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ABSTRACT 

 

The objective of this study was to design, develop and evaluate an amorphous 

solid dispersion (ASD)-loaded controlled release (CR) matrix system for poorly water-

soluble drug in order to enhance its solubility and dissolution rate while maintaining the 

stability of the supersaturated state during and after dissolution. Two types of polymeric 

carriers, namely hydroxypropyl methylcellulose acetate succinate (HPMCAS) and 

copovidone S-630, were used in spary-dried dispersion (SDD) formulations. Weak acid 

drugs glipizide and gliclazide which tend to have limited solubility and dissolution rate 

were chosen as poorly soluble model compounds representing Class-II drugs according to 

the FDA adopted Biopharmaceutics Classification Scheme. The unique features of the 

hydrating CR matrix system consisting of amorphous drug dispersion that provides 

supersaturation and probable mechanisms to inhibit precipitation are investigated.  

SDD-loaded CR matrix tablets prepared in this study were based on use of 

automated spray dryer and compaction simulator with optimized process parameters in 

order to control the critical quality attributes (CQAs) of final formulations. A 3×4 full 

factorial design was conducted to understand the effect of drug loading level and polymer 

type on the performance of SDD products for both glipizide and gliclazide. Drug loading 

level and succinoyl content % of HPMCAS were identified as two critical factors for 

meeting goals set to achieve maximum concentration under non-sink condition referred 

to as Cmax. Compliance to Cmax limit is assured by selecting drug loading level and 

type of HPMCAS within design space. 
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Spray-dried dispersions (SDDs) of glipizide and gliclazide were prepared using 

HPMCAS (H, M and L grades) and copovidone as amorphous matrix forming polymer in 

order to improve the solubility and dissolution rate of the drug. The SDDs appeared as a 

single amorphous phase with up to 60% drug loading level as revealed by X-ray powder 

diffraction (XRPD), modulated differential scanning calorimetry (mDSC) and scanning 

electron microscopy (SEM). Supersaturated micro-dissolution testing of SDD powders in 

fasted state simulated intestinal fluid showed prolonged supersaturation state (up to 180 

minutes) with significant solubility increase relative to crystalline drug under same 

conditions.  

Moreover, plot of relative dissolution AUCs (AUC (SDD) /AUC (crystalline)) versus 

stable supersaturated concentration ratio (C180/Cmax) was provided as an appropriate 

formulation strategy for selecting SDDs with improved solubility and supersaturation 

stability. Selected SDDs were formulated into matrix tablet with rate-controlling 

hydrophilic polymer, hydroxypropylmethylcellulose (HPMC) and other excipients. 

Dissolution data based on standard USP paddle method indicated that SDD-loaded CR 

tablets provide stable supersaturated concentration within the hydrated matrix with 

increased rate and extent of drug dissolution. Co-existence of HPMCAS and HPMC 

within the hydrating matrix showed strong suppression of drug crystallization and 

allowed achievement of zero-order and slow-first order release kinetics.  

In conclusion, results of this study indicate that use of HPMCAS as drug carrier in 

spray-drying process is able to produce homogeneous single phase SDDs which are 

stable and promising for inclusion into CR systems in development of CR dosage forms 

of poorly water-soluble drugs.  
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CHAPTER 1 

INTRODUCTION 

 

The technological advances that have steered toward unravelling of the human 

genome, development of combinatorial chemistry and high-throughput (HT) tools to 

rapidly identify new molecular entities (NMEs) and progress in high throughput 

screening (HTS) at enzyme and receptor target sub-types have not led to a more rapid 

drug development process or an increase in the number of new approvable drugs. Many 

studies assessing the consequences of drug candidates created via combinatorial and HTS 

show that there is little appreciation of their solubility, toxicology characteristics, 

metabolism, and/or their formulation developability. The use of non-aqueous media or 

solvent mixture for screening and purification purpose in HTS tends to give hits with 

higher molecular weight and lipophilicity. The goal of identification and targeting of 

kinase pathways, ion channels, nuclear receptors and protein-protein interactions with 

potent and selective agents also results in selection of lipophilic compounds (Singh and 

Mooter, 2015). More than 70% of new drug candidates can be categorized into 

Biopharmaceutical Classification System (BCS) class 2 or 4 due to their low solubility 

character (Figure 1-1) (Di et al., 2012; Williams et al., 2013). Undeniably the HTS 

approach has generated a large number of potent, high molecular weight, hydrophobic 

compounds whose physicochemical properties are completely inconsistent with necessary 

solubility, dissolution rate and bioavailability for oral administration. It is estimated that 

more than 70% of new chemical entities (NCEs) exhibit very poor solubility and 

bioavailability and may not fit the “Lipinski's rule of 5”, a rule of thumb to evaluate drug-
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likeness or determine if a chemical compound with a certain pharmacological or 

biological activity has properties that would make it a likely orally active drug in humans 

(Butler and Dressman, 2010; Lipinski et al., 2012). Low or unpredictable bioavailability 

can have its origin in low solubility or slow dissolution assuming that permeability is not 

the rate limiting factor. Hence countless efforts are taken in order to improve the 

solubility and subsequently the bioavailability of promising molecules. 

 

Figure 1-1. Categorizing compounds in the BCS classification system. 

 

For oral-administrated drug, dissolution of drug substance in the aqueous 

gastrointestinal (GI) milieu is prerequisite for being absorbed by the GI epithelium and 

reaching the target site. The rate of drug dissolution is given by the Nernst-Brunner 

equation: 

 
Vh

CCSD

dt

dC ts 
                                (1-1) 
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where dC/dt is the dissolution rate of the drug, S surface area of the dissolving 

surface, D diffusion coefficient of the drug, Cs saturation solubility, Ct concentration at 

time t, V volume of dissolution medium and h is the thickness of the diffusion layer 

surrounding the dissolving particle. Diffusion coefficient (D) of the drug and dissolution 

medium volume (V) are the factors which cannot be significantly modified in vivo. Thus, 

the enabling strategies focus on altering the saturation solubility and surface area. One 

approach is to transform crystalline drug material into amorphous form. There are 

numerous techniques available to produce amorphous form such as spray-drying, freeze-

drying, melt-extrusion, melt-quenching, co-precipitation, wet-milling and mechanical 

grinding. Particularly in the industry, techniques such as spray-drying and melt-extrusion 

are frequently used to prepare amorphous material. Figure 1-2 summarizes various 

formulation approaches that can be taken to improve the solubility and dissolution rate of 

poorly water-soluble drugs.  
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Figure 1-2. Formulation approaches to improve the solubility and dissolution rate 

of poorly water-soluble drugs (Hancock and Zografi, 1997).  

 

Apart from chemistry-based strategies to improve drug solubility, such as salt-

formation of ionizable compounds (Gould, 1986; Serajuddin, 2007), use of pro-drug, 

many other solubilization techniques are known including co-crystal formation (Babu and 

Nangia, 2011; Good and Rodríguez-Hornedo, 2009), use of surfactants, co-solvents 

(Strickley, 2004), self-emulsifying lipids (Hauss, 2007; Pouton and Porter, 2008; Shah et 

al., 1994), milling, micronization, nano-milling (Liversidge and Cundy, 1995; Rascioni et 

al., 2015), complexation (Brewster and Loftsson, 2007; Carrier et al., 2007; Panakanti 

and Narang, 2012), solid dispersions (Leuner and Dressman, 2000) and production of 

amorphous solids (Babu and Nangia, 2011; Murdande et al., 2010). Among the 

aforementioned techniques amorphous systems are of interest to pharmaceutical scientist 

as a robust way to achieve enhanced solubility due to their higher free energy relative to 

crystalline structures (Figure 1-3). The rationale behind this approach can be understood 

by the following equation: 

 











eCrystallin

T

Amorphous

T
eCrystallinAmorphous

T RTG



ln

,
                     (1-2) 

 

where 
eCrystallinAmorphous

TG
,  is the energy difference between crystalline and 

amorphous state, R is the gas constant, T is the absolute temperature, and 
eCrystallin

T

Amorphous

T




 is the 
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solubility ratio of the two forms. Based on Equation 1-2, the amorphous form of drug 

has higher solubility as compared with its crystalline counterpart due to its higher internal 

energy. In amorphous state, there is no energy barrier to break the crystal lattice structure 

so that drug molecules are readily dissolving in the solvent. The relationship between 

changes in chemical potential and system stability for crystalline drug, its solid dispersion 

and its amorphous form is shown in Figure 1-3.  

 

 

Figure 1-3. Energy pyramid of the crystalline form, amorphous solid dispersion, 

and amorphous form. µ is the chemical potential; diagram is not to scale (Baghel et al., 

2016). 

 

The relative increase in solubility of the amorphous form as compared with the 

crystalline form can be estimated by using the following equations (Equation 1-3 and 

Equation 1-4): 
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where 
c

T

a

T  is the solubility ratio of the amorphous and crystalline forms; 

ca

TG , , 
ca

TH ,  and 
ca

TS , are the difference in the free energy, enthalpy, and entropy, 

respectively; R is the gas constant; and T is the absolute temperature. In most case, the 

experimentally determined apparent solubility of amorphous APIs remains lesser than the 

theoretically predicted values (Almeida e Sousa et al., 2014). Upon dissolution, 

amorphous drug and/or drug-amorphous systems dissolve rapidly which appears as a 

peak followed by a decrease in solubility due to devitrification and is known as “spring 

and parachute effect,” which creates considerable challenges during dissolution. 

 

However, it should be noted that the kinetics of crystallization for a drug from 

supersaturated state to its most thermodynamically favorable crystalline state is 

unpredictable and may take place in minutes or after many hours. Hence presence of 

excess free energy in the amorphous systems and requirements to prevent and monitor 

any nucleation and crystallization of the drug during storage or processing is of 

importance in large scale commercial production. Use of specific excipient(s) with high 

enough Tg, such as polymer, in the formation of amorphous solid dispersion can be 

considered as a potential solution to this issue. In solid dispersion, drug is immobilized in 

a rigid polymer well below its glass transition temperature (Tg) as shown in Figure 1-4. 

When Tg is used to assess miscibility, a detection limit of about 20−30 nm is generally 

assumed and domain sizes smaller than that are indistinguishable by differential scanning 
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calorimetry (DSC) or modulated DSC. Other techniques such as solid-state NMR have 

been used to evaluate the extent of miscibility between amorphous drug and polymeric 

carrier. The domain size of the miscible systems is estimated to be < 4.5 nm (Yuan et al., 

2013). 

 

 

Figure 1-4. Schematic representation of miscibility between amorphous drug and 

polymeric carrier as detected by solid-state NMR and corresponding domain size (Yuan 

et al., 2013). 

 

Multiple important drug products are marketed in an amorphous form for 

immediate release and absorption, including Accolate
®
 (zafirlukast), Ceftin

®
 (cefuroxime 

axetil), Accupril
®

 (quinapril HCl), and Viracept
®
 (nelfinavir mesylate). Table 1-1 

provides some examples of commercial pharmaceutical products which are based on 

solid dispersion technologies. The number of solid dispersion based products being 

approved continues to increase in recent years (Harris, 2016). 
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Table 1-1. Commercial products based on solid dispersion technologies (He and Ho, 2015). 
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1.1 Amorphous Solid Dispersion (ASD) 

1.1.1 Definition 

The definition of solid dispersion (SD) was first coined by Chiou and Riegelman 

(Chiou and Riegelman, 1971) in their review article as “dispersion of one or more API in 

an inert carrier in the solid state, prepared by melting, solvent-evaporation or the 

combined melting-solvent methods”. In SDs, the drug and the carrier(s) can exist in 

either crystalline or amorphous state. Thus, SD can be: (1) a single amorphous phase 

mixture of drug and carrier(s), referred to as amorphous solid dispersion (ASD), (2) a 

crystalline mixture of drug and carrier(s), (3) solid complexes of drug with complexing 

agents, or (4) drug dissolved in solid lipid based excipient(s) (Newman et al., 2012).  

Among the aforementioned possibilities, amorphous solid dispersion (ASD) is of great 

interest to pharmaceutical scientists due to its enhanced drug solubility and ultimately 

improved bioavailability.  

 

1.1.2 Advantages of ASD 

Two and three decades ago, George Zografi (Taylor and Hancock, 2014) and 

other researchers started to explore the solubility advantages of ASD. In ASD, the 

crystalline drug is converted to its amorphous form and stabilized by the polymeric 

carrier. It can improve the solubility of poorly water-soluble drug through full or partial 

loss of crystallinity and the formation of amorphous or disordered crystalline material, 

wettability improvement, increased surface area and porosity enhancement. Formation of 

amorphous form of drug within ASD is one of the main reasons contributing to improved 

solubility and dissolution rate of poorly water-soluble drugs. Amorphous drug has higher 
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internal energy as compared to its crystalline counterpart due to the lack of long range 

order within the crystal lattice. This can be translated to less energy required to dissolve 

the amorphous form of the drug as opposed to energy requirement to break the crystal 

lattice structure to assist in drug solubilization. Use of hydrophilic polymer can also 

improve the wettability of ASD. Because of the intermolecular contact of drug with 

polymer carrier, the surface area of the drug is also maximized leading to faster 

dissolution as described by the Nernst-Brunner equation described in Section-1. In the 

case of molecularly dispersed drug-polymer mixtures, the drug particle size has been 

reduced to its absolute minimum viz. the dissolution rate is highly influenced by the 

dissolution rate of the hydrophilic carrier (Leuner and Dressman, 2000). Some solid 

dispersions also have high porous structure, especially those prepared by solvent method. 

