 

in flat bottom aluminum pans. They were then scanned over a temperature range of 50 to 

250° C at a rate of 20° C/muiute under nitrogen atmosphere in DSC-7 (Perkin-Ehner, 

Norwalk, CT). 

X-ray Diffraction Study 

Change in crystallinity of verapamil HCl m the powder blends was analyzed by 

X-ray powder diffraction. For this pxupose, a Philips Norelco Diffractometer was 

operated at 40 KV and 20 MA and nickel filtered Cu-Ko! radiation was used with a 

scanning speed of d°/2^ per minute. In the case of excipient compatibility studies, the 

blend was ground ftirther for 15 minutes in order to avoid any preferred orientation, and 

loaded onto sample holder for analysis. 
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Plackett - Burman Screening Design 

Seven process and product factors at two levels were chosen for the evaluation of 

their effects on cumulative percent of verapamil HCl released in 12 hours (Table 3.3). A 

seven factor twelve run Plackett-Burman factorial design was generated by Stat graphics® 

Plus. Factors at two levels were defined as 1 for maximum and -1 for minimum values. 

According to the outcome of design, twelve sets of experimental coated beads were 

prepared and subjected for dissolution to determine the release profile. All the 

experiments were performed in triplicate. 

Drag Loading and Seal Coating 

Approximately 600 g of inert beads (Nupareil®) were used as initial core to 

achieve drag loading. The composition ofthe drag loading suspension is given m Table 

3.4. The drag loading suspension was prepared by dispersing the ingredients m a low 

speed homogenizer for 30 minutes. Polydextiose/HPMC (Opadry II®) and talc were used 

as binder and anti-adherent respectively. Sfrea I® (Niro Inc., Colombia, MD) fluidized 

bed coater was employed for drag loading, seal coating and confroUed release coating. 

The operating parameters for both drag loading and seal coating are given m Table 3.5. 

Seal coating was provided by applying suspension similar to the drag loading suspension 

without verapamil HCl. Followmg the seal coatuig, beads were dried for 15 minutes at 

45° C in the coating chamber, collected in a tray and dried again at 37 °C in an oven for 4 

hours. Seal coating was applied to drag loaded beads primarily to avoid the leaching of 

drag into confroUed release coating. 
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Table 3.3. Plackett-Burman Screening Design: Factors and Response 

Independent Factors 

Xi = Coating Weight Gain 
X2 = Duration of Curing 
X3 = Amount of Plasticizer 
X4 = Amount of Opadry II 
X5 = Spray Rate 
X6 = Outlet Temperatiire 
X7 = Atomizing Pressure 

Levels Used 

Low 
7.5 % 
24 hr 
60% 
6gm 

2 ml/min 
40° C 

0.5 Bar 

High 
15% 
48 hr 
120 % 
12 gm 

4 ml/min 
60° C 
IBar 

Dependent Factor (Response): 
Cumulative % drag released in 12 hours (Y12) 
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Table 3.4. Composition of drag loading suspension 

Ingredients 
Verapamil HCl, 
Polydexfrose/HPMC (Opadry 11®) w/w 
Talc 
Water 

Vo w/w 
20%) w/w 
6%) or 12 % (variable in design) 
2% 
qsto 100% 
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Table 3.5. Processing conditions for drag layering and seal coating 

Parameters 
Type 
Spray nozzle diameter 
Bed Size 
Inlet temperature 
Outlet temlerture 
Atomizing air pressure 
Blow-out pressure 
Coating spray rate 
Fluidizing air volume 

Drag layering 
bottom spray 
0.8mm 
500.0gm 
45 °C 
40 °C 
1.0 bar 
2.0 bar 
2.0 ml/min 
I20m^/hour 

Seal coating 
bottom spray 
0.8nim 
500.0gm 
45 °C 
42 °C 
1.5 bar 
3.0 bar 
2.0 mVmin 
120 m^/hour 

89 



Controlled Release Coating 

The custom designed pseudolatex dispersion of CAB prepared in our laboratory 

was employed for providing controlled release coating. The operating parameters were 

given in Table 3.6. Other operating parameters such as, spray rate, outlet temperature, 

and atomizing pressure were infroduced as independent factors. Followmg coating, the 

beads were cured for 60 minutes in fluid bed at 40 °C and subsequently collected hi a tray 

and cured fiirther in an oven at 40 °C for 24 or 48 hours. 

Content Uniformity 

An accurately weighed sample of coated beads (100 mg) from 12 batches was 

triturated in a mortar and tiansferred into standard flask and sonicated for 15 minutes in 

order to extiact the verapamil HCl. Further it was filtered, diluted and analyzed 

spectiophotometricaUy for verapamil HCl at 278 nm (8451A Diode Array UV 

Specfrophotometer, Hewlett Packard, Wilmington, DE). 

Dissolution Studies 

Coated beads equivalent to 120 mg of verapamil HCl were subjected to 

dissolution to determine the in-vitio release profile. The following parameters were 

selected: dissolution medium, 900 ml of water; temperature 37±1° C; frequency of 

sampling, 0.5, I, 2, 4, 6, 8 10 and 12 hours. The samples were suitably diluted and 

assayed spectrophotometrically at 278 nm. 
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Table 3.6. Processing conditions for contioUed release coating 

Parameters 
Type 
Spray nozzle diameter 
Bed Size 
Outlet temperature 
Atomizing air pressure 
Blow-out pressure 
Coating spray rate 
Fluidizing an volume 

Units 
bottom spray 
0.8mm 
200.0gm 
40 °C or 60 °C 
0.5 or 1.0 bar 
1.0 bar 
2.0 or 4.0 ml/min 
80 m^/hour 
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The dissolution profiles were obtained by plotting the cumulative percent of verapamil 

HCl released as a function of sampling time. Mean and standard deviation of three 

samples were plotted. 

Design ofExperiments for Modeling 

Coating weight gain, duration of curing and plasticizer level were screened out as 

the most important factors responsible for cumulative percent of verapamil HCl released 

in 12 hours. Therefore a three factor, three level, face-centered central composite design 

(CCF) was employed to generate factor combinations and a statistical software 

Statgraphics® Plus was used. Total of 16 runs with duplicate center pouits were 

generated. Coated beads were formulated accordingly and subjected for dissolution to 

obtain release profile. 

Response Surface Methodology 

A second order model was employed to fit the data mdividually for the responses 

Yi tiirough Y5. Statgraphics® Plus was used for modehng and optunization and tiie 

model was depicted as follows: 

Y = bo + biX, + b2X2 + b3X3 + bi2XiX2 + b^XjXs + b23X2X3 + bnXi^ + b22X2^ + b33X3^ 

With three factors and each factor coded to be in the range of -1 , 0, +1, CCF has 8 vertex 

points, 6 axial points and two identical cenfral points. Models were evaluated in the 

terms of statistically significant coefficients, standardized main effects, R-squared values 
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and lack-of-fit. Further the release profile was optimized for zero-order model and 

optimized batch was prepared and dissolution studies were conducted. 

Artificial Neural Network 

CAD/Chem® Modeling and Optimization System version 4.1 was used ui this 

study. The input data obtained from CCF and the responses obtained from dissolution 

studies were used for fraining and testing the ANN. The model fraiiung parameters were 

chosen by trial and error method and are given in Table 3.7. Models were evaluated by 

system error, test error, training set R-squared value, test set R-squared value and F-ratio. 

Guided evolutionary simulated annealing was selected for optimization. Further the 

release profile was optimized for zero-order model and optimized batch was prepared and 

dissolution studies were conducted. To evaluate the optimization technique, the observed 

and predicted values were compared. 

Scanning Transmission Election Microscopy (STEM) 

The nature of optimized formulation and uncoated formulation surface was 

scanned using a JEM-100 CX Elecfron Microscope interfaced with KEVEX Image 

Analyzer. Beads were loaded on the copper sample holder and sputter coated with 

carbon followed by gold. The topography ofthe whole beads and cross section were 

examined for the integrity of coated fihn. 
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Table 3.7. ANN model fraining parameters 

Training parameters 
Hidden layers 
Nodes in hidden layer 
Maximum system ertor 
Maximum iterations 
Network scheme 
Transfer ftmction 
Leaming algorithm 

Values 
2 
2 
0.0001 
2000 
Independent outputs 
Sigmoid slope of 0.1 
Accelerated back propagation. 
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Stability Studies 

The optimized multi-particulate beads were subjected to accelerated stability 

studies. Saturated salt solutions were used to maintain 60% and 75%) relative humidity 

(RH). The foraiulations were kept at 25 °C/60 Vo RH, 30 °C/60 % RH and 40 °C/75 % 

RH according to ICH conditions. The other temperature conditions for accelerated 

stability studies were 30, 40, 50 and 60 C An adequate amount of beads were placed in 

afr tight amber colored bottles and stored in the stability chambers and ovens maintained 

at different temperature and humidity conditions as specified. At periodic intervals, 

sample bottles were taken out and the beads were analyzed for content analysis and its 

solid state was characterized. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

Pseudolatex 

Cellulose and Cellulose Acetate Butyrate 

Pseudolatex preparations for pharmaceutical coating are primarily made up of 

celluloses or acrylates. Recently, some natural polymer based dispersions have also been 

infroduced into the market (Aquacoat® by FMC Corporation). Since cellulose polymers 

were used in the present investigation, the discussion here is mostly confined to the 

cellulose acetate butyrate. The primary stracture ofthe material for plant life, cellulose is 

one ofthe nature's most abundant products. The term "cellulose" does not designate a 

specific chemical or homogenous substance but rather serves to characterize the 

homologous series of compounds. Thus, two samples of cellulose may contain the same 

relative amounts of carbon, hydrogen and oxygen but may vary considerably in chemical 

and physical properties. Molecular weight and consequently, the number of 

anhydroglucose units vary as a function of cellulose. A wide variety of cellulose acetate 

butyrate (CAB) is available as a fimction of acetyl and butyryl content. The butyryl 

moiety is more hydrophobic than the acetyl moiety so CAB esters with high butyryl 

contents form films that are less water permeable. The CAB selected for tiie present 

study has acetyl content of 13%) w/w and butyryl content of 37%) w/w. This acetyl and 

butyryl proportion of CAB provide a good blend of both hydrophobic and permeability 

properties to the film. The stracture ofthe CAB is given in Figure 4.1. 
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R = -COCH2CH2CH3 
OR 
R = - COCH3 
OR 
R = -H 

Figure 4.1. Stracture of cellulose acetate butyrate 
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This particular CAB obtained as a sample from FMC Corporation had a degree of 

substitution 2.9. The weight average molecular weight (Mw) was 213,000 and the 

number average molecular weight (Mn) was 64,500. The polydispersity ratio (Mw/Mn) 

was found to be 3.3. 

Preparation 

Cellulose acetate butyrate (CAB) was found to be soluble in methylene chloride, 

acetone, cyclohexane and ethyl acetate (FMC Corporation Product Guidelines, 2000). 