The fast solvent removal during particle solidification may leave some channels within 

SD structure, thus increasing the porosity, surface area and dissolution rate of the drug. It 

is found that linear polymer based solid dispersions normally have higher porosity than 

reticular polymer based formulation (Ghaderi et al., 1999).  

 

During preparation, the crystalline drug is converted to amorphous form and 

stabilized by polymeric carrier(s). The polymeric carrier(s) help to improve the solid-state 

stability of amorphous drug by reducing its molecular mobility and increasing its glass 

transition temperature (Tg). In ASD, polymeric carrier can interact with drug molecules 

and keep them apart through formation of hydrogen bonds and steric hindrance. Its large 

surface area can act as a crystalline inhibitor, delaying or preventing nucleation and 

crystal growth.   
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1.1.3 ASD Preparation Methods 

Amorphous systems can be produced by any one of the methods such as spray 

drying (Caron et al., 2011; Corrigan et al., 1984; Dontireddy and Crean, 2011; Haque and 

Roos, 2005; Ueno et al., 1998; Yonemochi et al., 1999), freeze drying (Dontireddy and 

Crean, 2011; Haque and Roos, 2005; Ihli et al., 2013; Imamura et al., 2008), melt 

extrusion (Lakshman et al., 2008), vapor condensation, casting, super-cooling of melt, 

milling (Caron et al., 2013; Caron et al., 2011; Gupta et al., 2003; Mallick et al., 2008), 

co-grinding, compaction of crystals and during manufacturing processes. These can be 

categorized into three methods, namely melting method, solvent method (solvent-

evaporation method) and melting-solvent method as illustrated in Figure 1-5. The 

optimal method and technique for solid dispersion preparation is chosen based on the 

physicochemical properties of drugs and carriers. In general, spray drying and hot-melt 

extrusion are the most commonly used methods due to their scalability and wide 

applicability. 
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Figure 1-5. Three major categories of solid dispersion (SD) preparation methods 

(Vo et al., 2013). 

 

1.1.3.1 Solvent method 

In solvent method, solid dispersion is obtained through evaporation of solvent 

from the drug-polymer solution, followed by particle solidification. It can avoid 

decomposition of drug and carrier(s) at high temperature by using non-heating solvent 

removal method such as freeze drying. An important prerequisite of this method is the 

sufficient solubility of drug and carrier(s) in a common solvent. The solvents used in 

solvent method may include methanol, ethanol, acetone, ethyl acetate, methylene chloride, 

water and mixture of them. Fast solvent removal and solidification rate is always 

preferred to ensure the amorphous state of drug. Commonly used solvent removal 

techniques include heating on hot plate, vacuum drying, rotary evaporation, spray drying, 

freeze drying, spray-freeze drying and ultra-rapid freezing. The main disadvantage of 

solvent method is the residual solvent left after evaporation process, which may cause 

toxicity and require secondary drying. Other disadvantages of this method are 

environmental issues, high cost of facilities required for solvent removal and protection 

against explosion.  

 

Spray drying is a well-established and widely used technique for preparing 

amorphous systems of water-insoluble compounds (Singh and Mooter, 2015). It is a 

highly efficient technology, which allows rapid solvent removal resulting in fast 

transformation of drug-polymer solution into solid dispersion. The technique is based on 
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pumping the drug-polymer solution through an atomizer inside the drying chamber 

followed by rapid evaporation of solvent and complete solidification and formation of 

drug-polymer particles. Figure 1-6 shows the main components of a GEA A/S Niro spray 

dryer. During spray drying, drug and polymer (s) are firstly co-dissolved in a common 

solvent (i.e. methanol or acetone). The resultant solution is pumped at high pressure 

through the atomizer inside the drying chamber into small droplets (typically < 100 µm in 

diameter). By introducing a hot drying gas steam, the solvent is rapidly evaporated from 

the surface of the droplets followed by the complete solidification and formation of drug-

polymer particles, where the drug is dispersed and trapped in the polymer matrix in its 

amorphous form. The spray-dried dispersion (SDD) powder is carried out of the main 

chamber by the gas flow and collected at the end of cyclone. By controlling the inlet and 

outlet temperature of the drying chamber, the pump rate of feed solution and gas flow 

rate inside the chamber, the morphology, particle size and density of the SDD particles 

can be well controlled. The drugs in SDDs are often in amorphous state, therefore the 

solubility and dissolution rate are significantly improved. The resulting SDD can be 

further compounded and manufactured into solid dosage forms such as extended release 

tablets or capsules (Choonara et al., 2015; Liu et al., 2014; Piao et al., 2014). Spray 

drying allows for continuous manufacturing, ease of scalability, high uniformity of 

mixing, cost-effective in large scale production with high recoveries. Spray-dried 

dispersion products are commercially available and examples include Incivek
®
 and 

Intelence
®
. 
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Figure 1-6. GEA A/S Niro spray dryer. 

 

1.1.3.2 Melting method 

The first solid dispersion for pharmaceutical application was prepared by melting 

method or fusion method in 1961 (Sekiguchi and Obi, 1961). In the melting method, the 

drug and carrier(s) are melted together at a temperature above the eutectic point, which is 

the lowest possible melting temperature, and then the molten mass is cooled or solidified 

by lowering the temperature. Melting methods can be classified based on the 

cooling/quenching technique, such as ice bath agitation, spreading on stainless steel into 

thin layer or immersed into liquid nitrogen, etc. The resultant solid mass is then crushed, 

sieved, pulverized to further reduce particle size. The advantage of melting method is that 

it does not require any solvent. An important prerequisite of this method is the adequate 

miscibility of drug and carrier(s) in the molten state to obtain a homogeneous mixture. A 

suitable carrier should share similar physicochemical properties with API. 
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Incompatibility between drug and polymer(s) can cause phase separation during 

preparation and storage. Furthermore, the high viscosity of polymeric carrier in the 

molten stage can prevent adequate mixing, thus resulting in an inhomogeneous solid 

dispersion. Another concern of melting method is the thermostability of drug and 

carrier(s) at high temperature. Several important modifications of melting method to 

overcome its limitation include hot-melt extrusion (HME), Meltrex
TM

 and melt 

agglomeration. 

 

In recent years, hot-melt extrusion (HME) has become one of the most common 

techniques for solid dispersion preparation. In this process, the drug and carrier(s) are 

simultaneously mixed, heated, melted, homogenized and extruded in the form of tablet, 

rod, pellet, or milled and blended with other excipients for downstream processing. 

Figure 1-7 and Figure 1-8 show the main components of hot-melt extruder and 

schematic representation of extrusion process and downstream steps, respectively. The 

intense mixing and vigorous force generated by rotating screw can cause disaggregation 

of drug particles in the molten polymer, resulting in a homogeneous dispersion. The hot-

melt extruded systems are composed of drug, polymer(s) and other additives such as 

plasticizers and pH modifier. Hot-melt extrusion method is continuous, efficient, easy to 

scale-up and is also able to produce higher thermodynamic stability products than other 

methods. HME and its advanced technology, Meltrex
TM

, are the most successful ones to 

prepare amorphous solid dispersion with many marketed products such as Cesamet
®

, 

Rezulin
®
, Kaletra

®
 (Meltrex

TM
), Novir

®
 (Meltrex

TM
) and Isotip

®
 (Meltrex

TM
). The 

limitations of HME are relative low miscibility of drug and carrier(s) as compared with 
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solvent method, as well as high local temperature in the extruder due to high shear force, 

which is not suitable for heat-labile drugs.  

 

 

Figure 1-7. Hot-melt extruder. 

 

 

Figure 1-8. Schematic representation of the extrusion process and downstream 

steps (Tewari and Dürig, 2014).   
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Table 1-2. Comparison between hot-melt extrusion (HME) and spray drying. 

Technology Advantages Limitations 

Melt extrusion 

(HME) 

• Cost efficient 

• Continuous process 

• Reduce downstream 

formulation steps by direct 

shaping 

• Multi-purpose 

• Not suitable for heat/shear 

sensitive APIs or APIs with 

extremely high melting 

temperature 

• Comparatively lower mixing 

efficiency 

Spray drying • High mixing efficiency 

• Continuous process 

• Lower process 

temperature 

• More polymer choices 

• Not suitable for APIs with 

low solubility in organic solvents 

• Relative high cost 

• Solvent handling and 

environmental impact 

 

 

1.1.3.3 Melting-solvent method 

In this method, drugs are dissolved in a suitable solvent and mixed with molten 

carrier(s) followed by solvent removal and solidification of solid dispersion particles. The 

advantages of this method are lower operation temperature and shorter mixing time, thus 

protecting drug from thermal degradation. In addition, carrier(s) in the molten state are 

more easily dispersed and dissolved in the solvent as compared with solvent method.   
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1.1.4 Polymeric Carriers 

The choice of polymer is a critical factor when developing solid dispersions. 

Various water-soluble polymers such as polyvinylpyrrolidone (PVP) and 

poly(vinylpyrrolidone-co-vinyl-acetate) (PVP-VA) (Corrigan and Holohan, 1984; 

Martinez-Oharriz et al., 2002; Matsumoto and Zografi, 1999; Weuts et al., 2005) , 

poly(ethylene glycol) (PEG) (Law et al., 2004; Verheyen et al., 2002) and hydroxypropyl 

methylcellulose (HPMC) (Kushida and Gotoda, 2013; Miyazaki et al., 2011) or enteric 

polymers such as hydroxypropyl methylcellulose phthalate (HPMCP) (Miyazaki et al., 

2011) and hydroxypropyl methylcellulose acetate succinate (HPMCAS) (Friesen et al., 

2008; Tanno et al., 2004) have demonstrated usefulness in application of amorphous solid 

dispersions. The optimal polymeric carrier and drug:polymer ratio should be determined 

based on the physicochemical properties of the drug and polymer(s), such as pKa, 

melting temperature, Tg,  miscibility between drug and polymer and potential 

interactions which may contribute to the solubility improvement and stability of final 

product. Cellulose derivatives (HPMC, HPMCAS) and acetylenic derivatives (PVP and 

PVP-VA) represent two major categories of polymeric carriers used in the preparation of 

amorphous solid dispersion.  

 

1.1.4.1 Cellulose derivatives 

Celluloses are naturally occurring polysaccharides consisting of high molecular 

weight unbranched chains of saccharide units linked through β-1,4-glycoside bonds. Each 

glucose unit has three hydroxyl groups that can be substituted. Through alkylation, it can 

form methylcellulose (MC), hydroxypropylcellulose (HPC), 
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hydroxypropylmethylcellulose (HPMC) and many other semi-synthetic types of cellulose. 

Cellulose can also undergo esterification and form cellulose acetate phthalate (CAP) and 

hydroxypropylmethylcellulose phthalate (HPMCP). 

 

 

Figure 1-9. Chemical structure of cellulose. 

 

Hydroxypropylmethylcellulose (HPMC) 

HPMC is mixed ethers of cellulose, in which 16.5-30% of the hydroxyl groups 

are methylated and 4-12% is substituted with hydroxypropyl groups. The molecular 

weight of HPMCs ranges from about 10,000 to 1,500,000. They are soluble in water and 

the viscosity of aqueous solution increases as either the molecular weight or 

concentration of HPMC increases. HPMC 2910 (E types) are commonly used as 

polymeric carrier in solid dispersions. HPMCs are rich in hydrogen bond acceptors and 

donators, which can serve as superior stabilizer and supersaturation inhibitor for 

amorphous drugs. In addition, it shows non-pH dependent dissolution profile and 

therefore the solubility and dissolution rate of HPMC-based solid dispersions are not 

affected by the pH of dissolution medium and the GI tract. HPMC is chemically inert and 

has excellent safety profile with clinical precedence. 
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Figure 1-10. Chemical structure of hydroxypropylmethylcellulose (HPMC). 

 

Hydroxypropylmethylcellulose acetate succinate (HPMCAS) 

HPMCAS is an enteric polymer with a glass transition temperature (Tg) around 

120 ºC and solubility above pH 5. The amphiphilic nature of HPMCAS allows it to 

interact with a water-insoluble drug through its hydrophobic regions while the 

hydrophilic groups can interact with aqueous environments and form stable colloidal 

species maintaining the supersaturated state. HPMCAS is available in three grades, 

namely H, M and L, which differ in chemical substitutions and pH-solubility profiles. H 

grade of HPMC-AS contains the highest contents of acetyl substitution (more 

hydrophobic), followed by M and L grades. The H graded HPMCAS is soluble at higher 

pH (pH>6.5) as compared with M and L grades (soluble at pH of 6 and 5.5, respectively). 

Changes in the ratio of succinoyl and acetyl substitutions of the polymer can provide 

solid dispersions with different solubility and stability profiles. When HPMCAS is 

ionized (pH >5), the negative charges on its succinate groups can minimize the formation 

of large polymer aggregates through electrostatic repulsion and stabilize drug-polymer 

colloids (Friesen et al., 2008). Its ability to dissolve in a wide range of organic solvents 

also contributes to its processability and feasibility when using spray-drying technique.  
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Figure 1-11 and Table 1-3 show the chemical structure of HPMCAS and the properties 

of HPMCAS with different substitution grades. 

 

 

Figure 1-11. Chemical structure of HPMCAS. 

 

Table 1-3. Properties of different grades of HPMCAS. 

 HPMCAS-H HPMCAS-M HPMCAS-L 

Appearance White to off-white powder (F type) 

or granules (G type) 

Weight average molecular weight 75,100 103,200 114,700 

Average particle size (microns) ≤ 10 (F type) ≤ 10 (F type) ≤ 10 (F type) 

Viscosity 2.4-3.6
a
 2.4-3.6

a
 2.4-3.6

a
 

Glass transition temperature, Tg (ºC) 122 120 119 

Acetyl content 10-14% 7-11% 5-9% 

Succinoyl content 4-8% 10-14% 14-18% 

a
 NF/EP/JP viscosity method, measured for a 2% solution at 20ºC, unit: mPa·s. 

 

1.1.4.2 Acetylenic derivatives 

Polyvinylpyrrolidone (PVP) 
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Polymerization of vinylpyrrolidone leads to polyvinylpyrrolidone (PVP) of 

molecular weights (MWs) ranging from 2,500 to 3,000,000. Figure 1-12 shows the 

chemical structure of Plasdone K povidone (PVP) and Copovidone S-630 (PVP-VA) 

polymers. They can be classified according to the K value, which is calculated using 

Fikentscher’s equation. Table 1-4 illustrates the K value of typical used Plasdone 

polymers for solid dispersion formulation and their approximate molecular weight. The 

MW and chain length of the PVP has a significant influence on the supersaturated 

solubility and dissolution rate of the dispersed drug from the solid dispersion. The 

aqueous solubility of PVPs decreases with increasing chain length. Another disadvantage 

of high MW PVPs is their high viscosity at a given concentration. Most studies of PVP 

solid dispersion reported in the literature have used PVPs of MW 2,500-50,000 (K12 to 

K30) (Leuner and Dressman, 2000). The glass transition temperature (Tg) of a given PVP 

is also dependent on its MW and on the moisture content. In general, PVPs have high Tg 

ranging from 120 °C to 164°C. The high Tg of PVP limits its application in the 

preparation of solid dispersion by the hot-melt method. In other hand, due to their good 

solubility in a wide variety of organic solvents and water, they are suitable for using as 

solid dispersion carrier with solvent-evaporation method. The good aqueous solubility of 

PVP can improve the wettability and therefore dissolution rate of dispersed drug when 

exposure to dissolution medium.  

 

Poly(vinylpyrrolidone-vinylacetate) copolymer (PVP-VA) 

PVP-VA, also known as Copovidone S-630, is another polymeric candidate that 

can be used in both spray drying technique and hot-melt extrusion. It is a copolymer of 1-
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vinyl-2-pyrrolidone and vinyl acetate in a ratio of 3:2 by mass (Figure 1-12). The 

addition of vinyl acetate groups to the vinyl pyrrolidone polymer chain reduces its Tg 

relative to PVP. The vinyl acetate groups also add hydrophobicity and reduce 

hygroscopicity compared to PVP homopolymer. The combination of vinyl pyrrolidone 

and vinyl acetate monomer in a single polymer chain makes copovidone possessing both 

hydrophilic and hydrophobic properties. This amphiphilic nature makes it a highly 

effective polymeric carrier and stabilizing agent for solid dispersion application. Both the 

vinyl pyrrolidone monomer and vinyl acetate groups are capable of accepting hydrogen 

bonds through acetate and pyrrolidone carbonyl groups.  

 

 

Figure 1-12. Chemical structure of povidone (PVP) and copovidone S-630 (PVP-VA). 
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Table 1-4. Typical Plasdone K povidone (PVP) and copovidone S-630 polymer types 

used for solid dispersion formulation. (Information for this table is compiled from 

Ashland technical handbook, “Plasdone
TM

 K povidones and Plasdone
TM

 S-630 

copovidone properties for spray-dried and melt-extruded solid dispersions”) 

Plasdone 

Type K-value Polymer type 

Typical Weight 

Average MW Tg (°C) 

FDA IID 

Approved Dose* 

K-12 10.2-13.8 Homopolymer 4,000 120 80 mg 

K-17 15.5-17.5 Homopolymer 10,000 140 80 mg 

K-25 24-26 Homopolymer 34,000 160 80 mg 

K-29/32 29-32 Homopolymer 58,000 164 80 mg 

S-630 26-29 Copolymer  47,000 109 854 mg 

*Maximum dose levels listed in the United States Food and Drug Administration Inactive 

Ingredients Database (IID) that have been used in approved New Drug Applications 

(NDAs). 
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1.1.4.3 Consideration for polymer selection 

Polymers are critical component of solid dispersion formulation. It acts as carrier 

for the drug in the solid state and inhibits drug crystallization in the dosage form both in 

the solid state and in solution. Figure 1-13 lists physicochemical consideration in 

polymer selection for solid dispersion formulation. In addition to form a stable 

amorphous system with enhanced bioavailability, the carrier polymer(s) must have 

appropriate safety profile, supporting toxicity data and history of use. Furthermore, the 

polymeric carrier must be amenable to the designated process technology.  

 

 

Figure 1-13. Polymer selection from physicochemical properties perspective.  

 

When preparing solid dispersion by spray drying, it is necessary to select a 

suitable solvent for both drug and polymer. Thus, polymers that are soluble in a wide 

range of solvents allow greater formulation flexibility and processibility. Table 1-5 lists 

the solubility of various solid dispersion polymers in the commonly used organic solvents. 

In addition, the viscosity of drug-polymer solution should also within acceptable range. 
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Solution viscosity is affected by the polymer concentration, polymer molecular weight 

and the strength of interaction between polymer and solvent. The viscosity of feed 

solution is important in terms of pumping rate, droplet atomization and particle 

solidification. In general, it is difficult to produce spray-dried dispersions from feed 

solution with viscosity above approximately 13-18 Pa·s depending on the spray-dryer 

design, size and nozzle configuration.  

 

In melt-extrusion process, two important considerations are Tg and rheological 

properties of drug, polymer and adjuvant (if any) within the formulation. The Tg of the 

formulation is important as it defines the lower end of the processing temperature 

window. In general, temperature of 20 °C to 40 °C above the Tg of the system is used in 

melt-extrusion process in order to achieve suitable rheological properties. Although high 

Tg polymers are preferred for long-term stability, the lower Tg polymers can be melt-

extruded more easily without additional plasticizers. The rheological properties of the 

melt extrudate determine the energy required (motor torque) during the process. 

Depending on the power of extruder motor, melt viscosity below 100,000 Pa·s and 

preferably below 10,000 Pa·s is desired. Melt viscosity is primarily determined by the 

difference between the Tg of formulation and the processing temperature, the molecular 

weight of the polymer and the percentage of drug and adjuvants (if any).  
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Table 1-5. Solubility of various polymeric carriers in commonly used organic solvents. (Information for this table is derived from 

Ashland technical handbook, “Plasdone
TM

 K povidones and Plasdone
TM

 S-630 copovidone properties for spray-dried and melt-

extruded solid dispersions”)  
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1.1.5 Characterization Techniques 

The solubility improvement of poorly water-soluble drugs from solid dispersions 

can be proven by using standard or modified dissolution methods. Other properties of 

solid dispersion such as physical state or polymorphism of drugs, drug-carrier interaction 

and the physical and chemical stability of drugs within solid dispersion should also be 

evaluated. Many instrumental and analytical techniques are applied to measure the 

physicochemical and stability properties of solid dispersion. The crystalline state and 

degree of crystallinity of drug is commonly characterized by thermal techniques such as 

differential scanning calorimetry (DSC) and modulated DSC (MDSC), X-ray powder 

diffraction (XRPD), Confocal Raman spectroscopy. Other instrumental techniques such 

as Fourier Transformed Infrared spectroscopy (FTIR), solid-state nuclear magnetic 

resonance (ss-NMR), thermal gravimetry analysis (TGA) are used to investigate thermal 

stability and possible molecular interaction between drug and carrier. Microscopy 

techniques such as optical microscopy, transmission electron microscopy (TEM), 

scanning electron microscopy (SEM) and atomic force microscopy (AFM) can also be 

used to qualitatively characterize the crystalline states of drug, the molecular miscibility, 

phase separation and surface morphology of solid dispersions.  

 

1.1.5.1 X-ray powder diffraction (XRPD) 

X-ray powder diffraction (XRPD) is a powerful tool and can easily be used in 

determining the existence of amorphous or crystalline forms. The former exhibiting no 

peaks as opposed to their crystalline counterparts. The amorphous drugs have different 

physical properties relative to the crystalline forms and position of molecules is more 
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random as opposed to three-dimensional long-range order that normally exists in 

crystalline materials. The characteristic diffraction peaks in the fingerprint region of 

crystalline drug can be used to separate drug crystallinity from the carrier crystallinity. 

Crystallinity under 5% fractions may not be able to detect by XRPD. 

 

1.1.5.2 Thermal techniques 

Definition of glass transition temperature (Tg) 

A key parameter used to characterize amorphous drug dispersions and mixtures is 

the glass transition temperature (Tg), which is defined as the temperature at which the 

properties of the material transition from solid-like (glass) to liquid-like (supercooled 

liquid) or vice versa (Baird and Taylor, 2012). Below the Tg the molecular mobility of 

both drug and polymeric matrix is very limited and the mixture behaves like a glassy 

solid. Above the Tg, however, the magnitude of molecular motions increase and phase 

transformation can occur. Tg is frequently used as an indicator of stability of a 

formulation, since both chemical and physical instabilities of drug and polymer are 

typically more pronounced above Tg. Knowing the glass transition temperature can 

provide valuable insight into proper storage conditions post-production to ensure the 

maintained physical stability of the solid dispersion. Considering physical instability, a 

rule of thumb is that crystallization will be negligible if a sample is stored 50 °C below 

Tg (Hancock et al., 1995).  
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Figure 1-14. Changes in volume, enthalpy and entropy as a function of 

temperature in terms of crystalline materials and amorphous systems. Tg, glass transition 

temperature; Tm, melting temperature. 

 

Commonly used thermal techniques to determine Tg 

There are a wide range of thermal techniques that can be used to measure the 

thermal properties and Tg of solid dispersion, such as differential scanning calorimetry 

(DSC), modulated DSC, dynamic mechanical analysis (DMA) and thermally stimulated 

depolarization current (TSDC). Among those, differential scanning calorimetry (DSC) or 

standard DSC is the most common thermal technique used to measure the glass transition 

of amorphous solid dispersion (ASD). The calorimetric Tg is usually measured from the 

step-wise change in heat capacity that occurs when heating a glassy material. The lack of 

drug melting peak in the DSC thermogram also indicates the formation of amorphous 

drug within solid dispersion. DSC can detect the remaining crystalline drug content in 

solid dispersion down to 2%. However, it is worthy to mention that the apparent Tg value 
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is strongly dependent on the heating rate applied during the test and the extent of 

annealing of the glass. For some systems, the features of the glass transition region may 

be complicated by enthalpic recovery during heating through Tg. In this case, modulated 

DSC is an alternative thermal technique that can be used to more easily measure the Tg. 

MDSC is unique compared to standard DSC in that a sinusoidal heat modulation is 

superimposed on top of the standard linear temperature ramp, allowing separation of the 

total heat flow into reversing (Cp) and non-reversing (relaxation) heat flow. The 

reversing heat flow responds to the changing heating rate while the non-reversing part 

does not. Thermal events such as enthalpic relaxation, evaporation, crystallization, 

thermal decomposition and melting are distributed in the non-reversing heat flow while 

the reversing heat flow include some other melting events and glass transition (Ghosh et 

al., 2011). The advantages of MDSC include improvement of both sensitivity and 

resolution, analysis of complex overlapping transitions, direct measurement of heat 

capacity and detection of weak glass transitions and low amorphous content (Guinot and 

Leveiller, 1999).  

 

1.1.5.3 Thermal gravimetric analysis (TGA) 

TGA is a thermal analysis method that measures the weight change of material as 

a function of time and temperature. It can provide useful information about the thermal 

stability of drug and carriers used to decide the preparation method and the optimal 

process parameters and/or temperature range for solid dispersion preparation. TGA can 

also be used to determine the moisture and solvent content of material as well as 

decomposition, vaporization or sublimation temperature. Comparison of thermoanalytical 
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curves of solid dispersion and its components can reveal if the chemical interaction 

between drug and polymer accelerate drug degradation. The limitation of this technique 

is that it is not effective for materials that do not exhibit weight changes during 

degradation and processes that do not involve change of mass. Similar to DSC, TGA 

results are dependent on the experimental condition and process, therefore it is difficult to 

compare the results between different research group. 

 

1.1.5.4 Fourier transformed infrared spectroscopy (FTIR) 

FTIR is commonly used to investigate the intermolecular interaction between 

drug and polymer and their compatibility in solid state. Absence or shift of characteristic 

peaks in the spectrum would indicate changes in the drug characteristics and possibilities 

of drug-polymer interactions. It can be used to detect the possible hydrogen bonding 

between drug and carrier which is one of the most important factors contributing to the 

physical stability of solid dispersion as well as the solubilizing effect in solution.  