Among all these solvents, ethyl acetate was chosen because of its immiscibility with 

water and high flash point (-3° C). During initial studies, sodium lauryl sulfate, tween 

80, tween 85, polyvinyl alcohol were screened as stabilizers for the preparation of 

pseudolatex. Among all these stabilizers, polyvinyl alcohol (PVA) produced stable 

emulsion and pseudolatex. Inverse emulsification was preferred over the direct 

emulsification as it yielded smaller mean globule size. 

Stability of Pseudolatex 

Experiments were performed to gain an insight on the stability of pseudolatex. 

Pseudolatex subjected to freeze thaw experiment was found to be free from 

agglomeration, aggregation, flocculation or sedimentation. Under normal circumstances, 

upon freezing the pseudolatex, water tends to crystallize and consequently, expands and 

exerts pressure on the spherical polymeric particles and triggers the aggregation. 

Upon thawing, the ice crystals will revert to its original state leaving the 

polymeric particles aggregated or coagulated. Perhaps the stiong force exerted by the ice 
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crystals on the particles during crystallization is sufficient to overcome the repulsive 

barrier known as primary maximum (Zapata et al, 1984). These ice crystals would 

eventually force the particles to get close enough to experience strong atfractive forces 

present in the primary minimum. 

However, in our studies the pseudolatex was thawed to its original condition and 

the particle size as well as viscosity remained the same. This may be due to the steric 

stability caused by PVA. PVA (the stabilizer in the pseudolatex) was expected to be 

concenfrated more at the boundary of polymeric particles as a three dimensional 

stracture. 

Crystallization of water may be incomplete due to the presence of this three-

dimensional stracture of PVA surrounded each and every polymeric particles resulting in 

absence of any kind of interaction between the polymeric particles (Israelachvili and 

Adams, 1978; Overbeek, 1978; Nakumara and Okada, 1977). 

According to DLVO theory (Deijagvin and Landau, 1948; Verwey and Overbeek, 

1941) colloidal dispersion such as CAB pseudolatex can be stabilized by electiostatic 

forces. Addition of elecfrolj^es such as sodium chloride should result in flocculation. 

However, addition of sodium chloride and potassium chloride did not cause any 

flocculation in our experiments suggesting the absence of any elecfrostatic forces 

between the particles. These experiments explain the stability behind the polymeric 

particles of pseudolatex (Paulson and Singh, 1998). 
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Particle Size Analysis 

Particle size was analyzed by Nicomp Submicron Particle Size Analyzer (Model 

370; Particle Sizing System Inc., Santa Barbara, CA). The pseudolatex was suitably 

diluted and analyzed. Particle size was measured before passing the emulsion into 

microfluidizer and after every cycle. The particle size decreased after each passage 

through the microfluidizer and the size remained constant after 5 passages. Before 

stripping the organic solvent, pseudolatex behaved like an emulsion. When the emulsion 

is squeezed under high pressure (18000 to 22000 psi) in the microfluidizer with 

numerous nanometer-sized channels, the globules are broken into fine droplets. Though 

the size decreased fremendously (Table 4.1.), in the first five cycles, it stabilized later on 

and no further decrease in droplet size was observed in subsequent cycles. 

Intrinsic Viscosity 

The measured intrinsic viscosity, 3.77, was far greater than the expected hard-

sphere intrinsic viscosity of 2.5 (Figure 4.2). The reasons could be that the effective 

hydrodynamic radius of particles is increased by the adsorbed surfactant, dissolved 

polymer chains, and/or electioviscous effects from surface charges forming a 

stabilization layer. The average particle diameter was 300 nm and it ranged from 215 nm 

to 403 nm. An estimate of effective hydrodynamic radius can be calculated from the 

following expression. 

[tl] = 2.5[aH/a]3 
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Table 4.1. Volume-weight mean diameter of CAB pseudolatex 
Particles as a function of number of cycles during 
microfluidization. 

Dispersions 

1 
2 
3 
4 
5 
6 

Average (nm) 

9800 
2900 
890 
460 
300 
301 

Range (nm) 

6587 to 13698 
201 Ito 3889 
645 to 1120 
349 to 601 
216 to 401 
213 to 389 
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Figure 4.2. Determination of intrinsic viscosity of CAB 
pseudolatex 
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where a is the trae radius ofthe globules and an is the effective hydrodynamic radius, 

and [r|] is intrinsic viscosity. The estimated effective hydrodynamic radius is 172 nm 

and therefore the thickness of effective stabilization layer calculated from the above 

equation is 22 nm. The effective hydrodynamic radius is composed of three-dimensional 

stracture of PVA that stabilizes the polymeric particles. 

Steady-state Shear Flow Behavior 

The steady-state shear viscosity of various volume fractions of CAB dispersion 

was plotted as a function of applied shear rate and shown in Figure 4.3. Pseudolatex 

behaved shear-thinning, non-Newtonian at all concenfrations. In a shear thiiming system, 

as the shearing sfress is increased, normally disarranged pseudolatex particles will align 

then axes in the direction of flow. This orientation reduces the intemal resistance ofthe 

material and allows a greater rate of shear at each successive shearing sfress (Martin et al, 

1993). Effective volume, Oeff is defined (Tadros, 1990) as 

(Defr=<I>(l+A/a)^ 

where a is the particle radius and A is the increase of effective particle radius due to 

contributions from the stabilization mechanisms. From the above equation, A can be 

calculated if Oeff values are known. The Oeff values in tum can be obtained by the 

Dougherty-Kreiger equation (Kreiger and Dougherty, 1959), where, Ogff is related to 

intrinsic and relative viscosities. 
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Figure 4.3. Steady - state shear flow curves of CAB pseudolatex 
as a function of applied shear for increasing polymer 
volume fractions 
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The Dougherty-Kreiger equation for a hard sphere system is given hyrjr = (\- (Pefr 

/ ^eff. n)'^^ '^^'", where, (Z>eff is the effective volume fraction, cPeff, m is the maximum 

theoretical packing fraction cortesponding to a hexagonally packed sphere stracture 

(loose packing, coordination number 8) (Paulsson and Singh, 1999) and [t]] is the 

intrinsic viscosity. From all other values, cZ>eff can be calculated and an estimate of A can 

be figured to fit the experimental points (Table 4.2). The results show a decrease in 

stabilization value with an increase in volume fraction ofthe dispersion. Perhaps it 

might be due to the compression with the increasing volume fractions as the particles 

approach each other closely.This compression causes the dispersion to display an 

increasingly elastic behavior. The low shear relative viscosity as a function of effective 

volume fraction of CAB dispersion fitted to the Kreiger and Dougherty model is given in 

Figure 4.4. The values of cPeff and r/r were obtained from Table 4.2. Though there is a 

increase in relative viscosity with increase in effective volume, the steep increase in 

relative viscosity is due to increase in the total volume ofthe stabilization layer and 

increase in the density ofthe stabilization layer due to increase ui volume fraction. 

Scanning fransmission elecfron microscope (STEM) picture ofthe polymeric 

particles of pseudolatex is given in the Figure 4.5. The polymeric particles appear 

spherical in nature with a narrow size distribution. The nartow size distribution is 

primarily due to the microfluidization. In microfluidizer, enormous pressure is generated 

due to the size difference between the large piston, upon which compressed air is acting, 

and the smaller plunger, upon which the large piston is acting. 
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Table 4.2. Estimation ofthe effective hydrodynamic volume 
fraction in CAB pseudolatex 

$ 

0.21245 
0.31478 
0.36489 
0.40125 
0.42598 
0.44158 

* e f f 

0.31258 
0.46589 
0.52148 
0.56842 
0.58214 
0.58878 

Vr 

5.20845 
26.0418 
88.5416 
529.411 
1764.71 
3846.16 

A(nm) 

24.6845 
24.6157 
22.8519 
21.5013 
20.1204 
17.8419 
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Figure 4.5. STEM picture of pseudolatex particles 
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The plunger tiansfers the pressure directly on to product stream in such a fashion 

tiiat 1 psi of compressed air generates 230 psi of liquid pressure. The product stieam 

enters the interaction chamber, which is made up of geometrically fixed microchannels, 

causing it to accelerate to very high velocities. The product is acted upon three primary 

forces which bring about the nartow size distribution. The three forces are 1) shear due 

to deformation ofthe product system occurring from contact with channel walls at high 

velocity, 2) impact due to high velocity product sfream impinging upon itself and 3) 

cavitations due to formation and collapse of vapor cavities within the product stieam. 

Preparation and Characterization of Films 

Characterization of casted free films is based on the assumption that the 

properties estimated from the casted film reflect the properties ofthe film formed on 

subsfrate during fluid bed coating. Films with uniform thickness were made as a 

fimction of plasticizer concenfration and subjected to several studies. Initially, known 

amount of CAB pseudolatex was placed in a flat bottom petri dish and set aside in an 

oven at 40 °C. The rate of evaporation of water was fast enough to leave a very thin film 

as a layer on the top and viscous pseudolatex in the bottom. This prevented the inside 

pseudolatex to dry and the film was not formed. As an improvement, a custom made 

"porous cover" was placed on the petridishes containing pseudolatex and thereby, the 

evaporation of water was confroUed. This sfrategy facUitated the formation of uniform 

film. 
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Glass Transition Temperature 

Glass transition temperature (Tg) ofthe plasticized film is a function ofthe extent 

of plasticisation. However, the change in heat capacity was so subtle that the fransition 

was not detected in a conventional DSC-7 with infra cooler assembly. Therefore, the 

samples were scanned in a modulated DSC with intra cooler support and the fransitions 

were recorded. As depicted in Figure 4.6, modulated DSC could resolve the total heat 

flow into reversible heat capacity component and non-reversible kinetic component. Tg 

of this particular pseudolatex film sample with 90% plasticizer concentration was 

estimated to be close to zero degree Celsius. An increase in plasticizer concenfration 

resulted in decrease in Tg value of pseudolatex films (Figure 4.7). 

However, the decrease was more prominent at lower plasticizer concenfration 

than that of higher concenfration. Plasticization leads to saturation and the decrease in 

Tg is no longer in proportion to increase in plasticizer concenfration. Similar to CAB 

pseudolatex films, a much prominent decrease in Tg was observed in the case of organic 

solution film of CAB. The flexibility of polymeric chain is a function ofthe medium in 

which it is dissolved or dispersed. In organic solvents such as ethyl acetate, CAB 

exhibits relatively large freedom of rotation around bonds between carbon and other 

atoms forming fts backbone. (Martin et al , 1995; Billmeyer, 1984). Depending upon the 

different artangements of polymeric chain caused by the rotation about single bonds in 

their backbone, the flexibility ofthe film increases. 
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Figure 4.6. A representative of scan of pseudolatex film from modulated DSC 
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Presence of ethyl acetate itself acts as a plasticizer to the film leading to a synergistic 

effect upon addition of glyceryl diacetate. As a result, a significant decrease in Tg was 

observed in the films from organic solvent as compared to that of aqueous dispersion. 