 

1.1.5.5 In vitro dissolution  

Dissolution tests or release studies are essential to assess the performance of 

prepared solid dispersion. In vitro dissolution is the most widely accepted tool to predict 

in vivo performance of a formulation. During the early stage of drug development, the 

dissolution condition should be carefully designed to closely simulate the GI tract 

environment in order to predict in vivo performance. The simulation parameters should 

include composition of dissolution medium, pH, agitation rate, dose to volume ratio, 

supersaturation ratio and experiment duration. Non-sink condition is essential to evaluate 
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the dissolution rate of supersaturated systems. The commentary authored by Newman et 

al. (Newman et al., 2012) studied 40 peer-reviewed papers based on amorphous drug-

polymer dispersion and found that 71% of the studies used USP apparatus II (paddle) 

method, 92% used nonspecific or non-sink condition, 90% performed in 500-900 mL 

media, 88% performed at 50-100 rpm, 50% used media with pH close to neutral, 79% 

used buffer or water, and 21% used simulated gastric or intestinal fluid without enzymes.  

 

It should be noted that, the correlation between in vitro dissolution results with the 

in vivo absorption for supersaturated delivery systems, such as amorphous solid 

dispersion, remains challenging. The in vitro dissolution rate may not predict the 

potential precipitation or fully demonstrated the driving force for absorption generated by 

the solubilizing power of such drug delivery systems. For solid dispersions, complex 

processes take place simultaneously during their dissolution in vivo, for example swelling, 

dissolution, precipitation, re-dissolving, etc. 

 

1.1.5.6 Permeation study 

The permeation and permeability rate of drug based on ASDs has also been 

studied by some research groups. After dissolution of ASD in the appropriate medium, it 

can form a wide variety of drug-containing species, including free drug, drug in the 

micelle, drug-polymer aggregates, as well as microparticle of amorphous drug. The 

increased solubility was attributed to the micellization and complexation of solubilized 

drug. The intracellular uptake of drug from solid dispersion was significantly increased 

using Caco-2 cells in those studies (Lian et al., 2014). Some researchers pointed out that 
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the increased permeation rate was attributed to the spontaneously formed homogeneous 

nano-sized micellar structures, while other studied showed that increase in intracellular 

uptake was accredited to the amorphous drug microparticulates, which was described as 

true supersaturation (Frank et al., 2014). 

 

1.1.5.7 In vivo evaluation 

The selection of a preclinical animal model is critical in evaluating the in vivo 

performance of ASD systems since significant variation in drug absorption can be seen 

with changes in anatomical, physiological, luminal fluid contents, gastric emptying, 

metabolic, biochemical, microbiome compositions, etc. In addition, a clearly defined 

selection of gender, fed or fasting states is essential in selection of a clinically relevant 

animal model. In the aforementioned commentary authored by Newman et al. (Newman 

et al., 2012), four animal models were found in most of the reported studies, including 

dog (50%), rat (30%), rabbit (18%) and monkey (2%). Among cited articles (i.e. 40 

papers), 80% of the bioavailability studies were performed under a fasted state, whereas 

free food access was allowed in 7% studies and 9% of the studies were conducted under a 

well-defined fed state.  

 

1.1.6 Current challenges of ASD 

Multiple important drug products are marketed in the form of amorphous solid 

dispersion for immediate release and absorption. However enhanced solubilization of 

poorly soluble compounds based on amorphous property of the drug-carrier for inclusion 

into a controlled release delivery system remains a challenge. Problems such as 



35 

dissolution stability and potential precipitation from a supersaturated state to equilibrium 

solubility level within the delivery system itself as well as during prolonged dissolution, 

transit in the GI tract and exposure to GI milieu are of chief concerns during delivery 

system development and evaluation. Drug dissolved within the hydrated matrix can reach 

supersaturated state and in-situ precipitation to crystalline state results in suppression of 

solubility over prolonged release period. 

 

Although few research investigations have demonstrated potential use of 

amorphous solid dispersion (ASD) in the design of sustained drug release dosage forms 

(Choonara et al., 2015; Liu et al., 2014; Piao et al., 2014), none have explored 

manufacturing scalability, reproducibility, and associated in-process controls, stability 

issues, process optimization as well as use of high speed compression force during 

production. It is known that amorphous systems during compression and manufacturing 

processes can easily transform into crystalline or other states with unpredicted 

consequences (Hancock and Zografi, 1997). Hence, the aim of this study was to develop 

spray-dried amorphous dispersion (SDD)-loaded controlled release hydrophilic matrix 

tablets using automated spray dryer and compaction simulator with optimized process 

parameters. 
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1.2 Oral controlled drug delivery 

1.2.1 Introduction 

The history of modified release dosage forms is only about 60 years old. Drug 

delivery technologies included both enteric coated systems and a variety of controlled 

release solid dosage forms have evolved as a multidisciplinary science. For example 

extended release Spansule
®
 capsule, containing a large number of coated and uncoated 

drug beads (i.e., coated spheres) to modify drug dissolution by controlling access of 

gastrointestinal fluids to the drug through a coating barrier was first introduced and 

patented in 1952 (Blythe, 1956), as shown in Figure 1-15.  

 

 
 

 

Figure 1-15. An issued patent in 1952 describing the Spansule
®

 capsule showing 

the hard shell gelatin capsule containing hundreds of coated and uncoated drug beads for 

extended release of an antihistamine. 
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The initial goal of development of controlled release formulations was to achieve 

zero-order or sustained release / prolonged release profile (Figure 1-16). With the better 

understanding of biopharmaceutics and GI physiology, oral controlled release dosage 

forms are capable of achieving a wide variety of blood profiles with significant 

therapeutic benefits (Cramer and Saks, 1994; Urquhart, 1997), including: 

 maintaining plasma drug concentration within desired therapeutic range 

with minimum fluctuations 

 prolonged activity of short half-life drugs 

 reduced side effects 

 reducing dosing frequency with improved patient compliance 

 allowing site-specific drug delivery in the GI tract with improved 

bioavailability 

 extending patent exclusivity and life-cycle management of product 

 

The schematics of above benefits and advantages and differences in drug delivery 

rate, kinetics and fate of drug from three different drug delivery forms (i.e. immediate 

release I, sustained release II, and Zero-order controlled release III ) in the body are 

shown in Figure 1-16. 
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Figure 1-16. Distribution and metabolism when dissolution rate limits absorption. 

Key: Drug delivery type: I, II and III; (A) Drug at the absorption site as released from the 

dosage form, (B) Drug in the body, and (C) Excreted drug and metabolites for (I) 

Immediate release, (II) Sustained release, and (III) Zero order release delivery systems. 

 

Several major historical milestones that impetus the development of oral 

controlled release dosage forms include (Lee and Li, 2010): 

 Introduction of semi-synthetic pH-sensitive cellulose derivatives, cellulose 

acetate phthalate (CAP), for enteric coating in the early 1940s, and subsequent 

introduction of a variety of enteric polymers, such as polyvinyl acetate phthalate 

(PVAP), hydroxypropylmethylcellulose phthalate (HPMCP), 

hydroxypropylmethylcellulose acetate succinate (HPMCAS) and methacrylate-

methacrylic acid copolymers (Eudragit).  

 Invention of the first oral sustained release product, Dexedrine 

(dextroamphetamine sulfate), in 1952 by Smith Kline and French (SKF) based on 

the Spansule® technology, which was capable of achieving various sustained 

release profiles by simply adjusting the coating thickness of wax-fat-coated 
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pellets or the proportion of the coated versus uncoated pellets in the dosage form 

(Helfand and Cowen, 1983; Blythe, 1956). 

 Introduction of semi-synthetic and synthetic hydrophilic gel-forming 

polymers, such as hydroxypropylmethylcellulose (HPMC), 

hydroxypropylcellulose (HPC), polyethylene oxide (PEO), cross-linked 

polyacrylic acid (carbopol), sodium carboxymethylcellulose (NaCMC) and 

alginates for designing oral controlled release matrix tablets (1950s and 1960s) 

 Invention and commercialization of first oral osmotic drug delivery 

system based on the elementary osmotic pump design (OROS technology) 

demonstrated constant and extended release profiles and independent of 

environmental pH (1970s through 1980s). 

 

As new controlled release technologies became available, various terms were 

introduced to describe their differences between each other. There are several commonly 

used terms in the field of modified release dosage forms, including modified release, 

delayed release, extended release, controlled release, prolonged release and sustained 

release, etc. According to the USP 24, these terms are defined as follow (USP 24, 2000): 

 Modified release dosage form is one for which the drug release 

characteristics of time course and/or location are chosen to accomplish therapeutic 

or convenience objectives not offered by conventional dosage forms such as 

solutions, ointments, or promptly dissolving dosage forms. 

 Delayed release dosage form is one that releases a drug(s) at a time other 

than promptly after administration. 
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 Extended release dosage form is one that allows at least a twofold 

reduction in dosing frequency, or significant increase in patient compliance or 

therapeutic performance as compared to that presented as a conventional dosage 

form (e.g. as a solution or a prompt drug-releasing conventional solid dosage 

form). 

 

Other terms, such as prolonged release, and sustained release, are used 

synonymously with extended release. The term “controlled release” and “modified 

release” have been used interchangeably.  

 

The number of controlled-release formulations approved by FDA from 2012 to 

September 2016 is 40 (Table 1-6). Figure 1-17 shows the distribution of those approved 

CR products based on the type of dosage forms. It is clear that among recently approved 

CR products, extended-release oral tablets and capsules remain the most popular types of 

dosage form due to its ease of administration and good patient compliance.   
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Table 1-6. Recently approved controlled-release products (from 2012 to September 2016). (Information for this table was compiled 

from FDA website) 

No. Brand Name Generic Name Indication Company 
Date of 

Approval 

1 Bydureon 
exenatide extended-release for 

injectable suspension 
type 2 diabetics Astrazeneca AB 27-Jan-12 

2 Ultresa 
pancrelipase delayed-release 

capsules 

exocrine pancreatic 

insufficiency 
Aptalis Pharma 1-Mar-12 

3 Myrbetriq 
mirabegron extended-release 

tablet 
overactive bladder Astellas Pharma 27-Jun-12 

4 Qsymia 
phentermine and topiramate 

extended-release capsule 
obesity Vivus Inc 17-Jul-12 

5 Rayos 
prednisone delayed release 

tablet 

rheumatoid arthritis 

and polymyalgia 

rheumatica 

Horizon Pharma 26-Jul-12 

6 Exalgo 
hydromorphone HCl extended-

release tablets 
pain management Mallinckrodt Inc 27-Aug-12 

7 Exelon rivastigmine transdermal patch Alzheimer's disease Novartis 4-Sep-12 

8 Quillivant XR 
methylphenidate HCl extended-

release oral suspension 

Attention Deficit 

Hyperactivity Disorder 

(ADHD) 

 Pfizer 27-Sep-12 

9 Oxytrol oxybutynin transdermal patch overactive bladder Allergan  25-Jan-13 

10 Delzicol 
mesalamine delayed-release 

capsules 
ulcerative colitis Allergan  1-Feb-13 
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Table 1-6. Continued. 

No. Brand Name Generic Name Indication Company 
Date of 

Approval 

11 
Abilify Maintena 

kit 

aripiprazole  extended-release 

injectable suspension 
schizophrenia Otsuka Pharma 1-Mar-13 

12 Tecfidera 
dimethyl fumarate delayed-

release capsules 
multiple sclerosis Biogen  27-Mar-13 

13 Karbinal ER 

carbinoxamine maleate 

extended-release oral 

suspension 

allergic rhinitis FSC Pediatrics Inc. 28-Mar-13 

14 Diclegis 

doxylamine succinate and 

pyridoxine hydrochloride 

delayed-release tablets 

nausea and vomiting of 

pregnant women 
Duchesnay Inc 8-Apr-13 

15 Procysbi 
cysteamine bitartrate delayed-

release capsules 
nephropathic cystinosis 

Raptor Pharmaceutical 

Corp 
30-Apr-13 

16 Astagraf XL 
tacrolimus extended-release 

capsules 

prevent organ rejection 

in adults with kidney 

transplant 

Astellas Pharma US 19-Jul-13 

17 Trokendi XR 
topiramate extended-release 

capsules 
seizures Supernus 16-Aug-13 

18 Butrans 
Buprenorphine Transdermal 

patch 
chronic pain Purdue Pharma L.P. 24-Sep-13 

19 Noxafil 
posaconazole delayed-release 

tablets 
antifungal Merck 25-Nov-13 

 



43 

Table 1-6. Continued. 

No. Brand Name Generic Name Indication Company 
Date of 

Approval 

20 Orenitram 
treprostinil extended-release 

tablets 

pulmonary arterial 

hypertension 
United Therapeutics 20-Dec-13 

21 Bydrureon Pen 
exenatide extended-release pre-

filled, single-use pen injector 
type 2 diabetes Astrazeneca AB 3-Mar-14 

22 Xartemis XR 
oxycodone HCl/acetaminophen 

extended-release tablets 
acute pain  Mallinckrodt Inc 11-Mar-14 

23 Qudexy XR 
topiramate extended-release 

capsules 
seizures 

Upsher-Smith 

Laboratories 
11-Mar-14 

24 Xulane 
norelgestromin and ethinyl 

estradiol transdermal patch 
birth control Mylan 16-Apr-14 

25 Hysingla ER 
hydrocodone bitartrate 

extended-release tablets 
chronic pain PurduePharma L.P. 20-Nov-14 

26 Zohydro ER 
hydrocodone bitartrate 

extended-release capsules 
chronic pain Pernix Therapeutics 30-Jan-15 

27 Tuzistra XR 

codeine polistirex and 

chlorpheniramine polistirex 

extended-release oral 

suspension 

upper respiratory 

allergy or cold 

symptoms 

Vernalis Therapeutics 1-May-15 

28 Invega Trinza 

paliperidone palmitate 

extended-release injectable 

suspension 

schizophrenia Jasssen 19-May-15 
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Table 1-6. Continued. 

No. Brand Name Generic Name Indication Company 
Date of 

Approval 

29 Envarsus XR 
tacrolimus extended-release 

tablets 

anti-rejection medicine 

for kidney transplant 

patients 

Veloxis 10-Jul-15 

30 Durlaza 
aspirin extended-release 

capsules 

reduce the risk of heart 

attacks, strokes, or 

death 

New Haven 8-Sep-15 

31 Aristada 
aripiprazole lauroxil extended-

release injection 
schizophrenia Alkermes Inc 5-Oct-15 

32 Dyanavel XR 
amphetamine extended-release 

oral suspension 

Attention Deficit 

Hyperactivity Disorder 

(ADHD) 

Tris Pharma 20-Oct-15 

33 QuilliChew ER 

methylphenidate 

hydrochloride extended-

release chewable tablets 

Attention Deficit 

Hyperactivity Disorder 

(ADHD) 

Pfizer 7-Dec-15 

34 Adzenys XR-ODT 
amphetamine extended-release 

orally disintegrating tablets 

Attention Deficit 

Hyperactivity Disorder 

(ADHD) 

Neos Therapeutics 27-Jan-16 

35 Xtampza ER 
oxycodone extended-release 

capsules 
chronic pain 

Collegium 

Pharmaceutical Inc 
26-Apr-16 

36 Jentadueto XR 

linagliptin and metformin 

hydrochloride extended-release 

tablets 

type 2 diabetes Boehringer Ingelheim 31-May-16 
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Table 1-6. Continued. 

No. Brand Name Generic Name Indication Company 
Date of 

Approval 

37 Belviq XR 
lorcaserin hydrochloride 

extended-release tablets 
obesity Eisai Inc 15-Jul-16 

38 Sustol  
granisetron extended-release 

injection 

nausea and vomiting 

associated with 

chemotherapy 

Heron Therapeutics Inc 19-Aug-16 

39 Troxyca ER 

oxycodone hydrochloride and 

naltrexone hydrochloride 

capsules 

severe pain Pfizer 19-Aug-16 

40 Yosprala 
aspirin and omeprazole delayed-

release tablets 

reduce the risk of heart 

problems or strokes 

Aralez Pharmaceuticals 

Inc 
14-Sep-16 
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Figure 1-17. Distribution of controlled release formulations approved by FDA 

from 2012 to September 2016. (Information for this figure was compiled from FDA 

website) 

  

0

2

4

6

8

10

N
u

m
b

er
 



47 

1.2.2 Physiological considerations 

Oral controlled release systems also have some limitations. For example, it is not 

suitable for drugs that have very short or very long half-life, undergo extensive hepatic 

first-pass metabolism, have low absorption in GI tract especially in the lower parts of 

intestine, and drug with narrow therapeutic index. In addition, sustained release system is 

not suitable for drug require high dose (e.g. dose > 1g) and precise dosing. Dose dumping 

and failure in release associated with controlled release systems can also cause toxicity or 

side effect and less therapeutic effect, respectively. 

 

In general, several parameters including physicochemical properties of drug itself, 

types of final dosage form, and the physiological condition of GI tract and absorption 

process should be investigated before any formulation attempt. The disease type (i.e. 

chronic or acute), duration of therapy, route of administration, required dose and other 

specific concerns associated with targeted patients should be considered as well. Table 1-

7 summarizes some of the important factors need to be considered in the design of 

controlled release systems.  

 

To summarize, a good drug candidate for oral controlled release systems is a drug 

which is used for treatment of chronic diseases, has a wide therapeutic window, absorbed 

uniformly in all segments of GI tract, demonstrates high bioavailability and therapeutic 

benefits when absorption input is controlled and has an intermediate half-life of few 

hours (i.e. ~ 2- 8 hr).  
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Table 1-7. Important factors to be considered in the design of controlled release dosage forms (Kim and Singh, 2002; Ritschel, 1989). 

Critical Factor Reason Ideal value 

Drug-Physicochemial properties 

Aqueous solubility Extreme solubility usually is not desirable > 0.1 ug/mL in pH range of 1-7.5 

pka 
Affect the ionization, solubility and absorption of ionizable 

drug 

Non-ionized portion > 0.1-1% in pH 

range of 1-7.5 

Partition coefficient 
Need to have adequate drug solubility in GI tract as well as 

adequate drug permeation through biological membrane 
Koptimum ~ 1000 

Stability 
Sensitivity to gastric and intestinal pH, enzymes or micro 

flora can be an issue 
Adequate stability is essential 

Molecular weight and Size 
Important in drug permeation through biological 

membranes 
< 1000 Daltons 

Diffusivity 
Important in drug permeation through biological 

membranes 
  

Drug-Pharmacokinetics properties 

Absorption 

Slow absorption rate and low absorption could result in 

low bioavailibility. Rate, extent, mechanism and 

uniformity of absorption need to be known.  

Krelease <<< Kabsorption. Diffusion should 

be the predominant mechanism of 

absorption. Site specific absorption is 

not apporiate for controlled release.  

Distribution 
Indirectly imposes restrictions in magnitude of release rate 

and the dose by affecting the elimination kinetics 

Apprarant Vd should be low, allowing 

use of lower dose 

Metabolism 

Extensive first-pass effect, intestinal metabolism, and 

enzyme induction or inhibition by drug cause low 

bioavailability and unpredictable fluctuation in blood 

levels 

  

Elimination CR formulation is not necessary for long half-life drugs t1/2: 2-8 hrs 
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Table 1-7. Continued. 

Critical Factor Reason Ideal value 

Bioavailability 
CR formulation is not appropriate when BA is low due 

to low absorption, drug degradation in GI tract, etc. 
F≥75% 

Protein binding 

High protein binding increase the half-life and hence 

lowers the significance of CR formulation. Possible 

binding to biopolymer in GI tract may influence CR 

formulation 

  

Side effects and Safety 
Narrow therapeutic index (TD50/ED50) drugs are not 

good candidates for CR formulation 

Narrow TI drugs are not good 

candidates 

GI tract-Anatomy and Physiology 

pH Affect the ionization of drug 

Should be considered when dealing with 

ionizable drugs and pH-senstive 

formulations 

Enzymes Drug degradation by enzyme can reduce bioavailibility   

Micro flora 
Drug degradation by microorganisms in GI tract can 

reduce bioavailability 
  

Transition time Affect CR formulation for site-specific drug delivery 

Should be considered when dealing with 

pH-sensitive devices, drugs with pH-

dependent solublity, swelling devices 

and multi-particulate systems 
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1.2.3 Classification and release mechanisms of current oral controlled 

release dosage forms 

Over the past four decades, significant advances have been made in the area of 

oral controlled release dosage form with increasing number of patents and publications, 

as well as significant growth of marketed controlled release products. Current controlled 

release systems can be divided into three major categories based on mechanistic 

considerations (Lee, 1997; Lee and Good, 1987), including: 

 Membrane system: drug core surrounded by a rate-controlling membrane, 

for example, coated pellet or tablets, and osmotic pump systems. 

 Matrix system: drug dispersed in a carrier matrix in the form of beads, 

pellets or tablets. 

 Hybrid system: a combination of membrane and matrix systems, for 

example, coated pellets or beads embedded in a tablet matrix, core press coated 

tablets, or tablets in a capsule, etc. 

 

Drug release from these systems is generally controlled by either one of or a 

combination of the following mechanisms: 

 

Diffusion/Dissolution 

Diffusion is the first mechanism to be studied and used to explain the release 

behavior of pharmaceutical dosage forms. It involves in most types of dosage form to 

some extent. Diffusion is defined as a process of mass transfer of individual molecule or 

particle along a concentration gradient as a result of random molecular motion (Martin et 
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al., 1983). Diffusion plays a major role in drug release from hydrophobic matrix systems 

where drug, hydrophobic polymer or wax, and other excipients form a homogeneous 

system. Drug release from the system is achieved through molecular diffusion through 

pores and channels formed within the non-disintegrating matrix. The resulting release 

profiles are either slow first-order in nature or in accordance with square root kinetics (i.e.

tKMM t  ). Release rate diminishes in a diffusion-controlled matrix system with 

time as continuous reduction in the concentration gradient and 100% release is not 

usually achieved. Diffusion also has major contribution in the release behavior of 

reservoir systems where the drug core is surrounded by a film or membrane of 

hydrophobic coating material and drug release rate is controlled by the diffusion through 

pores formed on the coating. In a reservoir system, the release rate can remain constant as 

an excess amount of drug is present in the drug core. 

 

Swelling 

Swelling is a phenomenon in which the dimensions of the dosage form increase as 

the polymeric materials interact with water. When water is imbibed into the matrix, 

polymer chains begin to hydrate, swell and gradually disentangle and occupy more 

volume. Water acts as a plasticizer and therefore reduces the glass transition temperature 

of the polymer. When Tg is equal to the environmental temperature, polymer transforms 

from glassy state to rubbery state. Swelling and gel layer formation proceed until no 

glassy core is remained. Degree and rate of polymer swelling depends on polymer type, 

molecular weight, functional groups and cross linking, and on the presence of other 

excipients and environmental conditions. Drug release occurs by diffusion of dissolved 
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drug through the gel layer as well as system erosion along with undissolved drug. Erosion 

occurs when polymer concentration in the gel periphery is below the disentanglement 

concentration. In a swelling matrix system, matrix generally hydrates over time while 

swelling occurs and glassy core shrinks as shown (Figure 1-18). 

 

Figure 1-18. Matrix swelling, gel layer formation and glassy core shrinking in a 

hydrophilic matrix tablet upon dissolution.  

 

Upon dissolution, a number of fronts can be defined, including erosion front, 

swelling front and the boundary of glass core (Jamzad and Fassihi, 2006) (Figure 1-19). 

Swelling front is defined as the interface between glass core and gel layer. Erosion front 

is depicted as the boundary of gel layer. When polymer swells and gel layer expands, 

swelling front moves inward and erosion front moves outward. Rates of swelling and 

erosion vary with time, and therefore influence drug release rate. When swelling front 

and erosion front move synchronized, the thickness of gel layer remains constant and 

drug release follow zero-order kinetics.  

 

2h                    4h                     6h 
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Figure 1-19. Schematic of hydrophilic matrix tablet and various fronts upon 

matrix swelling and erosion (Jamzad and Fassihi, 2006). 

 

Erosion 

As mentioned above, when water penetrates into the matrix, polymer chain 

expands and swells. When the polymer concentration at erosion front passes the 

disentanglement threshold concentration, polymer chains begin to disentangle and matrix 

undergoes erosion. Swelling rate and erosion rate also dynamically change throughout the 

dissolution process. Usually swelling is dominant at the early stages of matrix expansion. 

Erosion may compensate size expansion to some degree at the beginning of dissolution, 

but eventually takes over when the entire glassy core has transformed into gel. In a 

controlled release polymeric matrix system, in addition to diffusion and polymer swelling, 

polymer chain disentanglement and relaxation, excipients both soluble and insoluble also 



54 

contribute to drug release and eventually lead to complete disintegration of the matrix. A 

simple mathematic model proposed by Peppas and Sahlin (Peppas and Sahlin, 1989) 

could be used to analyze dissolution profile of system comprising both diffusion and 

erosion mechanisms: 

 

mmt tKtK
M

M 2

21 


          (1-5) 

 

Where K1 and K2 are kinetic constants associated with diffusional and 

relaxational (erosional) release respectively, m is the purely Fickian release exponent 

related to the aspect ratio of the system. In this equation, K1t
m

 indicates the Fickian 

diffusional contribution and k2t
2m

 represents the relaxational (erosional) contribution to 

the overall drug release.  

 

Osmotic pump 

The oral osmotic drug delivery system was invented by Alza during mid-1970s 

and its first oral osmotic tablet product was introduced by Ciba-Geigy (now Novartis) for 

the delivery of phenylpropanolamine HCl (Acutrim®), an appetite suppressant in the 

early 1980s (Lee and Li, 2010). Its invention and commercialization was recognized as a 

real turning point that advance the development of a new type of controlled release 

dosage forms due to its uniquely constant and extended drug release profile that no other 

delivery system could offer at that time. The first osmotic pump product was based on the 

so-called elementary osmotic pump design (EOP or OROS technology) (Theeuwes and 
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Higuchi, 1974; Theeuwes, 1975). It consists of an osmotic drug core (drug and 

osmotically active excipients) in a tablet form surrounded by a cellulose acetate 

semipermeable membrane with a single laser-drilled orifice (Figure 1-20). Upon 

activation in an aqueous environment, water is imbibed through the semipermeable 

membrane. Consequently, a saturated drug solution is produced inside the device, and 

built up a hydrostatic pressure that in turn pumps the drug solution out through the orifice. 