Posifron Annihilation Spectroscopy 

It is of great interest to understand the correlations between the free-volume 

characteristics and the water/drag permeation across the polymeric film. The size and 

shape ofthe microscopic holes available in a polymeric membrane confrol the 

permeation rate of water and drag. Until recently, free-volume properties have been 

thought of mainly as theoretical concepts. However, a technique known as posifron 

annihilation specfroscopy (PAS) has been developed as a novel probe to determine free-

volume properties directly (Jean, 1990; Kluin et al, 1993; Zipper et al, 1992; Xie et al, 

1995). The free-volume fraction of films of cellulose acetate pseudolatex has been 

reported (Sastiy et al , 1997). 

In tiie present study, the PAS was employed to understand the free-volume 

behavior as a function of plasticizer concenfration. Posifron, the antiparticle of elecfron 

has a very short life span in the presence of elecfron m terms of nanoseconds. All 

positron annihilation life time specfra (PAL) obtained were analyzed via finite-term 

lifetime analysis employing the PATFIT program. Finite-term lifetime analysis is a 

conventional method that decomposes a PAL spectiiim into two to three terms of 

negative exponential. 
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The longest lifetime (3 = 1—3 nanoseconds) is due to orthoposifronium (o-Ps) 

annihilation. In die current PAL method, we employed the results of o-Ps lifetime to 

obtain the mean free-volume hole radius by the following semiempirical equation 

(Nakanishi et a l , 1988). 

j ^ J l - ^ t ^sin(2afi)l" 

where 3 (o-Ps lifetime) and R (hole radius) are expressed in nanoseconds and angsfroms, 

respectively. Ro is equal to R +X, where X is the fitted empirical elecfron-layer 

thickness (=1.66A). The hole fraction is empirically determined by 

where, I3 is the intensity (in Vo) of o-Ps, and C is determined empirically to be -0.0018 

(Wang et al , 1990). Microscopic free volume ofthe polymeric film is a function of 

plasticizer concenfration and is essential for the drag fransport across the polymeric film. 

As depicted m Table 4.3, the increase in plasticizer concenfration proportionally 

increased the free volume fraction ofthe polymeric films in both pseudolatex and organic 

solution. These plasticizer molecules may be envisaged as providing a screening effect, 

thereby substantially reducing the interactions between neighboring polymer chains. 

This prevents the rigid polymer network reforming upon cooling. 
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For the plasticized polymeric film, free volume can arise from:- (i) motion ofthe 

chain ends, (ii) motion ofthe side chains, (iii) motion ofthe main chain. These motions 

can be increased in a variety of ways, including: (i) increasing the number of end groups, 

(ii) increasing the lengtii ofthe side chain, (iii) increasing the possibility of main group 

movement by the inclusion of segments of low steric hindrance and low intermolecular 

atfraction, (iv) infroduction of a lower molecular weight compound which imparts the 

above properties, and (v) raising the temperature. The infroduction of a plasticizer, 

which is a molecule of lower molecular weight than the polymer, has the ability to impart 

a greater free volume per unit volume of material. A higher free-volume fraction 

observed in films from organic solution could be due to the interaction of polymer with 

the organic solvent itself 

The dimensions ofthe coiled chain in a thermodynamically good solvent such as 

ethyl acetate depends upon the interactions (Hiemenz, 1984). The presence of acetate 

and butyrate chains in CAB render the polymeric film more flexible and result in more 

open or larger coils leading to higher free volume fraction in comparison to the 

pseudolatex counterpart. Clearly, the use of a given plasticizer in a certain application 

will be a compromise between the above ideas and physical properties such as volatility, 

compatibility, high and low temperature performance, and viscosity. 
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Table 4.3. Free volume estimation by position annihilation spectroscopy from 
CAB pseudolatex and CAB organic solvent solution 

Diacetin 
Cone (%) 

Life time (ns) Intensity (%) Volume 
cubic A 

Volume 
fraction 

Films from CAB pseudolatex 
60 
90 
120 
150 

1.789 
1.805 
1.851 
1.891 

22.12 
22.56 
22.98 
23.29 

89.54 
90.12 
90.86 
91.36 

4.952 
5.083 
5.22 
5.319 

Films from CAB ethyl acetate solution 

60 
90 
120 
150 

2.156 
2.265 
2.315 
2.405 

24.65 
25.13 
25.98 
26.37 

102.5 
103.6 
104.3 
104.7 

6.317 
6.509 
6.774 
6.902 
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Mechanical Properties 

The tensile properties ofthe plasticized polymeric films are given in Table 4.4. 

As the concenfration ofthe plasticizer increases, the tensile sfrength decreased. 

Plasticisation results in a decrease in the intermolecular forces between polymer chains, 

causing a decrease in tensile sfrength. Young's modulus, toughness and glass transition 

temperature, and an increase in the percentage elongation. The degree of plasticisation 

ofthe polymer depends to a large extent on the amount of plasticizer in the film and the 

interaction between plasticizer and the polymer. For most polymeric films, physical 

ageing will result in a stiffening ofthe film (Rocca and McGinity, 1993). Therefore a 

soft and tough film is required in the beginning to maintain the release characteristics of 

the formulation during its shelf life than the hard and brittle film. Due to low Tg, the 

organic polymeric film had higher elongation compared to the pseudolatex film. It also 

reflected on a low Young's modulus, and tensile sfrength. 

Diffusion Studies 

The diffusion studies were performed with both verapamil HCl and tritiated water 

to identify the relationship between the plasticizer concentiation and the permeability 

coefficient. Diffusion is defined as a process of mass tiansfer of individual molecules of 

a substance brought about by a random molecular motion and associated with a 

concenfration gradient (Martin et al, 1983). The side-by-side diffusion assembly is 

given in Figure 4.8. The permeability coefficient ofthe both verapamil HCl and tiitiated 

water is given in Table 4.5. 
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Table 4.4. Mechanical properties of films from CAB pseudolatex and CAB organic 
solvent solution 

Plasticizer 
(wt/wt) 

Tensile 
Sfrength (mega 

Pascal) 

Elongation 
(%) 

Young's Modulus 
(mega Pascal) 

Toughness 
(Joule) 

Aqueous dispersion of CAB 
60 
90 
120 
150 

0.447 ±0.117 
0.231 ±0.065 
0.149 ±0.021 
0.138 ±0.013 

26.6 ± 7.0 
44.9 ± 6.2 
51.2 ±8.0 
58.6 ±8.8 

12.6 ±2.72 
4.72 ± 0.678 
1.33 ±0.125 
0.906 ±0.102 

0.010 ±0.003 
0.013 ±0.001 
0.009 ±0.001 
0.008 ±0.001 

Organic solution of CAB 
60 
90 
120 
150 

0.391 ±0.086 
0.201 ± 0.056 
0.112 ±0.020 
0.098 ±0.011 

41.5 ±5.1 
55.4 ±7.6 
65.2 ± 8.6 
79.6 ±9.8 

9.56 ±2.56 
4.52± 0.782 

0.896 ±0.156 
0.647 ±0.124 

0.009 ± 0.003 
0.011 ±0.002 
0.008 ± 0.001 
0.007 ±0.001 
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Figure 4.8. Side-by-side diffusion assembly 
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Table 4.5. Permeability coefficients of Verapamil HCl and tritiated water 
across the films from CAB pseudolatex and CAB organic 
solvent solution 

Plasticizer 
Cone. 
%) wt/wt 

Permeability coefficients 
of verapamil HCl 
X 10^ 

Permeability coefficients 
of tritiated water 
X 10̂  

CAB pseudolatex 
60 
90 
120 
150 

0.61 
0.81 
1.42 
2.56 

0.31 
0.43 
0.76 
1.46 

CAB organic solvent solution 
60 
90 
120 
150 

1.25 
1.79 
2.89 
3.56 

0.54 
0.96 
1.26 
2.57 
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In both cases, the permeability coefficient increased with the increase in 

plasticizer concentiation. Perhaps the increase in plasticizer concenfration increased the 

free volume fraction of the polymeric membrane and resulted in increased permeability 

coefficient. However, the permeability coefficient was much higher in the case of 

trititated water than that of verapamil HCl. This is primarily due to the fact that the water 

molecules are much smaller that varapamil HCl. Due to the higher microscopic free 

volume fraction observed in the organic polymeric film, a higher permeability coefficient 

was observed for both verapamil HCl and tritiated water. 

Stability Stiidies 

The key issue in pseudolatex dispersion is long term stability. During initial 

trials, pseudolatex was prepared after thoroughly washing the CAB polymer with water 

in order to remove the free acid from the raw material. The pseudolatex prepared after 

such a freatinent of polymer had higher pH (4.9) compared to the pseudolatex prepared 

from polymer without any such freatinent (4.5). After a period of six months, 

pseudolatex characterization studies such as particle size analysis, viscosity and 

mechanical properties ofthe film prepared from the same pseudolatex were conducted. 

No statistically (p<0.05) significant change in properties particle size and viscosity was 

observed. Similariy, the mechanical properties ofthe film prepared from the pseudolatex 

stored for six months remained unchanged from the initial values. The sedimentation 

volume was found to be 0.03%) v/v. All these properties suggested a stable pseudolatex 

for the period of study of six months. 
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Compatibility Studies Between Verapamil HCl and Excipient 

One ofthe major concerns in preformulation studies is whether the active 

ingredient is compatible with excipient incorporated in the proposed formulation. 

Incompatibility might lead to accelerated potency loss, complex formation, acid/base 

interactions or eutectic formation (Ford and Timmins, 1989). Typically, binary blends of 

drag and excipient are stored in higher temperature in the presence of moisture in order 

to identify the instability of active ingredient in a short span of time (Serajuddin et al, 

1999). The classical way of maximizing the lUcelihood of an interaction between a drag 

and excipient is to blend them 1:1, instead of realistic proportion expected in the 

formulation (Akers, 1976). Therefore, the compatibility studies in the present 

investigation were performed with 1:1 mixture of drag and the excipient. 

Thermal Analysis 

Interaction between drag and excipient may be observed by interpreting the 

thermal events displayed on DSC scan such as appearance or elimination of an 

endothermic or exothermic peak. Changes in peak shape, peak onset or peak maximum 

temperature and relative peak height might also be considered (Ford and Timmins, 

1989). Melting endotherm of verapamil HCl was found to be 147° C However, die 

verapamil HCl endotherms of all blends were broadened and the peak shifted to left side 

indicating a decrease in melting endothermic point. The shift was 10 C (Figure 4.9.) in 

the case of inert beads Polydextrose/HPMC (Opadry II ®) and 7 °C (Figure 4.10.) in the 

case of inert beads (Nupareil®). 
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Peak broadening and shift in the endothermic peak may be due to intermixed 

nature ofthe two components: verapamil HCl and the excipient without an interaction 

(Ford and Timmins, 1989). 