The rate of drug release is expressed by Equation 1-6: 

 

dm

dt

A

l
Lp P Cs  [ ( )]  

                (1-6) 

where dm/dt is the drug delivery rate, A is the membrane area, l is the membrane 

thickness, Lp is the permeability coefficient,  is the reflection coefficient, π and P are 

the osmotic pressure difference and hydrostatic pressure difference within the 

formulation and environment respectively, and Cs is the drug concentration in the system. 

 

For the delivery of relatively insoluble compounds, a push-pull osmotic pump 

(PPOP) design was developed based on the modification of EOP. In this design, the tablet 

core contains a bilayer tablet with an active drug layer and a pushing polymer layer. 

Upon dissolution, the polymer layer expands as a result of polymer swelling, thereby 

pushing the dissolved drug in the drug layer out through the orifice. Figure 1-21 show 

schematics of push-pull osmotic pump (PPOP), driving force and release kinetics.  

 



56 

 

Figure 1-20. Schematic representation of elementary osmotic pump (EOP) design. 

(Santus and Baker, 1995). 

 

 

 

Figure 1-21. Schematic representations of push-pull osmotic pump (PPOP) design. 
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1.2.4 Release mechanisms from HPMC matrix tablets 

A majority of marketed controlled release products are swellable matrix tablets 

based on certain hydrophilic rate-controlling polymers. Hydroxypropylmethylcellulose 

(HPMC) is one of the typical hydrophilic gel-forming polymers used in these products. 

Others include hdyroxypropylcellulose (HPC), polyethylene oxide (PEO), cross-linked 

polyacrylic acid (carbopol), sodium carboxymethylcellulose (NaCMC), and alginates. It 

is well understood that matrix swelling and erosion play significant roles in the drug 

release from such swellable matrix systems. As described above (Section 1.2.3) upon 

hydration, a gel layer is rapidly formed on the tablet surface during the initial stage of the 

tablet swelling. This transforms the porous tablet surface to a viscous gel layer, which 

slows the water penetration and drug diffusion. Gel formation has been identified as a 

critical step in controlling the drug release rate. 

 

As the swelling proceed, the polymer concentration at the swelling front decrease 

until it is below the disentanglement concentration, at which the erosion process takes 

place. The gel layer development is governed by the relative movement of the swelling 

front toward the tablet core and the erosion front at the gel surface. As mentioned above, 

when swelling front and erosion front have reached synchronization threshold, the 

thickness of gel layer remains constant and drug release follow zero-order kinetics. This 

is true when the erosion rate dominates the diffusion rate. Several hydrophilic matrices 

such as NaCMC and PVA are able to achieve front synchronization, thus result in 

constant release rate. However, such synchronized fronts have not been observed in the 

HPMC matrices since their gel thickness tend to increase continuously with time. A 
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systematic study conducted by Pham and Lee (Pham and Lee, 1994) revealed that both 

diffusion and erosion occur in the HPMC matrices irrespective of the HPMC viscosity 

grade. For water-soluble drugs, the effect of matrix erosion on drug release is 

insignificant and the release kinetics is mainly regulated by swelling-diffusion 

mechanism. However, for water-insoluble drugs, the drug release rate is primarily 

controlled by erosion-dominant mechanism. 

 

1.2.5 Solid dispersion-based controlled release delivery systems 

Despite extensive works and successful  commercialization of solid dispersion 

(SD)-based immediate release (IR) dosage form, development of controlled release (CR) 

delivery system based on amorphous solid dispersion (ASD) remains a challenge to 

pharmaceutical scientists. Problems such as dissolution stability and potential 

precipitation from supersaturated state to equilibrium solubility during the prolonged 

dissolution are of chief concern. Different from IR dosage form where disintegration can 

happen within minutes, the maintenance of formulation integrity of CR system increases 

the chance of drug precipitation within the delivery system itself. Controlled release SD 

systems can be obtained through using of release-retarding polymer within the SD 

formulation itself, i.e. controlled release solid dispersion (CRSD) or using of binary 

systems, i.e. combination of immediate-release SD with additional CR formulation 

strategies. Various formulation strategies, such as using insoluble polymer or swelling 

and soluble polymer, coating, pull-push osmotic pump, etc., have been applied to the 

controlled release of ASD. The combination of ASD-CR system extend the solubility 

advantage over a longer period of time, providing an ideal drug delivery system to 
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increase the dissolution rate and bioavailability of many poorly water-soluble compounds. 

The next sections will focus on this subject. 

 

Use of soluble and swellable polymer 

Tran et al. (Tran et al., 2013) introduced a self-emulsifying solid dispersion 

(SESD) of poorly water-soluble drug isradipine consisted of surfactant, fatty acid and 

poloxamer 407 as carrier manufactured by the melting method. Controlled release matrix 

tablet containing SESD and HPMC were prepared via direct compression. SESD-loaded 

CR matrix tablet achieved controlled release of isradipine over a 24 hours in-vitro 

dissolution study and showed significantly increased oral bioavailability and extended 

plasma concentration in healthy human volunteers compared with marketed isradipine 

product ( Dynacirc® capsule). In another study, Tran et al. (Tran and Tran, 2013) 

prepared the solid dispersion containing isradipine with polymeric carrier polyethylene 

glycol (PEG 6000) using melting method and then blended with polyethylene oxide (PEO 

N-60K) and other excipients to achieve drug release in a controlled manner. The resultant 

solid dispersion showed significant increase of drug solubility and accomplish sustained 

release of the drug up to 24 hours when formulated in the CR tablet with PEO.  

 

Combination of solid dispersion technique with release-retarding polymer(s) 

appears to be an effective way to achieve sustained release of weak acid or weak base 

drug during entire gastrointestinal pH without precipitation. According to Piao et al. (Piao 

et al., 2014), a self-nanoemulsifying itraconazole (ITZ) solid dispersion (SNESD) system 

was prepared via absorption of molten self-nanoemulsifying composition (ITZ:oleic 
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acid:glycerol:Brij 98:poloxamer 407) onto fumed silicon dioxide (Aerosil 300), and then 

directly compressed into tablet containing high viscosity grade HPMC. ITZ was 

practically insoluble in intestinal pH. However, release of ITZ from SNESD-loaded 

HPMC tablet follows an almost zero-order manner with no precipitation regardless of a 

sudden increase of pH from simulated gastric fluid (pH 1.2) to simulated intestinal fluid 

(pH 6.8). 

 

Other studies also showed that swellable polymer(s), e.g. HPMC, can be included 

into solid dispersion itself followed by compression into solid dosage form instead of 

blending with SD. According to Nguyen et al. (Nguyen et al., 2016), polyethylene glycol 

6000 (PEG 6000) and hydroxypropyl methylcellulose 4000 (HPMC 4000) were used in 

solid dispersion for not only enhancing drug dissolution rate but also sustaining drug 

release. Solid dispersion with isradipine:PEG-6000:HPMC-4000 ratio of 1:4:8 was 

prepared by melting method and then converted into matrix tablet via direct compression. 

The SD-loaded tablets exhibited sustained drug release over 24 hours and were capable 

of retaining the shape of matrix tablet up to 10 hours.  

 

Additionally, Qi et al. (Qi et al., 2015) successfully applied HPMC as a capped 

matrix to prepare a three-layered tablet with a middle active core of acemetacin-solid 

dispersion in poly(vinyl pyrrolidone)–K30 polymers. The dissolution rate of acemetacin 

was significantly increased with increasing proportion of PVP–K30 meanwhile the 

designed three-layered tablets exhibit zero-order release of acemetacin over 24 hours. In 
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vivo study indicated that the optimized three-layered tablets showed delayed Tmax and 

gave higher oral bioavailability than the marketed controlled release capsules.  

 

Polysaccharides, such as xanthan gum, have also been used as tablet matrix in the 

development of SD-CR system. Bakshi et al. (Bakshi et al., 2015) used Soluplus® as a 

hydrophilic carrier in the preparation of solid dispersion of a model BCS class II drug, 

glibenclamide via combination of hot melting process and microwave irradiation. SD-

loaded O-carboxymethyl xanthan mini-matrices (150 mg) exhibited improved dissolution 

rate during in vitro dissolution study as compared with pure drug and controlled the 

release of drug over 8 hours.  

 

Solid dispersions can also be included into controlled release floating tablet with 

addition of effervescent agent. Barmpalexis et al. (Barmpalexis et al., 2011) investigated 

the use of nimodipine–polyethylene glycol solid dispersions for the development of 

effervescent controlled release floating tablet formulations. The ratio of polymers (PEG, 

PVP and HPMC), effervescent agents and drug were optimized employing a proper 

design of experiment approach. The SD-loaded tablets exhibited good floating properties 

and controlled release profiles over 20 hours in 0.5% SLS medium. Drug release 

mechanism was identified to occur via the concomitant operation of swelling and erosion 

of the polymer matrix. 

 

Use of insoluble polymer 
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The primary role of insoluble polymer is to decrease water penetration and 

hydration rate of CR matrices, while drug release is taking place as a result of the erosion 

of polymer with time. Zero-order release can be achieved with this type of systems. Wax-

based disintegration mediated controlled release system was also designed based on the 

fact that amorphous drugs can crystallize out from hydrophilic matrices. According to 

Verma and Rudraraju (Verma and Rudraraju, 2015), amorphous solid dispersion of 

cilostazol was prepared with povidone to assist the drug attaining supersaturated state. 

Hydrogenated vegetable oil (HVO) was used as wax matrix former, and sodium 

carboxymethyl cellulose (NaCMC) as a disintegrant. The optimized formulation 

demonstrated diffusion-dominant release profile over 12 hours and maintained 

amorphous state under the accelerated conditions of 40°C/75% RH for 6 months. 

 

Use of coating technique 

Film coating with insoluble polymer, such as ethylcellulose, is an enabling 

approach to control drug release from amorphous solid dispersion. Wei et al. (Wei et al., 

2013) introduced a film-coated SD granule of nifedipine in PVP and stearic acid as 

carriers. When the SD granules were coated with ethylcellulose (EC), the dissolution rate 

extended to 20 h. Furthermore, the oral bioavailability of EC-coated SD granule was 

significantly improved in comparison with immediate-release capsules when orally 

administered to rabbits, and prolonged maintenance of the plasma drug level up to 24 h. 

 

In another study, Saindane and Vavia (Saindane and Vavia, 2012) developed an 

osmotic pellet system for the controlled release of poor water-soluble drug glipizide. This 
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system consists of a pellet core containing osmotic agent (sucrose and starch) coated with 

amorphous dispersion of drug in HPMC and Poloxamer 407, and then further coated with 

release-retardant agent cellulose acetate with pore former triethyl citrate. The optimized 

drug layer composition showed improved glipizide solubility, moreover pellets coated 

with release-retardant layer with pore former demonstrated zero-order drug release for 24 

h at different pH conditions. 

 

Use of osmotic pump system 

Osmotic pump systems, such as elementary osmotic pump (EOP) and two-

compartment pull-push osmotic pump (PPOP), have demonstrated wide application in 

controlled release of active ingredient in a zero-order manner. In one study, Patel et al. 

(Patel et al., 2014) developed a controlled release elementary osmotic pump tablet (COPT) 

including solid dispersion of glipizide. SDs having different ratio of drug to Poloxamer 

188 were prepared by hot melt method. Optimized SD compositions were formulated into 

core tablet with osmotic agent KCl, and coated with semi-permeable membrane 

containing pore former PVP-K30. Zero-order drug release was achieved with COPT, 

which showed comparative dissolution profile as marketed pull-push osmotic pump tablet, 

Glucotrol XL.  

 

Pull-push osmotic pump (PPOP) has also been successfully used in combination 

with different solubilization methods to simultaneously control dissolution rate and 

improve bioavailability of poorly water-soluble drug. Liu et al. (Liu et al., 2014) 

introduced a two-step strategy including the push–pull osmotic pump (PPOP) method as 
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well as micronization and solid dispersion technique to prepare the controlled-release 

high-bioavailability solid dosages of nimodipine (NMD). The in vitro dissolution studies 

indicated that SD-PPOP system was able to deliver NMD in the predetermined zero-order 

manner from 2 to 12 h. In comparison with the commercial reference tablets, the relative 

bioavailability of the SD-PPOP was 121.1%, indicating significant improvement of 

absorption and oral bioavailability.  