From thermodynamic point of view, the Gibbs energy of solid phase at melting 

temperature, Gsoi (T) is equal to Gibbs energy of liquid phase at melting temperature, Giiq 

(T) (reference). Below melting temperature Gsoi is higher than Guq and above meltmg 

temperature Guq is higher than Gsoi. Incorporation of excipient to verapamil HCl in equal 

ratio lowered the Gibbs energy below that of pure verapamil HCl liquid phase and 

culminated into a decrease of verapamil HCl melting point. 

The escaping tendency ofthe liquid molecules of verapamil HCl into solid phase 

was lowered due to the presence of excipient and consequently, the equilibrium between 

solid and liquid phase was established at lower temperature (Martin et al, 1995). 

As long as the molecules involved in mixture are small and do not differ much in 

molecular weight, the change in melting point (ATm) of verapamil HCl due to inert beads 

(Nupareil®), which is mostly sucrose, can be expressed in terms of change in heat of 

ftision (AHf) of verapamil HCl, melting point of pure verapamil HCl (T m) and mole 

fraction of excipient (X2) (Wimderlich, 1990). 

AT^ = X2RTT°:,/AHf 
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Figure 4.9. DSC thermograms of verapanul HCl (1), Polydextiose/HPMC 
(Opadry II®) (2), and 1:1 verapamil HCl: Polydexfrose/HPMC 
(Opadry n®) mixture (3) 
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Figure 4.10. DSC thermograms of verapamil HCl (I), inert beads 
(Nupareil®) (2), and 1:1 verapamU HCl: inert beads 
(Nupareil®) mixture (3) 
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An interaction may also be reflected on enthalpy change in ftision of drag or 

excipient or both. Several investigators have approached this method and explained the 

incompatibility in terms of expected enthalpy change of excipient in a drag-excipient 

blend and actual enthalpy change observed by scanning the excipient (Ridy et al , 1982; 

Shattawy et al , 1984). It might be more appropriate to compare the enthalpy change of 

drug in drag-excipient blend and drag alone. 

If the energy needed for melting one unit of pure drag is X calories, then the 

expected energy for melting the drag in 50:50 mixture of drag : excipient is X/2 calories. 

For example in the present study, the energy needed for melting one gram of verapamil 

HCl was found to be 118.9 Joules. The expected energy needed for melting one gram of 

50:50 verapamil HCl and inert beads (Nupareil®) was 116.74/2 = 58.4 Joules. However, 

the actual energy needed for melting one gram of 50 : 50 verapamil HCl and inert beads 

(Nupareil®) was found to he 50.1 Joules, i.e., 86 Vo ofthe expected enthalpy change. 

Similarly, the enthalpy change of verapamil HCl obtained from scanning the drag: 

Polydexfrose/HPMC (Opadry II®) was 85%o ofthe expected enthalpy change. 

El-Shattawy et al. (1982) reported an enthalpy change of magnesium stearate 

from mixture of magnesium stearate and erythromycin as 66Vo of expected enthalpy 

change and concluded an interaction between erythromycin and magnesium stearate. In 

the present studies, the enthalpy changes of verapamil HCl obtained from blends were 

approximately 85 % ofthe expected ones and suggested a physical interaction between 

the verapamil HCl and excipient. However this should be interpreted cautiously, since 

mixing of two powders intimately and subjectmg them to accelerated temperature and 
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humidity could result in physical interaction without changing the chemical nature of 

both the compounds (Ford and Timmins, 1989). 

X-ray Powder Diffraction Studies 

Figure 4.11. represents the powder X-ray diffraction pattern of verapamil HCl, 

blends of verapamil HCl and excipient. Verapamil HCl exhibited characteristic 

diffraction lines with d-spacings of 0.472,0.493, 0.516, 0.340, 0.375, 0.440, 0.613, 1.03, 

0.354, 0.281 and 0.236 nm with decreasing order of intensity. Similarly, 

Polydexfrose/HPMC (Opadry II®) exhibited diffraction lines with d-spacings of 0.354, 

0.239, 0.234 and 0.204 nm in decreasing order of intensity. Inert beads (Nupareil®) 

exhibited diffraction lines with d-spacings of 0.360, 0.472, 0.453, 0.759, 0.675, 0.235, 

0.289, 0.404, 0.427, 0.280 and 0.436 nm in decreasing order of intensity. Powder X-ray 

diffraction can analyze the components ofthe blends since each component ofthe blend 

produces its characteristic pattern independent of others (Klug and Alexander, 1973). 

The characteristic diffraction lines of verapamil HCl and two excipient were 

retained in the diffraction pattern of both blends. All the prominent X-ray diffraction 

lines of both the blends were accounted for except some overlap in the case of verapamil 

HCl and inert beads (Nupareil®) at d-spacings: 0.472, 0.236 and 0.280 nm. However, the 

intensity of X-ray diffraction lines of verapamil HCl obtained from blend of verapamil 

HCl and inert beads (Nupareil®) did not follow the same order as verapamil HCl alone. 

Careftil and prolonged grinding up to 30 minutes can substantially reduce the preferred 

orientation (Klug and Alexander, 1973). 
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In the case of verapamil HCl and inert beads (Nupareil®) blend, the preferted 

orientation of verapamil HCl was reduced by inert beads (Nupareil®) that perhaps led to 

change in the order of intensity of first two diffraction lines. The presence of 

characteristic diffraction lines of verapamil HCl and absence of any new diffraction lines 

suggested that the integrity of verapamil HCl and excipient was retained in the blends. 

Content Analysis 

Verapamil HCl was found to be stable in the conditions tested, and the amount of 

verapamil HCl remained in the blends was given in Table 4.6. The blends remained 

physically stable and no caking, liquefaction, discoloration, odor, or gas formation was 

observed. The primary factors that may have critical influence on the stability of drag 

substances in the presence of excipients are the chemical nature ofthe excipient, drag to 

excipient ratio, moisture, micro-environmental pH ofthe drag-excipient mixture, 

temperature and light. 
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Figure 4.11. X-ray Diffraction Pattems of VerapamU HCl (1), Inert beads 
(Nupareil®) (2), blend of Verapamil HCl and friert beads 
(Nupareil®) (3), Polydexfrose/HPMC (Opadry II®) (4), and 
Blend of Verapamil HCl and Polydexfrose/HPMC (Opadry II®) (5) 
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Plackett-Burman Screening Design 

The disadvantage of two level full factorial designs is often times the redundancy 

that occurs in a 2^ design if k is not small. Redundancy in terms of excess number of 

interactions that can be estimated and sometimes in an excess of number of variables that 

are studied (Box et al , 1976). Fractional factorial design exploits this redundancy in 

which only an adequately chosen fraction ofthe freatment combinations are required for 

the complete factorial experiment is selected to be ran. One such design is Plackett-

Burman design that is very useful for economically spotting large main effects assuming 

all interactions are negligible when compared with the few important main effects 

(Plackett and Burman, 1946). The upper and lower values of factors were coded for I 

and -1 and the design is given in Table 4.7. along with the response, cumulative percent 

released in 12 hours for all 12 rans. 

The release profiles of verapamil HCl from the beads are shown in Figures 4.12 

and 4.13. The rate and extent of drag release differs extensively among different 

experimental rans and signifies the influence of different factor combinations on 

response. The extent of release in 12 hour ranged from 40.8%) (ran 10) to 100.0% (runs 

1, 2, 6, 8, and 11). The coefficients in polynomial equation show the effect and 

magnitude of factor on response Yn (Statistically insignificant factors were removed 

form the model). 

Yi2 = 75.3 - 22.4Xi - 4.7X2 + 3.6X3 - 1.6X6 
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Table 4.6. Composition of drag-excipient blends subjected for 
compatibility studies and the amount of verapamil HCl 
remaining after 3-week storage at 55° C 

Name 
Verapamil HCl 
Nu-Pareil® Beads 
Opadry II® 
Verapamil HCl 
remaining (in %) 

Composition 
100 

98 

50 
50 

96 

50 

50 
98 

33.3 
33.3 
33.3 
96 
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Increase in factor with positive coefficient (Plasticizer concentration) increased 

die response Yn whereas increase in factor with negative coefficient such as coating 

weight gain decreased the response Y12. Factors with larger coefficients such as duration 

of curing and plasticizer concenfration have profound effect on response Y12. On the 

confrary, factors with smaller coefficients have less influence on response Y12. 

The significance ratio of mean square variation of model to error was tested using 

analysis of variance (ANOVA). The calculated F value (30.2) was found to be much 

greater than the critical F value (6.09) at p<0.05. The R-squared statistic indicates that 

the model as fitted explains 98.05 Vo ofthe variability in Y12. The observed and 

predicted values for Y12 were found to be in close agreement (Figure 4.14.). Statistical 

designing allows the user to calculate main effects that represent the direction and extent 

of influence of factors on responses. Main effects are calculated as follow (Plackett and 

Burman, 1946). 

mi-[i;>'('xi, 'X2, 'x3,...'x„)-2:j;(°xi,°X2,°X3...,°x„)]/2n, 

Where, all 'x are nominal values and all °xi are extreme values. Nominal value usually 

refers to lowest possible value and the latter one refers to the extieme tolerance range for 

the factor in question. 
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Table 4.7. Plackett-Burman Screening Design: Randomized Runs and the Response 

Runs 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Factors 

Coating 
Wt. 
Gain 

-1 
-1 
1 
1 
1 

-1 
1 

-1 
-1 
1 

-1 
1 

Duration 
of 

Curing 

-1 
-1 
-1 
-1 

-1 
-1 

Amount 
of 

Plasticizer 

-1 

-1 
-1 

-1 
-1 

-1 

Amount 
of 

Opadry 
IT® 
-1 
-1 

-1 

-1 

-1 
-1 

Spray 
Rate 

-1 

-1 
-1 
-1 

-1 

-1 

Outlet 
Temp. 

-1 

-1 

-1 

-1 
-1 
-1 

Attn. 
Pressure 

-1 
-1 
-1 

-1 

-1 

-1 

Response 

*Y,2 

102.511.3 
100 + 2.1 
64.5 ± 1.6 
55.8 ±0.7 
54.8 ±2.15 
100.1 ± 1.2 
56.2 ±0.9 
100.2 ±1.3 
84.2 ±1.0 
40.8 ±0.9 
99.1 ±1.0 
45.6 ±1.7 

Average and standard deviation of three values 
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Figure 4.12. Dissolution profiles of verapamil HCl from multi
particulate beads coated with CAB pseudolatex 
(Runs 1-6) 
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Figure 4.13. Dissolution profiles of verapamil HCl from 
multi-particulate beads coated with CAB 
pseudolatex (Runs 7-12) 
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Figure 4.14. Observed and predicted responses (cumulative %) 
of verapamil HCl released) according to Plackett-
Burman screening design 
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The 2n refers to maximum possible assemblies and in the present case, it was 6 

assemblies. Although, Plackett-Burman screening design allows estimation of unbiased 

main effects with smallest possible variance due to its orthogonal property, it has a 

limitation of resolution three. 

A design of resolution three does not confound main effects but does confound 

main effects with two-factor interactions. Therefore there is a possibility of main effects 

confounded with two-factor interactions and the latter ones are assumed to be zero (Box 

e ta l , 1976). 

The standardized main effects (SME) obtained from this model for each factor are 

given in Table 4.8. Among all these factors, coating weight gain (Xi), duration of 

coating (X2) and plasticizer concenfration (X3) showed sfrong influence on cumulative 

percent released (Y12). The contours of estimated response surface of plasticizer 

concentration as a function of weight gain is given in Figure 4.15. 

An increase in weight gain decreases the cumulative percent release and an 

increase in plasticizer concenfration increases the cumulative percent release. Similarly, 

the contours of estimated response surface of curing temperature as a function of weight 

gain is depicted m Figure 4.16 and the contours of estimated response of plasticizer 

concenfration as a function of curing temperature is depicted in Figure 4.17. 
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Table 4.8. The standardized main effects obtained for each factor 

I 
SME 
P 

Wt 
Gain 
1 
-36.2 
7.14 

Curing 
Temp 
2 
-7.7 
21.14 

Outlet 
Temp. 
3 
-2.5 
35.43 

Spray 
Rate 
4 
-0.82 
49.7 

Opadry 
II 
5 
-0.2343 
64.0 

Atm. 
Pressure 
6 
0.2073 
78.3 

Plasticizer 

7 
5.84 
92.6 
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Figure 4.15. Contour plot of plasticizer concenfration and coating weight gain 
on the response-cumulative percent of drag released 
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Figure 4.16. Contour plot of curing temperature and coating weight gain on die 
response-cumulative percent of drag released 
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Figure 4.17. Contour plot of plasticizer concenfration and curing temperature 
on the response-cumulative percent of drag released 
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The contours of estimated response surface of atomizing pressure as a function of 

weight gain is given in Figure 4.18. It is apparent that atomizing pressure has virtually 

no influence over the cumulative percent of verapamil HCl release. The 7 ordered effects 

and tiie probability points P for this screening design are given in Table 4.8. In a normal 

probability plot, the cumulative probability ofthe standardized main effects (SME) is 

plotted against die SME itself If majority ofthe estimates (SME) fit reasonably well on a 

sfraight line, then those estimates (SME) are easily explained as chance occurtences. 

In the present study, coating weight gain, curing temperature and plasticizer 

concentiation did not fit into the stiaight line (Figure 4.19) and therefore considered as 

having significant effect on response. All other factors are not considered as having any 

effect on response. 

Though the plasticizers are added in polymeric dispersion to reduce the Tg, they 

also increase the free volume in polymeric film. The increase in free volume has been 

shown to facilitate the release of drag across the membrane (Sastry et al, 1998 and Smko 

and Amidon, 1989). However, an increase in coating weight gain decreased the rate and 

extent of release of verapamil HCl from the beads simply because ofthe increased 

permeability distance across the membrane. 

As the duration of curing increased, it negatively affected the cumulative percent 

release (Yn). Curing of polymeric film accelerates the rate of coalescence of polymer 

particles to form a homogenous film. The effect of curing on drag release depends upon 

physicochemical properties ofthe drag and olymeric coatings (Bodmeier et al, 1997). 
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Figure 4.18. Contour plot of atomizing pressure and weight gain 
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Figure 4.19. Normal probability plot of verapamil HCl released in 12 hour 
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During curing, a further gradual coalescence occurs which leads to the formation of a 

smooth and uniform film. However, a prolonged coalescence may lead to shrinkage of 

the film that would eventually reduce the rate and extent of drag release across the 

membrane. 

Response Surface Methodology 

Design ofExperiments and Model 

Cenfral Composite Design(s) were infroduced by Box and Wilson (1951). It 

contains an embedded factorial or fractional factorial matrix with center points 

augmented with a group of "star points" or "axial points" that allow estimation of 

curvature. If the distance from the center ofthe design space to a factorial point is ±1 unit 

for each factor, the distance from the center ofthe design space to an axial point is ± d, 

where |d| > 1. The precise value of d depends on certain properties desired for the design 

and on the number of factors involved. In face-centered cenfral composite design, the star 

points are at the center of each face ofthe factorial space, so that d = ± 1. This variety 

requires 3 levels of each factor. The CCF allows estimation of first order linear terms and 

two-factor interactions and results ui resolution of five (Box et al, 1978). Thus the 

estimates ofthe main effects are not confounded with two-factor interactions, and the 

two-factor interactions are not confounded with each other, but confound two factor 

interactions with three factor interactions (Box et al, 1978). The experimental runs with 

coded values of factors and the actual values of responses are given in Table 4.9. The 

design generated different combinations of factors with respect to tiie axial points, center 

points, and vertex points. 
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Table 4.9. Face centered cential composite design: randomized runs and the 
response 

Runs 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Factors 

X, 

-1 
0 
1 
-1 
1 
1 
1 
-1 
0 
0 
0 
-1 
0 
-1 
1 
0 

X2 

-1 

-1 

0 
0 
0 
0 
-1 
-1 
-1 
0 
0 

Xa 

I 
0 
1 
-1 
1 
-1 
-1 
0 
0 
-1 
0 
-1 
0 
1 
0 
1 

Response 

*Y, 

15.4 ±0.45 
11.5±1.1 
12.4 ±0.42 
13.4 ±1.44 
10.4 ±1.74 
10.9 ±1.23 
9.2 ± 0.58 
14.5 ±1.39 
13.2 ±0.89 
12.3 ±1.31 
13.0 ±1.45 
16.2 ±0.62 
13.8±1.13 
16.6 ±0.45 
11.6 ±0.56 
14.0 ± 0.25 

*Y2 

32.6 ± 0.69 
25.7 ±2.1 
26.1±1.4 
28.7 ±1.8 
22.7 ±1.0 
23.3 ±1.8 
18.6 ±1.3 
33.1 ±1.0 
26.9±1.3 
27.4 ±1.1 
26.7 ±1.2 
34.1 ±1.3 
28.2 ±1.7 
36.6 ±1.0 
22.4 ± 0.8 
28.4 ±1.0 

• Y j 

47.6 ± 2.4 
39.4 ±1.9 
40.4 ± 2.3 
44.7 ± 2.9 
34.7 ± 2.4 
32.9 ± 2.0 
31.4 ±1.7 
49.4 ± 2.5 
43.5 ±1.6 
40.5 ±1.6 
41.5±1.7 
51.3 ±1.8 
46.4 ±1.3 
55.5 ±1.6 
36.4 ± 3.0 
45.7 ±1.5 

*Y4 

73.5 ±1.4 
59.4 ± 2.3 
62.3 ±1.5 
67.5 ±1.8 
52.4 ± 1.9 
53.2 ± 2.0 
44.5 ± 2.1 
78.4 ±1.4 
64.7 ± 2.1 
62.2 ±1.4 
64.2 ±1.5 
78.1 ±1.9 
68.4 ± 2.0 
82.5 ± 2.0 
53.9+1.9 
67.5 ± 2.5 

*Y5 

93.4 ±1.2 
76.4 ± 2.0 
79.4 ± 0.6 
86.4 ±1.5 
67.1 ±2.0 
70.4 ± 2.0 
59.4 ±1.3 
95.5 ± 2.5 
82.7 ±2.1 
78.0 ±1.7 
81.8±1.9 
96.5 ± 2.0 
87.7 ± 0.8 
101.2 ±2.0 
68.3±1.9 
87.6 ±1.9 

* Average and standard deviation of three values 
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Multi-particulate beads were prepared according to the combinations. The dissolution 

profiles of verapamil HCl released from the multi-particulate beads are depicted in 

Figures 4.20 and 4.21. 

Regression Equation 

The regression equations tiiat have been fitted to the data are given in Table 4.10. 

Statistically significant coefficients are included in the regression equation. In all five 

models for Yi through Y5, coating weight gain and duration of curing had a negative 

impact on the responses and plasticizer concenfration had a positive impact on the 

responses. Though the plasticizers are added in polymeric dispersion to reduce the Tg, 

they also increase the free volume in polymeric film. The increase in free volume has 

been shown to facilitate the release of drag across the membrane (Sastry et al , 1998; 

Sinko and Amidon, 1989). However, an increase in coating weight gain decreased the 

rate and extent of release of verapamil HCl from the beads simply because ofthe 

increased permeability distance across the membrane. As the duration of curing 

increased, it negatively affected the cumulative percent release (Y12). Curing of 

polymeric film accelerates the rate of coalescence of polymer particles to form a 

homogenous film. The effect of curing on drag release depends upon physicochemical 

properties ofthe drag and polymeric coatings (Bodmeier et al , 1997). During curing, a 

further gradual coalescence occurs which leads to the formation of a smooth and uniform 

film. However, a prolonged coalescence may lead to shrinkage ofthe film that would 

eventually reduce the rate and extent of drag release across the membrane. 
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Figure 4.20. Dissolution profiles of verapamil HCl from muM-
particulate beads coated witii CAB pseudolatex-
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Table 4.10. Regression equations ofthe fitted models (statistically 
significant terms are included) 

Response 
YI 
Y2 
Y3 
Y4 
Y5 

Factors and Coefficients 
13.0-4.1X1-1.7X2+1.7X3 
26.9-9.1X1-3.3X2 + 3.7X3 
42.7 - 14.2X1 - 5.7X2 + 4.6X3 
64.0 - 21.9X1 - 10.1X2 + 8.6X3 - 2.3 (Xi)^ + 4.9 (X2)̂  - 3.9 X2X3 
82.2 - 29.9Xi - 11.7X2 + 7.6X3 - 2.5 X,X2 + 3.0 X1X3 
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Interactions 

Significant interaction was found between coating weight gain and plasticizer 

concentiation (X1X3) and a quadratic term - (X3)̂  in model - Y4. Likewise, significant 

interaction was found between coating weight gain and duration of curing (X1X2) as well 

as coating weight gain and plasticizer concentiation (X1X3) in model - Y5. From the data 

it appears that interaction between factors occurs with time. Though time was not 

considered as a factor, it plays an important role in interaction. Generally, an increase in 

coating thickness would result in longer curing times. As a result, longer curing perhaps 

facilitates the complete film formation and as a result decreases the rate of dissolution. 

The X1X3 interaction arises from a difference in sensitivity to plasticizer concentration 

change for the two coating durations. Since the amount of polymer is more with an 

increase in coating thickness, the increase in plasticizer concenfration brings about a 

uniform film with increased microscopic free volume (Sastry et al, 1998; Sinko and 

Amidon, 1989). Therefore, the net interaction effect is positive. 