 

Remaining problems and future perspective 

Table 1-8 lists some examples of amorphous solid dispersions (ASD)-CR binary 

systems based on different formulation strategies. Among the aforementioned ASD-CR 

binary systems, use of swellable and soluble polymers in combination with ASD through 

dry blending and direct compression into final dosage form remains one of the most 

prevalent strategies due to its ease of manufacturing and high level of flexibility. Despite 

hydrophilic polymers have been widely used as release-retarding agents in SD-loaded CR 

matrix systems, the supersaturated drug concentration created within the gel layer and 

vicinity of the tablet during prolonged dissolution tend to result in precipitation and 

convert back to its crystalline form. For example, Tajarobi et al. (Tajarobi et al., 2011) 

examined the dissolution rate of a homologous series of parabens and their dispersions in 

PEG. Considerable increase in solubility and dissolution rate was observed for its solid 

solution form. However, the release rate of methyl, ethyl, and butyl parabens-solid 

solution from PEO matrix was similar to that of their crystalline form, with the exception 

of propyl paraben-solid solution which showed higher dissolution rate and solubility than 

its crystalline form in the initial part of the release. The results indicate that all parabens 
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crystallized out from its solid solution within the gel layer upon the process of tablet 

dissolution. The precipitation process is dependent on the crystallization kinetics of the 

substance. In this context, selection of polymeric carrier with good stabilizing effect on 

both ASD and CR system and proper manufacturing technique with high content 

uniformity and reproducibility is of importance.  
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Table 1-8. Examples of amorphous solid dispersions (ASD-CR) binary systems based on different formulation strategies.  

API 

Solid 

Dispersion 

Carrier 

Solid 

Dispersion 

Preparation 

Controlled 

Release 

Excipient/ 

Technique 

SD-CR System 

Manufacturing 
Main Conclusions Reference 

isradipine surfactant, fatty 

acid, poloxamer 

407 

melting method HPMC direct 

compression 

achieved controlled release of 

isradipine over a 24 hours in-vitro 

dissolution study and showed 

significantly increased oral 

bioavailability and extended 

plasma concentration in healthy 

human volunteers compared with 

marketed Dynacirc® capsule 

Tran et al., 

2013 

isradipine polyethylene 

glycol 6000 

melting method polyethylene 

oxide N-60K 

direct 

compression 

enhanced and controlled the drug 

dissolution rate in both simulated 

gastric (pH 1.2) and intestinal (pH 

6.8) media over 24 hours 

Tran et al., 

2013 

Sulfamethoxazole Menthol melting method Menthol and 

HPMC 

direct 

compression 

Menthol functioned as 

solubilizing and release-retarding 

agent 

Choonara 

et al., 2015 

itraconazole silicon dioxide 

(Aerosil 300) 

absorption of 

molten self-

nanoemulsifying 

composition 

(ITZ:oleic 

acid:glycerol:Bri

j 98:poloxamer 

407) onto fumed 

silicon dioxide 

HPMC direct 

compression and 

film coating 

release itraconazole in an almost 

zero-order manner over 6 hours 

with no precipitation regardless of 

a sudden increase of pH 

Piao et al., 

2014 
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Table 1-8. Continued. 

API 

Solid 

Dispersion 

Carrier 

Solid 

Dispersion 

Preparation 

Controlled 

Release 

Excipient/ 

Technique 

SD-CR System 

Manufacturing 
Main Conclusions Reference 

Losartan 

potassium 

Poloxamer 188 adsorbing the 

melting drug 

and poloxamer 

188 onto 

adsorbent 

Aerosil 300 

(fumed silicon 

dioxide) 

polyethylene 

oxide 

direct 

compression  

SD granules dissolved completely 

within 10 min; achieved pH-

independent sustained release of 

losartan potassium from the SD-

SR tablet for 2 h in gastric fluid 

(pH 1.2) followed by 10 h in 

intestinal fluid (pH 6.8). 

Tran et al., 

2011 

isradipine drug:PEG 

6000:HPMC 

4000 1:4:8 

melting method incorporate 

swellable 

polymer (HPMC 

4000) into solid 

dispersion itself 

direct 

compression 

Sustained drug release over 24 

hours and capable of retaining the 

shape of matrix tablet up to 10 

hours 

Nguyen et 

al., 2016 

acemetacin poly(vinyl 

pyrrolidone)–

K30 

solvent 

evaporation 

use HPMC as 

capped layer 

directly 

compressed 

three-layered 

tablet 

exhibit zero-order release of 

acemetacin over 24 hours; 

showed delayed Tmax and higher 

oral bioavailability than marketed 

controlled release capsules 

Qi et al., 

2015 

glibenclamide Soluplus® microwave-

assisted hot 

melting process 

O-

carboxymethyl 

xanthan gum 

direct 

compression 

Exhibited improved dissolution 

rate during in vitro dissolution 

study and controlled the release of 

drug over 8 hours 

Bakshi et 

al., 2015 

nimodipine polyethylene 

glycol 

melting method effervescent 

controlled 

release floating 

tablet  

comelting and 

direct 

compression 

exhibited good floating properties 

and controlled release profiles 

over 20 hours 

Barmpalexi

s et al., 

2011 
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Table 1-8. Continued. 

API 

Solid 

Dispersion 

Carrier 

Solid 

Dispersion 

Preparation 

Controlled 

Release 

Excipient/ 

Technique 

SD-CR System 

Manufacturing 
Main Conclusions Reference 

parabens PEG melting method PEO comelting and 

direct 

compression 

release rate of methyl, ethyl, and 

butyl parabens-solid solution 

from PEO matrix was similar to 

that of their crystalline form, 

except propyl paraben; all 

parabens crystallized out from its 

solid solution within the gel layer 

of tablet upon dissolution 

Tajarobi et 

al., 2011 

cilostazol drug:povidone 

1:4 

spray drying  hydrogenated 

vegetable oil 

(HVO)/wax-

based 

disintegration 

mediated CR 

system  

melting, direct 

compression  

demonstrated diffusion-dominant 

release profile over 12 hours and 

maintained amorphous state 

under 40°C/75% RH for 6 months 

Verma and 

Rudraraju, 

2015 

nifedipine PVP and stearic 

acid 

solvent 

evaporation 

film coated with 

ethycellulose 

film coating extended release of nifedipine  up 

to 20 hours in vitro; exhibited 

improved oral bioavailability in 

comparison with immediate-

release capsules when orally 

administered to rabbits, and 

prolonged maintenance of the 

plasma drug level up to 24 h 

Wei et al., 

2013 
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Table 1-8. Continued. 

API 

Solid 

Dispersion 

Carrier 

Solid 

Dispersion 

Preparation 

Controlled 

Release 

Excipient/ 

Technique 

SD-CR System 

Manufacturing 
Main Conclusions Reference 

glipizide HPMC and 

Poloxamer 407 

rotating pan 

coating on sugar 

pellet 

film coated with 

release-retardant 

agent cellulose 

acetate with 

pore former 

triethyl citrate 

rotating pan 

coating 

showed improved glipizide 

solubility; demonstrated zero-

order drug release for 24 h at 

different pH conditions 

Saindane 

and Vavia, 

2012 

glipizide Poloxamer 188  melting method elementary 

osmotic pump 

(EOP); coated 

with semi-

permeable 

membrane 

containing pore 

former PVP-

K30 

rotating pan 

coating 

achieved zero-order drug release; 

showed comparative dissolution 

profile as marketed pull-push 

osmotic pump tablet, Glucotrol 

XL 

Patel et al., 

2014 

nimodipine drug:PVP-K30 

1:3 

solvent 

evaporation 

push–pull 

osmotic pump 

(PPOP) 

Coating and 

drilling hole 

delivered nimodipine in the zero-

order manner from 2 to 12 h; 

showed relative bioavailability of 

121.1% in comparison with the 

commercial reference tables 

Liu et al., 

2014 
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1.3 Objectives of the Study 

The aim of this study was to develop stable spray-dried amorphous dispersion 

(SDD) to be loaded into controlled release (CR) hydrophilic matrix tablets using 

automated spray dryer and compaction simulator with optimized process parameters. 

Two types of SDD carriers, namely HPMCAS and Copovidone, were used in order to 

enhance both solubility and dissolution rate of poorly water-soluble compounds while 

maintaining amorphous state during processing and the stability of the supersaturated 

state after dissolution. The unique features of the hydrating CR matrix systems consisting 

of amorphous drug dispersion and additives with potential precipitation inhibition 

mechanisms during hydration and prolonged dissolution will be investigated. Three 

investigative parts are defined to accomplish the objectives of this study: 

1. Prepare solid dispersion of model compounds using spray drying technique 

with two different class of polymeric carriers and evaluate the solid-state properties of 

prepared spray-dried dispersions (SDDs) using X-ray powder diffraction (XRPD), 

scanning electron microscopy (SEM), modulated differential scanning calorimetry 

(mDSC) and Fourier transformed infrared spectroscopy (FTIR). 

2. Assess the supersaturated concentration and dissolution rate of prepared 

SDDs in comparison with crystalline drug under non-sink dissolution condition. 

3. Incorporate the selected and optimized SDDs based on solid state stability 

studies and micro-dissolution results into formulation composition and develop 

hydrophilic controlled release (CR) matrix tablets. 
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The drugs glipizide and gliclazide which tend to have limited solubility and 

dissolution rate were chosen as poorly soluble model compounds representing Class-II 

drug according to the FDA adopted Biopharmaceutics Classification Scheme (CDER, 

2015). Both glipizide and gliclazide are second generation sulfonylureas used in the 

treatment of type II diabetes. Their physicochemical properties are listed in Table 1-9. 

Glipizide is a poorly water-soluble drug with solubility of 22.24 µg/ml in FaSSIF at pH 

6.5. It is practically insoluble in alcohol, soluble in 0.1N NaOH and freely soluble in 

DMF. Gliclazide has solubility of 312.12 µg/ml in FaSSIF at pH 6.5. It is soluble in 

acetone and dichloromethane. 
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Table 1-9. Physicochemical characteristics of model compounds glipizide and gliclazide. 

 Glipizide Gliclazide 

Chemical structure 

 

 

Therapeutic class Blood-glucose-lowering drug 

of the sulfonylurea class 

Blood-glucose-lowering drug 

of the sulfonylurea class 

Chemical class 2
nd

 generation sulfonylurea 2
nd

 generation sulfonylurea 

Molecular formula C21H27N5O4S C15H21N3O3S 

Molecular Weight 

(g/mol) 

445.55 323.412 

Tm (ºC) 214.3 170.7 

Tg (ºC) 53.3 30.4 

Solubility (µg/ml) 22.24 µg/ml in FaSSIF 

pH-dependent 

312.12 µg/ml in FaSSIF 

pH-dependent 

pKa 5.9 5.8 

logP 1.91 2.04 

Half-life (hours) 2-5 10.4 

Dose (mg) 2.5mg, 5mg and 10mg 30-120mg 

 



73 

CHAPTER 2 

EXPERIMENTAL SECTION I: GLIPIZIDE 

 

2.1 Materials and methods 

2.1.1 Materials 

Glipizide was purchased from RIA International LLC (East Hanover, NJ). 

HPMCAS (AquaSolveTM, H, M and L grades), Copovidone (PlasdoneTM S-630) and 

hydroxypropyl methylcellulose (BenecelTM, HPMC K100M, K15M and K4M) from 

Ashland Specialty Ingredient (Wilmington, DE) were used in this study. Anhydrous 

lactose (Kerry Bio-science, Norwich NY), microcrystalline cellulose (Avicel® PH 102, 

FMC BioPolymer, Newark DE) and magnesium stearate were used for matrix tablet 

preparation. The properties of polymers used for preparation of spray dried dispersion are 

summarized in Table 2-1. 

 

Table 2-1. Properties of polymers used for solid dispersion preparation 

 HPMCAS-H HPMCAS-M HPMCAS-L Copovidone S-630 

Appearance White to off-white powder (F type) 

or granules (G type) 
White powder 

Weight average 

molecular weight 
75,100 103,200 114,700 47,000 

Average particle size 

(microns) 
≤ 10 (F type) ≤ 10 (F type) ≤ 10 (F type) 65-75 

Viscosity 2.4-3.6
a
 2.4-3.6

a
 2.4-3.6

a
 25.0-31.0

b
 

Glass transition 

temperature, Tg (ºC) 
122 120 119 109 

Acetyl content 10-14% 7-11% 5-9%  

Succinoyl content 4-8% 10-14% 14-18%  
a
 NF/EP/JP viscosity method, measured for a 2% solution at 20ºC, unit: mPa·s; 

b
 K-value 

viscosity, calculated from the kinematic viscosity of a 1% aqueous solution. 
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2.1.2 Preparation of spray-dried dispersions (SDDs) 

Solid dispersions with glipizide loading (w/w) levels of 20%, 40% and 60% were 

prepared by spray-drying method. Briefly, glipizide powder and polymers (HPMCAS-H, 

M and L or Copovidone S-630) with defined ratios were dissolved in the mixture of 

dichloromethane: methanol (DCM:MeOH, 2:1 w/w) at total solid content of 3.75% (w/w). 

The solutions were spray-dried using GEA Niro A/S spray dryer (SD Micro
TM

, Denmark) 

with a 1.0 mm two-fluid nozzle and operated in an open cycle configuration under pre-

determined process conditions as shown in Table 2-2. The resultant solid dispersions 

were dried in the vacuum for 16 hours (40 ºC).  SDD compositions were expressed in 

terms of the weight percentage (wt %) of drug in the spray dried dispersion. For example, 

20% glipizide:HPMCAS-H SDD consists of 1 part (by weight) glipizide and 4 parts (by 

weight) HPMCAS-H polymer. 