Standardized Main Effects. R-squared Values of Models and Lack of Fit 

Standardized main effects (SME) are the ratio of main effects to the standard 

error of main effects. Only those statistically significant SME at 5% significance level 

are given in Table 4.11. Coating weight gain has a larger SME compared to the other 

factors suggestmg the paramount importance of that factor. The percentages of variability 

in responses that are accoimted for by the factors (R-squared values) are given in Table 

4.11. for all the models. 
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Table 4.11. Statistical Parameters of Response Surface Methodology and Artificial 
Neural Network 

RSM 
Standardized Effects 
Coating Wt. Gain (Xi) 
Duration of Curing (X2) 
Plasticizer Cone. (X3) 
(X,)^ 
(Xi)*(X2) 
(Xi)*(X3) 
(X,)^ 
(X2)*(X3) 
(X3)^ 
R-squared 
Lack of Fit 

Responses 
Yi 
11.2 

4.7 
4.6 

-

-
-
-
-
-

89.70 
0.8361 

Y2 
24.2 

8.6 
9.7 
-

-

-
-

91.3 
0.2923 

Y3 
20.6 
8.3 
6.7 

-

-
-
-
-
-

91.5 
0.4289 

Y4 
68.5 
31.6 
26.9 
3.6 

-
-

7.8 
10.8 

-

97.9 
0.1270 

Y5 
81.0 
31.8 
20.5 

6.0 
7.3 

-
-
-

97.4 
0.0730 
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The R-squared value of 90 and above for all the models suggest an adequate 

modeling. The model consists of Y4 and the factors fitted the data better than any other 

model. Also, the p-value for lack of fit for all models stays above 0.05, suggesting 

absence of any lack-of-fit. Additionally, absence of several interaction terms suggests a 

predominantly linear model for Yi through Y3. Models Y5 and Y4 include few 

interaction terms suggesting that the release mechanism become relatively complicated 

with time. 

Response Surface 

Figures 4.22 through 4.27 Show the two-dimensional contour plots and the three-

dimensional response surfaces. It is quite noteworthy that the effects are nearly linear 

and the curvatures appeared were due to the non-linear nature of factors. As shown in 

Figure 4.22, 94 to 99% of verapamil HCl was released when the coating weight gain and 

duration of ciuing were kept at 8% to 9.5% and 36 to 48 hours, respectively. Three-

dimensional plots are useful to depict the interactions. In Figure 4.23, when duration of 

curing was kept at 48 hours an increase in plasticizer concenfration increased the 

response Ye by 9 units (70% to 79%). However, when the duration of curing was kept at 

24 hoiu-s, an increase in plasticizer concenfration from 60 to 120% increased the response 

only by 6 units, which signifies an interaction between these two factors. 
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Modeling of Dissolution Profile 

The release profile of non-osmotic, membrane confroUed, spherical shaped multi

particulate dosage forms was successfully fitted in zero-order model by several 

investigators (Hosny et al , 1997; Dyer et al , 1995; Sun et al , 1997; Frohoff Hulsmann 

et al , 1999; Wang et al , 1997; Rekhi & Jembhekar, 1996). Time independent 

mathematical modeling of such spherical shaped diffusion controlled reservoir systems 

(Peppas, 1995) is given below 

Dm/dt = AC47tDKreri/Ar 

where, Dm/dt = release rate, AC = difference in concenfration between two sides ofthe 

membrane, D = diffusion coefficient of drag through the membrane, K = partition 

coefficient ofthe drag between the reservoir and membrane, ri - intemal radius ofthe 

bead, re = external radius ofthe bead, and Ar = difference in radii. 

Table 4.12 shows that R-squared values of all the models that fitted the 

dissolution data. Among all, zero order model fitted the results better than that of any 

other model since its R-squared value was 0.9978. However, the coefficient of 

determination tends to decrease when only more than 80% or 90% ofthe drag release is 

taken into account. It explains the fact that, higher the amount of drag released from tiie 

formulation, the more it tend to deviate from the zero order profile. The formulation, 

however, was optimized for zero order release with 100 % of drag release at 12 hour. 
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(X3) on the response Y5 
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Table 4.12. R-squared values of dissolution models fitted the release profile 

Model 

Zero order 
First order 
Hixson Crowell 
Higuchi's vf 
Two-third 
Baker Lonsdale 

R-squared values, mean + STD 

16 Runs 

0.9978 + 0.0013 
0.8432 + 0.0183 
0.9537 + 0.0525 
0.8728 + 0.0075 
0.9897 + 0.0052 
0.8033 + 0.0570 

9 runs with at 
least 80% drag 
release at 12 hour 
0.9973 + 0.0016 
0.8315 + 0.0130 
0.9325 + 0.0632 
0.8750 + 0.0074 
0.9881 + 0.0031 
0.7722 + 0.0567 

4 rans with at least 
90% drag release at 
12 hour 

0.9962 + 0.0018 
0.8201+0.0111 
0.8941+0.0839 
0.8809 + 0.0076 
0.9866 + 0.0021 
0.7282 + 0.0569 
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Optimization 

The formulation factors were optimized to yield a dissolution profile fitting into 

zero order model. Factors Yi through Y4 were targeted for the theoretical values as 

consfraints and Y5 was maximized. The optimized values for the factors Xi through X3 

were 8%, 34.9hr, and 107.6%, respectively. Optimized batch was prepared accordingly 

and die dissolution shady was carried out. The difference between the observed and 

targeted values ofthe responses Yi through Y5 were within the range of experimental 

error (Table 4.13). 

Artificial Neural Network (ANN) 

Training 

Modeling parameters were selected by trial and error. When hidden layers were 

increased, system error as well as test error remained constant. Muhiple hidden layers 

may help dramatically in capturing the non-linear behavior. Since the present data is 

relatively linear, two hidden layers were sufficient in developing a good model. When 

the number of nodes was increased to 2, parameters such as system error, test error, test 

R-squared, and fraining R-squared were found to be satisfactory. The presence of more 

nodes in the hidden layer may be helpfiil in modeling complex behavior. However, too 

many nodes will add significantly to the time involved in fraining the model and may 

result in over fraining or memorization ofthe data. 
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Table 4.13. Optimization: factor levels, expected and observed 
dissolution values 

Factors 

Coating Wt. Gain 
Duration of Curing 
Amount of Plasticizer 

Responses (Expected) 

Yi (16.7%) 

Y2 (33.3%) 

Y3 (50.0%) 

Y4 (75.0%) 

Y5 (100.0%) 

Factor Levels 

RSM 

8.0% 
34.9hr 
107.6% 

ANN 

9.1% 
32.9 hr 
118.6% 

Observed 

RSM 

15.5 + 0.5% 

33.1 + 1.2% 

49.2 + 1.8% 

74.8+1.9% 

98.6+1.8% 

ANN 

15.6 + 0.6% 

34.3 + 0.9% 

51.2+1.5% 

76.5+1.6% 

99.6+1.7% 
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In the present study, the number of hidden layers was 2 and the number of nodes 

per hidden layer was 2. An increase in number of iterations would normally improve the 

reduction ofthe system error since the leaming is incremental. However, no appreciable 

decrease in system error was observed when number of iterations was increased from 

2000 to 10,000 and therefore, number of iterations was kept at 2000 for all the models. 

Model Statistics 

System error measurement determines the model's "tightness of fit" to a 

particular set of fraining data. It is a sum of all output errors, measured over the entfre set 

of fraining data. During fraining, a sharp decrease in system error was observed followed 

by a level out as it approached the maximum number of iterations. As long as no increase 

in the system error or oscillations are observed during fraining, the modeling can be 

considered good. Maximum system error of 0.0037 was found in the case of Yi and a 

nunimum of 0.00057 in the case of Y5. The smaller the system error value, the more 

tightly does the model will attempt to fit data presented to it during training. Test error is 

similar to system ertor except the values are determined from test data. The model 

developed was validated by a test data set that was not available to the model during 

training phase. However, at standard intervals during draining process, the inputs of test 

data set were presented to the model for prediction, and the model's predictive results 

were compared against the actual output values. R-squared values depict the percentage 

of response variability accounted by the model. 
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Table 4.14. Model parameters for ANN 

Parameters 

System Ertor 
Test Ertor 
Training Set R-squared 
Test Set R-squared 
F-Ratio 

Responses 
YI 

0.0037 
0.0070 

81.1 
70.4 
6.1 

Y2 
0.0013 
0.0043 

92.2 
64.5 
18.4 

Y3 
0.0013 
0.0020 
91.5 
84.7 
16.4 

Y4 
0.00046 
0.00170 

97.8 
85.1 

69.00 

Y5 
0.00057 
0.00140 

97.7 
95.7 
65.3 
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It appears that botii test and tiaining R-squared values (Table 4.14) provide an 

adequate model for four out of five responses since all these values remain over 70% 

(CAD/Chem® manual). The ANN modeling is particularly good for Y5 where the test R 

squared value is 95.7. This value is comparable with the RSM R-squared value of 97.4. 

The F ratio indicates the extent to which the model fit exceeds the random or 

experimental error in the system. F-ratio of at least four is usually required to support the 

R-square value as a good indicator of fit (CAD/Chem® manual). In the present study, the 

F-ratio remained well above the requirement (Table 4.14). In addition, the observed and 

predicted values ofthe model were found to be very close to each other (Figure 4.28). 

Optimization 

Similar to RSM optimization, the formulation factors were optimized to yield a 

dissolution profile fitting into a zero-order model. Factors Yi through Y4 were targeted 

for the theoretical values calculated according to the zero-order model and Y5 was 

maximized. The optimized values for the factors Xi through X3 were 9.5%, 32.9hr, and 

118.6% respectively. Optimized batch was prepared accordingly and the dissolution 

study was carried out. The difference between the observed and targeted values ofthe 

responses Yi through Y5 were within the range of experimental error (Table 4.13). 
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Comparative Evaluation of RSM and ANN 

Modeling in RSM involves multiple regressions leading to generation of 

polynomial equations. It could be a first order model, with or without interaction or a 

second order model. If the interactions are sfronger and effects are not linear, first order 

model may not be adequate. The advantage of second order model such as the one 

employed in the present study is the flexibility and appropriateness. It can take a wide 

variety of fimctional form and appropriately approximate the trae response surface 

(Myers and Montgomery, 1995). 

Thus, the core ofthe RSM is the graphical perspective ofthe problem 

enviromnent, in which the response is viewed as a fimction of different levels of two 

factors. Outcome ofthe RSM is identification ofthe region of optimum response that is 

insensitive to factor (environment and component) variation. Simultaneous optimization 

of all responses is usually carried out by method of steepest ascent (Myers and 

Montgomery, 1995), desirability function approach and mathematical programming 

approach (http://www.nist.gov/). 

Though the modeling and optimization techniques are different in RSM and 

ANN, the modeling adequateness in describing the data and optimization m the present 

study are comparable (Table 4.11 and 4.14.). In general, ANN requires large data for 

leaming where as the RSM requires relatively organized data from a designed set of 

experiments. In the present study an attempt was made to test the useflilness of ANN in 

modeling the data obtained from statistically designed experiments and the results were 
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found to be comparable with that of RSM for the response Y5. For all other responses 

RSM was found to have higher R-squared values as compared to ANN. 

Formulation Characterization 

Thermal Analysis 

Thermal analysis of entire formulation is very complicated because ofthe 

possibility of eutectic interactions, solid solution formation, polymorphic and polymeric 

fransitions, instability between ingredients at high temperature, and any physical 

interaction caused during the formulation process. In Figure 4.29, thermograms of 

verapamil HCl, Polydexfrose/HPMC (Opadry®), inert beads (Nupareil®), and optimized 

formulation are depicted. The physical interaction between the verapamil HCl and the 

excipient were to such an extent that the individual peaks of fransitions were broadened. 

X-ray Powder Diffraction Studies 

X-ray powder diffractometry can be used to study the solid-state reactions 

provided the powder pattern ofthe reactant is different from that ofthe reaction product 

(Suryanarayanan, 1995). Earlier stiidies on compatibility of excipient with verapamil 

demonsfrated an absence of interaction. 
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Figure 4.28. Observed and predicted cumulative amoimt of 
verapamil HCl released in 12 hours according 
to ANN modeling 

169 



o.a 
50.0 75.0 

— I 1 [ 1 — 
100.0 125.0 IS0.0 175.0 

Temperature ("C) 

1 
200.0 225.0 250.0 

Figure 4.29. DSC thermograms of verapamil HCl (1), inert beads 
(Nupareil®) (2), Polydexfrose/HPMC (Opadry II®) (3), and 
Optimized Formulation (4) 
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However, the aim ofthe present study was to analyze if there was any 

crystallinity change during the entire process of formulation. Prominent diffraction lines 

of verapamil HCl, Polydexfrose/HPMC (Opadry®) and inert beads (Nupareil®) were 

identified from the diffraction pattern obtained from finely powdered beads. Absence of 

any prominent diffraction peaks and formation of new peaks suggested an absence of 

interaction between the verapamil HCl and excipient (Figure 4.30). On the confrary to 

DSC data, X-ray diffraction and content analysis proved no interaction and degradation 

of verapamil HCl during the formulation. Therefore, it is concluded that the broadening 

of individual peaks is due to intermixing of different components ofthe formulation. 

Grinding may also cause broadening of lines when the lines when the particles becomes 

less than 1 p in diameter or when sfrain is induced. 

Scanning Electron Microscopy 

SEM pictures ofthe optimized beads are given in Figures 4.31 and 4.32. The 

outer surface looks much smoother due to the CAB pseudolatex coating. The cross 

section shows the core of inert beads (Nu-pariel®) and the porous drag loaded layer. The 

outermost section shows the uniform and intact coating layer of controlled release 

membrane. The thickness ofthe membrane remains constant over the entire surface area. 
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Figure 4.30. X-ray Diffraction Pattems of Verapamil HCl (1), 
Inert beads (Nupareil®) (2), Polydexfrose/HPMC 
(Opadry if) (3), and Optimized formulation (4) 
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Figure 4.31. SEM picture ofthe multi-particulate beads 
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Figure 4.32. SEM picture ofthe multi-particulate beads 
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pH Independent Drag Release 

The important pre-requisite for membrane-controlled formulations is pH 

independency, if the formulations are designed for zero-order release. Methacrylic 

polymers are pH sensitive and tend to dissolve as a function of pH of dissolution 

medium. For example, Eudragit® LlOO-55 releases the drag at pH 5.5, Eudragit L 100 

releases at pH 6.0 and the Eudragit® S releases at pH 7.0. The dissolution mechanism of 

these polymers is function of active groups in those polymers. However, the cellulose 

polymers are water-in soluble and the coating membrane stays intact on the substrate 

regardless of dissolution medium pH. The diffusion ofthe drag from the subsfrate 

through the membrane depends upon the availability of microscopic free volume. 

The integral components ofthe membrane are the polymer, emulsifier or 

stabilizer and plasticizer. The stabilizers could be ionic or nonionic in nature. For 

example, Aquacoat® is composed of sodium lauryl sulfate and Surelease® is composed of 

ammonium oleate®. Although, the films made out of Aquacoat® and Surelease® are 

theoretically pH insensitive, there are reports about the difference in the release profile 

with respect to pH ofthe dissolution medium (Bodmeier and Chen, 1988). The primary 

reason could be possible ionization of stabilizers leading to microscopic fracture in the 

membrane. As a result, difference in the drag release pattern was observed with respect 

to pH ofthe dissolution medium. In the current work, a non-ionic stabilizer was 

incorporated in the pseudolatex and the integrity ofthe film in different dissolution 

media was tested. 
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The release profiles of verapamil HCl from the multi-particulate beads at pH 1.2 

and 7.4 were almost superimposable. In addition, the beads coated with pseudolatex 

stored for 6 months at room temperature behaved similar in both acid and alkali medium 

(Figure 4.33.). Perhaps it may be due to the nonionic nature of stabilizer incorporated in 

the pseudolatex. 

Stability Studies for the Multi-particulate Beads 

The stability ofthe multi-particulate beads was tested by accelerated stability 

testing. The multi-particulate beads were also subjected to the conditions suggested by 

International Committee for Harmonization (ICH). The advantage of following ICH 

guidelines is that the principle information on stability generated in any one ofthe three 

areas of European Community, Japan and USA would be mutually acceptable in both of 

the other two areas. However, it should meet the appropriate requirements of ICH 

guidelines and the labeling should be according to national/regional requirements. The 

purpose ofthe stability testing is to provide the evidence on how the quality of a drag 

substance in a formulation varies with time under the influence of a variety of 

environmental factors such as temperature, humidity and light. The storage conditions 

are given in Table 4.15. According to tiie guidelines, no significant change in the drag 

content should occur in both long term and accelerated testing. A significant change at 

accelerated conditions is defined as: 
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Figure 4.33. Release profile of verapamil HCl from multi
particulate beads as a function of dissolution 
medium pH and storage period of CAB 
pseudolatex 
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1. A 5% potency loss from initial assay 

2. Any specified degradant exceeding its specification limit 

3. The product exceeding its pH limits 

4. Dissolution exceeding the specification limits for 12 capsules or tablets 

5. Failure to meet specifications for appearance and physical properties, e.g., 

color, phase separation, resuspendibility, delivery per actuation, caking and 

hardness. 

If significant change occurs at 40 + 2 OC / 75 + 5% RH then a minimum of 6 

month's data from an ongoing one-year study at 30 + 2 OC / 60 + 5% RH is needed. 

Tables 4.16 and 4.17 show the amount of verapamil HCl present in the tablets stored at 

conditions according to ICH guidelines and at accelerated stability conditions 

respectively. There is almost no change in the drag content at all conditions. Verapamil 

HCl is a fairly thermostable compound, and has no known pharmacologically active 

degradative products. 

Thermal Analysis of Stability Samples 

A shift in melting endothermic peak was observed for verapamil HCl and the 

shift remained same for the entire period of study. Table 4.18 shows the melting point 

(in degree celcius) of verapamil HCl in multi-particulate beads stored at conditions 

recommended by ICH. Table 4.19 gives the melting point (in degree Celcius) of 

verapamil HCl in multi-particulate beads stored at accelerated stability conditions. The 

decrease in melting point stayed at the same level over tiie entire period of study. 
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Table 4.15. ICH guidelines for stability testing: Storage conditions 
and time period required 

Conditions 

Long-term testing 
Accelerated testing 
Intermediate testing 
condition 

Temperature and RH 

25 + 2 OC / 60 + 5% RH 
40 + 2 OC / 75 + 5% RH 
30 + 2 OC / 60 + 5% RH 

Minimum time period 
at submission 
12 months 
6 months 
12 months 
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Table 4.16. Amount of verapamil HCl (in percent) remaining in the multi
particulate beads stored at conditions recommended by ICH 

Time 

Initial 

15 days 

1 month 

2 month 

4 month 

40DGC/75%RH 

100.0+1.25 

99.9+1.36 

99.6+1.45 

99.4+1.11 

100.2+1.14 

30DGC/60%RH 

101.2+1.12 

102.5+1.43 

100.5+1.39 

101.6+1.58 

100.5+0.95 

25DGC/60%RH 

99.2+1.26 

100.2+1.38 

101.6+10.82 

100.2+1.49 

100.8+1.01 
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Table 4.17. Amount of verapamil HCl (in percent) remaining in the multi
particulate beads stored at accelerated stability conditions 

Time 

Initial 

15 days 

1 month 

2 month 

4 month 

60DGC 
100.00+ 

1.35 
99.9+ 
1.48 

98.6+ 
1.45 

97.6+ 
1.11 

96.1+ 
1.11 

50DGC 
101.2+ 

1.12 
101.50+1.4 

3 
98.9+ 
1.39 

98.25+ 
1.58 

97.89+ 
1.58 

40DGC 
101.5+ 
1.26 

100.3+ 
1.18 

100.1+ 
1.08 

100.2+ 
1.49 

99.6+ 
1.28 

30DGC 
99.8+ 
1.25 

99.9+ 
1.36 

100.2+ 
1.45 

99.3+ 
1.11 

100.5+ 
1.58 

Room Conditions 
101.2+ 

1.12 
102.5+ 
1.43 

100.5+ 
1.39 

101.6+ 
1.58 

100.7+ 
1.36 
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Table 4.18. Melting point (in degree Celcius) of verapamil HCl in multi
particulate beads stored at conditions recommended by ICH 

Time 

Initial 
15 days 
1 month 
2 month 
4 month 

40 DGC-75% RH 
134.2 
133.8 
134.1 
134.8 
134.1 

30 DGC-60% RH 
134.2 
134.7 
134.1 
133.9 
133.8 

25 DGC-60% RH 
134.2 
134.9 
134.5 
135.9 
134.7 
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Table 4.19. Melting point (in degree Celsius) of verapamil HCl in muhi-
particulate beads stored at accelerated stability conditions 

Time 

Initial 

15 days 

1 month 

2 month 

4 month 

60 DGC 

134.2 

133.6 

133.8 

133.2 

132.5 

50 DGC 

134.2 

135.6 

134.3 

133.9 

133.8 

40 DGC 

134.2 

135.1 

134.7 

135.2 

133.9 

37 DGC 

134.2 

133.9 

133.2 

132.5 

134.5 

Room Conditions 

134.2 

134.7 

I34.I 

133.9 

133.8 
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Verapamil HCl is a crystalline drag and it does not exhibit polymorphic property. 

Since this compound is fairly stable in accelerated temperature, the crystalline stracture 

was intact with no change in the melting point. 

X-ray Powder Diffraction Studies 

The change in crystallinity can be monitored by the powder x-ray diffraction. 

Ten prominent diffraction lines of verapamil HCl were identified as confrols in freshly 

prepared multi-particulate beads. They had d-spacings of 0.472,0.493, 0.516, 0.340, 

0.375, 0.440, 0.613, 1.03, 0.354,0.281 and 0.236 nm with decreasing order of intensity. 

The stability samples were subjected for x-ray powder analysis after one, two and four 

months. No change was found in the peak & intensity ofthe all prominent diffraction 

lines. This result suggests that the crystalline pattem ofthe verapamil HCl in the 

formulation was well preserved. 

Dissolution Studies 

The dissolution profile of multi-particulate beads stored at different conditions 

were evaluated periodically. The dissolution profiles of verapamil HCl from multi

particulate were given in Figures 4.34. through 4.41. The fit factors fi and ii are two 

indices that compare the dissolution profiles of a reference formulation to that of a test 

formulation. These fit factors allow the systematic comparison of dissolution profiles at 

different time points. 
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Figure 4.34. Release profiles of verapamil HCl from multi
particulate beads stored at room temperature 
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Figure 4.35. Release profiles of verapamil HCl from multi
particulate beads stored at 30 DGC 

186 



T3 
U 
en 
CO 

u 

C 
ii 
o 
U I 
U 
CI. 
u 
.> 
"S 
"3 
E 
3 

u 

100 -

—•— Initial 
- • - 1 5 Days 

1 Month 
-^<- 2 Month 
-*-4Month 

Time in hours 

Figure 4.36. Release profiles of verapamil HCl from 
multi-particulate beads stored at 40 DGC 
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Figure 4.37. Release profiles of verapamil HCl from multi
particulate beads stored at 50 DGC 
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Figure 4.3 8. Release profiles of verapamil HCl from multi
particulate beads stored at 60 DGC 
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Figure 4.39. Release profiles of verapamil HCl from multi
particulate beads stored at 25 DGC /60% RH 
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Figure 4.40. Release profiles of verapamil HCl from multi
particulate beads stored at 30 DGC /60% RH 
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Figure 4.41. Release profiles of verapamil HCl from multi
particulate beads stored at 40 DGC / 75% RH 

192 



The dissolution profile of fresh tablets was considered as reference profiles of 

sample tablets collected periodically during the stability studies were considered as test 

profiles. The fi and fj values were computed by the equations given below (Moore and 

Planner, 1996). 

Y,Rt-Tt 
f i = - ^ X 100 

r = l 

f2 - 50 log{[I+I/n ^ Wt (Ri-Tt)^ ]-°-̂  x 100} 
(=1 

where R/ is the reference dmg content at time point t and Tt is the test drag content at 

time point t, n is the number of sampling points and Wt is an optional weight factor. 

Since all the dissolution time points were tieated equally, Wt was taken as 1. The 

average difference between the reference and test profile is represented linearly by test fit 

factor, fl and exponentially by fit factor, f2. Fit factor fi is zero when the test and 

reference profiles are identical and increases proportionally with dissimilarity between 

two profiles. Fit factor f2 is 100 when the test and reference profiles are identical and 

decreases proportionally with dissimilarity between two profiles. 

In the present study, dissolution profile at zero time point represents the reference 

curve and the dissolution profiles at different time intervals of stability studies represent 

the test curve. Rate and extent of release of verapamil HCl from the multi-particulate 

beads stored at different conditions decreased with time. Therefore, an increase m fi or 

decrease in f2 reflects on decrease in rate and extent of dissolution. 
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The fl and f2 values of verapamil HCl multi-particulate beads for all stability 

conditions are shown in Table 20 to 23. Rate and extent of release was decreased from 

tiie beads stored at 40 + 2° C / 75 % RH, 40'' C, 50° C and 60'' C. At higher temperatiires, 

the reduced rate of release (increase in fi value and decreased f2 values) could be 

attributed to the physical changes in CAB pseudolatex membrane coating. 

Aqueous-polymeric dispersions form dense films after spray deposition on the 

solid subsfrate. The process is further supported by evaporation of water and the 

coalescence ofthe polymer particles into a homogenous film. The films become more 

homogenous upon aging due to fiirther gradual coalescence. The plasticizer might have 

also escaped from the system at elevated temperature leading to decreased free-volume in 

the films. 

Since the x-ray powder diffraction studies suggested absence of any kind of 

crystallinity change in the verapamil HCl, the decrease in the release rate of drag can 

primarily be attributed to the pseudolatex membrane. However, no change in the release 

profile was observed in the multi-particulate beads stored at lower temperatures. This 

observation suggested absence of any significant effect of ageing on the permeability 

characters ofthe membrane. 
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Table 4.20. Fl values of verapamil HCl dissolution profiles from 
beads stored at ICH guidelines. 

Time 
Initial 
15 days 
1 month 
2 month 
4 month 

25 "C / 60% RH 
0 
1.0 
1.4 
1.1 
1.4 

30 "C / 60% RH 
0 
1.1 
0.93 
1.45 
2.66 

40 ''C / 75% RH 
0 
1.9 
3.1 
6.5 
9.0 
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Table 4.21. F2 values of verapamil HCl dissolution profiles 
from beads stored at ICH guidelines. 

Time 

Initial 
15 days 
1 month 
2 month 
4 month 

25 ''C / 60% 
RH 
100 
97.1 
92.3.9 
96.2 
98.4 

30 "C / 60% 
RH 
100 
96.8 
97.5 
94.8 
91.2 

40 ''C / 75% RH 

100 
91.7 
86.4 
74.2 
65.2 
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Table 4.22. Fl values of verapamil HCl dissolution profiles from 
beads stored at accelerated stability conditions. 

Time 

Initial 
15 days 
1 month 
2 month 
4 month 

Room 
Temperature 
0 
1.4 
1.1 
1.3 
1.3 

30*^0 

0 
1.5 
0.9 
2.5 
3.5 

40 "C 

0 
1.8 
1.0 
2.4 
4.9 

50''C 

0 
1.1 
1.9 
3.2 
6.8 

60''C 

0 
2.2 
3.1 
7.5 
15.2 
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Table 4.23. F2 values of verapamil HCl dissolution profiles from 
beads stored at accelerated stability conditions. 

Time 

Initial 
15 days 
1 month 
2 month 
4 month 

Room 
Temperature 
100 
95.3 
92.9 
96.2 
95.4 

30''C 

100 
95.6 
97.6 
88.9 
83.8 

40 "C 

100 
93.9 
96.6 
89.3 
79.3 

50 "C 

100 
96.7 
90.6 
84.9 
72.5 

60*^0 

100 
95.3 
86.4 
71.7 
57.2 
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CHAPTERV 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions can be drawn from the study. 

CAB pseudolatex was prepared by polymer emulsification technique using PVA 

as stabilizer and ethyl acetate as organic medium. The pseudolatex was applied on 

verapamil HCl beads in a fluid bed coater. Several process and formulation parameters 

were studied and the optimized coated beads were obtained by response surface 

optimization and artificial neural networks. The optimized formulations were 

characterized and stability tests were performed. 

CAB pseudolatex found to be stabilized by steric forces due to the three 

dimensional stracture of PVA. Measurement of intrinsic viscosity suggested the 

thickness of stabilization layer as 27nm. 

The decrease ui stabilization layer thickness with uicrease in volume fraction of 

pseudolatex suggested the elastic behavior. The Tg, free volume fraction. Young's 

modulus, and permeability coefficients were well confroUed by the plasticizer 

concenfration. 

The effect of plasticization in organic solvent film was synergised since ethyl 

acetate by itself acted as a plasticizer. The CAB pseudolatex was found to be stable for 

the study period of six months. 
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Powder X-ray diffraction and content analyses did not show interaction between 

verapamil HCl and the excipients studied, and no degradation of verapamil HCl was 

observed during the excipient compatibility studies. 

Thermal analysis indicated some form of physical interaction between verapamil 

HCl and the excipient that can be explained on the basis of thermodynamics. Plackett-

Burman design screened out the important factors namely, coating weight gain, 

plasticizer concenfration and duration of curing as responsible factors for the cumulative 

amount of verapamil HCl released in 12 hours from the multi-particulate system. 

Amongst the seven factors studied, coating weight gain, duration of coating, and 

the plasticizer concenfration had a greater influence on drag release than the amount of 

Polydexfrose/HPMC (Opadry II®), spray rate, fluid bed coater outlet temperature and 

atomizing pressure. 

A custom designed aqueous-based pseudolatex dispersion successfully employed 

to obtain a confroUed release coating on a multi-particulate system containing verapamil 

HCl. The three selected variables and response dissolution profile were adequately 

modeled by both RSM and ANN. 

Among the three factors, coating weight gain and duration of curing had negative 

impact on the response, whereas the plasticizer concentiation had positive effect. 

Dissolution profile was optimized by both RSM and ANN. 

The difference between observed and predicted dissolution profile of optimized 

batch was within the experimental error. The modeling abilities of both RSM and ANN 

were comparable 
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Due to the non-ionic nature of stabilizer release profile of verapamil HCl was 

independent of dissolution medium pH. The release profile of verapamil HCl from the 

multi-particulate beads found to be stable at room temperature and at 30 "C. However, a 

decrease in rate and extent was observed from the beads stored at 50 °C and 60 °C. 

Recommendations for Future Studies 

The shelf-life of aqueous-based pseudolatex can be increased by converting it 

into re-dispersible powder by freeze drying. Removal of water by ordinary means did 

not yield a re-dispersible powder. 

The pseudolatex may be used for the preparation of osmotically controlled 

tablets. Tri-layered osmotically confroUed tablet may be quite useful for delivering the 

drags requiring different delivery rates and different plasma half-life. 

The roughness ofthe coating membrane may be measured as a function of 

coating thickness in order to identify the uniform membrane. 

Apart from cellulose acetate butyrate, other polymers can be utilized for 

pseudolatex preparation. The proportion of plasticizer to the polymer should be 

considered as the main criteria in the selection of other polymers in addition to amount of 

organic solvent required for solubilizing the polymer during the preparation of 

pseudolatex. 

The shelf life ofthe aqueous based pseudolatex is based upon stability ofthe 

polymer in aqueous medium. Studies focused on increasing the stability ofthe polymer 

in the aqueous medium are suggested. It could be chemical derivitization ofthe polymer 
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that could inhibit any hydrolysis process or a stabilizing system that could prevent the 

access of water molecule to die polymer molecule. 

The specific mechanism of interaction between the polymer and plasticizer needs 

fiirther investigation. Probably, it will help understand the stability issues ofthe 

pseudolatex. 

The presence of moisture in the film acts as a plasticizer. Quantification of 

moisture in the films enveloping the beads or tablets and studying the glass transition 

temperature as a function of moisture content need to investigated. The results may open 

the avenues for keeping the permeability coefficient ofthe drag independent of time 

during its shelf-life. 

Since the polymeric particle size is in terms of nanometers, the technology may 

be used for the preparation of drag loaded nanospheres. Spray drying may be employed 

for the conversion of drag containing pseudolatex to nanospheres. 
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