 

Table 2-2. Spray drying process parameters 

Parameter Value 

Solid content (% w/w) 3.75 

Inlet gas temperature (ºC) 90 – 96 

Outlet gas temperature (ºC) 55 – 60 

Atomizing gas flow (kg/hr) 1.5 – 1.7 

Process gas flow (kg/hr) 25.4 – 25.6  

Liquid feed rate (g/min) 16 - 18 

 

2.1.3 Characterization of glipizide-SDDs 

2.1.3.1 X-ray powder diffraction (XRPD) 
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The X-ray diffraction profiles for the raw glipizide as received and different 

SDDs were determined by XRPD and examined using a Bruker D8 Focus X-ray 

diffractometer operated at voltage of 40 kV and a current of 40 mA. Data for each sample 

were collected in the 2θ angle range of 4–40° over 10 minutes in continuous detector 

scan mode. The process parameters were set as scan-step size of 0.02° (2θ) and scan-step 

time of 0.3 s. 

 

2.1.3.2 Modulated differential scanning calorimetry (mDSC) 

Thermal properties of crystalline glipizide and different SDDs were investigated 

using a Thermal Analysis Q2000 differential scanning calorimeter equipped with an auto-

sampler. The sample equivalent to 2-5 mg was hermetically sealed in aluminum pan. The 

temperature ramping rate was 5 ºC/min from -20 to 250 ºC with heat modulation of ± 1.5 

ºC every 40 seconds. The nitrogen gas was flowing at a pressure of 20 psi to provide inert 

atmosphere during the measurement. An empty aluminum pan was used as reference. 

 

2.1.3.3 Scanning electron microscopy (SEM) 

The powder morphology of crystalline glipizide, HPMCAS, Copovidone and 

different SDDs were obtained using scanning electron microscopy (Hitachi S-4000). The 

sample was mounted on a sample stub, coated with a thin layer of Au/Pd to make the 

sample surface conductive and then examined in SEI (Secondary Electron Imaging) 

mode. SEI records the topographical features of the sample surface. Representative 

photomicrographs were digitally captured at 2048x1594 pixel resolution. 
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2.1.3.4 Micro-dissolution test of glipizide-SDDs 

The dissolution profiles and supersaturated solubility of amorphous glipizide solid 

dispersion (SDDs) and crystalline glipizide were obtained by non-sink dissolution tests in 

20 ml fasted state simulated intestine fluid (FaSSIF, pH 6.5)  at 37 ºC using micro-

dissolution tester (µDiss Profiler
TM

, Pion Inc.) with cross stirrer speed of 300 rpm.  An 

excess amount of sample (about 22 times of equilibrium solubility of crystalline glipizide 

in FaSSIF) was added to the media. Dissolution tests were performed for 3 hours. The 

dissolved glipizide concentration was detected in-situ with an integrated fiber-optic UV 

dip probe. 

 

2.1.4 Accelerated stability studies of glipizide-SDDs 

In order to evaluate the physical and chemical stability of glipizide-SDDs and to 

select the optimized formulation for inclusion into a controlled release matrix tablet, the 

accelerated stability studies were conducted on the SDD powder at 40 °C/75% relative 

humidity (RH) open condition for 6 months. Sample were withdrawn at 1, 2, 3 and 6 

months and retested for XRPD and mDSC. 

 

2.1.5 Preparation of controlled release matrix tablets 

Tablets containing 10mg glipizide or SDD with equivalent API contents were dry 

blended with other excipients (Table 2-3) and directly compressed using Compaction 

Simulator (Stylcam 200R, AC Compacting LLC) equipped with 0.375 inch flat faced 

beveled edged punches and die. The compaction simulator was computerized to mimic 

the rotary BetaPress at speed of 36 RPM and compaction force of 20 kN.   
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Table 2-3. Compositions of studied glipizide matrix tablets  

Formulation F1 
 

F2 
 

F3 
 

F4 
 

F5 
 

F6 
 

F7 
 

C1 

  % mg   % mg   % mg   % mg   % mg   % mg   % mg   % mg 

20% GLP:AS-M SDD 16.67 50 
 

16.67 50 
 

16.67 50 
 

16.67 50 
 

16.67 50 
         

20% GLP:AS-L SDD 
               

16.67 50 
      

40% GLP:AS-M SDD 
                  

8.33 25 
   

Crystalline glipizide 
                     

3.33 10 

HPMCAS-M 
                     

13.33 40 

HPMC K100M 25 75 
                     

HPMC K15M 
   

25 75 
                  

HPMC K4M 
      

25 75 
 

15 45 
            

HPMC K1500 
            

15 45 
 

15 45 
 

15 45 
 

15 45 

Lactose 10 30 
 

10 30 
 

10 30 
 

20 60 
 

20 60 
 

20 60 
 

20 60 
 

20 60 

Microcrystalline cellulose 47.83 143.5 
 

47.83 143.5 
 

47.83 143.5 
 

47.83 143.5 
 

47.83 143.5 
 

47.83 143.5 
 

56.17 168.5 
 

47.83 143.5 

Magnesium Stearate 0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 
 

0.5 1.5 

Total tablet weight   300     300     300     300     300     300     300     300 

GLP: glipizide, AS-M: HPMCAS-M, AS-L: HPMCAS-L, SDD: spray-dried dispersion.  
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2.1.6 In vitro dissolution study of matrix tablets 

Dissolution studies were carried out using standard USP 34 apparatus 2 (paddle) 

at stirring speed of 50 rpm in 900 mL of pH 6.5 phosphate buffer at 37 ± 0.5 ºC. At 

predetermined time interval, the samples were withdrawn and then assayed for the 

glipizide content by measuring the absorbance at 276 nm using a UV-vis 

spectrophotometer. Each point represent 3 replicates (n=3) and expressed as mean ± S.D..  

 

Release profiles obtained for different formulations were compared by calculating 

a statistically derived mathematical parameter, “similarity factor” (f2) (CDER, 1995): 
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where Rt and Tt are the percent drug dissolved at each time point for reference and 

test formulation, respectively, n the number of dissolution sample times, t the time 

sample index and Wt  is an optional weight factor (in the current work Wt = 1). If the two 

profiles are identical, f2 is 100. Values of f2 ≥ 50 indicate overall similarity of two 

dissolution profiles. 

 

2.1.7 Dissolution stability study of glipizide matrix tablets 

Matrix tablets exhibiting desired dissolution profiles were subjected to stability 

testing for a period of 6 months in a well-closed high-density polyethylene (HDPE) bottle 

stored at 25 °C and 60% relative humidity. Periodically and at the end of 6 months tablets 
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were subjected to in vitro dissolution test in accordance with the method described above 

(section 2.1.6).  Release profiles of stability samples were compared with reference (t=0) 

by calculating the “similarity factor” (f2) (see Equation 2-1).  
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2.2 Results and discussion 

2.2.1 X-ray powder diffraction (XRPD) 

X-ray powder diffraction technique is conceivably the most definitive method of 

identifying the long-range three dimensional molecular orders (i.e. crystalline state), 

distinguish between different polymorphic structures or show the existence of amorphous 

state (i.e. absence of sharp peaks) (Hancock and Zografi, 1997).  Furthermore, XRPD can 

also quantify the presence of crystalline material in SDDs to about 5% or less depending 

on the nature of crystalline structure, shape and size. Powder X-ray patterns of raw 

crystalline glipizide and spray-dried dispersions (SDDs) are shown in Figure 2-1. The 

crystalline nature of pure glipizide shows sharp diffraction peaks. On the other hand the 

X-ray patterns of glipizide-SDDs with HPMCAS and Copovidone S-630 shows broad, 

featureless scattering profiles indicating strong evidence that more than 95% of the drug 

in the SDDs is amorphous and there is no long-range structure associated with the system. 

The same trend is apparent even at 60% drug loading level, suggesting that glipizide in 

these polymeric matrix systems (SDDs) is mainly presented in amorphous state and it can 

be assumed that the local structure in these XRPD patterns is a disordered variant of a 

crystalline form. This may be due to the prevention of phase separation of drug and 

polymer (HPMCAS and copovidone) during spray-drying process where high ratio of gas 

flow to liquid flow and high drying gas inlet temperature results in rapid solvent removal 

and rapid droplet solidification. In reviewing the past literature it has been reported that 

when 1:1 ratio of solid dispersions (based on film casting) of povidone-K30 (PVP, 

Kollidon) and methacrylic acid ethyl acrylate copolymer (Eudragit L100-55) with drug 

nifedipine (NP) were subjected to XRPD analysis, samples showed sharp peaks, 



81 

indicating that some crystalline NP existed in the solid dispersions (Tanno et al., 2004).  

In the current study using spray drying technology in combination with HPMCAS and 

copovidone as polymeric matrix the resultant dispersions demonstrate a more efficient 

and reliable method with high yield production of an amorphous systems. 
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Figure 2-1. X-ray diffraction patterns of crystalline glipizide and spray dried dispersions (SDDs) using different polymeric carriers at 

20%, 40% and 60% drug loading levels: (A) glipizide:HPMCAS-H SDD, (B) glipizide:HPMCAS-M SDD, (C) glipizide:HPMCAS-L 

SDD and (D) glipizide:Copovidone S-630 SDD. 
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2.2.2 Scanning electron microscopy (SEM) 

SEM images of pure glipizide, HPMCAS (HG, MG and LF), Copovidone S-630 

and amorphous solid dispersions are shown in Figure 2-2 and Figure 2-3. Glipizide 

appeared as needle-like crystals. HPMCAS-HG and MG are rod-like while HPMCAS-LF 

is fine particle. Copovidone S-630 appears as spherical hollow particles. During spray 

drying of the drug-polymer solution, the solvent is rapidly removed from the surface of 

droplets resulting in high viscosity entity with formation of a film on the particle surface 

due to the film forming properties of the polymers. As the solvent is further migrated 

from the core, the surface film collapses yielding SDD particles with morphological 

structures shown in Figure 2-3. The morphology of glipizide and polymers were 

significantly modified after spray drying and can be controlled by the operating 

conditions of spray drying process, e.g. nozzle type, pump rate of feed solution and 

drying rate. 
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Figure 2-2. Scanning electron micrographs of crystalline glipizide, HPMCAS-HG, HPMCAS-MG, HPMCAS-LF and Copovidone S-

630.  
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Figure 2-3. Scanning electron micrographs of spray-dried dispersions (SDDs) 

using different polymeric carriers at 20%, 40% and 60% drug loading levels. 
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2.2.3 Thermal analysis 

A key parameter used to characterize amorphous drug dispersions and mixtures is 

the temperature at which the molecular mobility of the components changes significantly, 

known as the glass transition temperature (Tg). Below the Tg the molecular mobility of 

both drug and polymeric matrix is very limited and the mixture behaves like a glassy 

solid. Above the Tg, however, the magnitude of molecular motions increase and 

transformation into other forms can occur. Thermal treatment techniques such as 

differential scanning calorimetry (DSC) can be used to determine Tg. In the DSC, the 

glass transition appears as an endothermic heat capacity change reflected in a baseline 

step. 

 

The DSC thermogram for the crystalline glipizide is shown in Figure 2-4. One 

may observe a sharp endothermic peak at 212.1 ºC, corresponding to the melting 

temperature (Tm) of the drug. It is known that Tg of amorphous glipizide is 53.3 ºC, as 

determined by heat/flash cool/reheat method (data not shown). The Tg of HPMCAS and 

Copovidone S-630 are about 120 ºC and 109 ºC respectively as reported by the 

manufacturer. An analysis of the DSC thermograms of the drug-polymer mixtures 

produced (Figure 2-5 to Figure 2-8) reveals that all SDDs exhibit a well-defined, single 

Tg, indicating a perfect compatibility of the drug with the two types of polymeric 

materials. Tg was dependent on the type of polymer used and on the percentage of drug 

in the formulation. Thus, the Tg of glipizide-HPMCAS SDDs and glipizide-copovidone 

SDDs ranged from 65.3 ºC to 87.8 ºC and from 68.35 ºC to 102.35 ºC respectively as the 

drug content decreased (Figure 2-5 to Figure 2-8). For all drug-polymer mixtures the 
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determined Tg was found to be intermediate between the Tg of the amorphous drug and 

Tg of pure polymer, indicating a homogeneous dispersion of the drug in the polymer 

matrix that forms a single phase system, with different properties from pure amorphous 

drug and pure polymer starting materials. One can also observe that an exothermal 

transition occurred at intermediate temperatures within 40% and 60% drug loaded 

samples, indicating that the glipizide in the sample undergoes some degree of 

crystallization as the SDD is heated up in the DSC pan, followed by melting of 

crystallized drug at higher temperature. The crystallization temperature (Tc) decreases 

with the increase of the drug percentage in the SDD irrespective of the type of the 

polymer used. This was expected, since the probability of the drug molecules to coalesce 

and form a crystal lattice increases. Importantly, no recrystallization or melting peak was 

observed for HPMCAS- or copovidone-based formulations at 20% drug loading, 

revealing that only amorphous glipizide was present in these spray dried dispersions.  
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Figure 2-4. DSC thermograms of crystalline glipizide. 

212.06°C

-1.05

-0.85

-0.65

-0.45

-0.25

-0.05

R
e

v
 H

e
a

t 
F

lo
w

 (
W

/g
)

-20 20 60 100 140 180 220

Temperature (°C)

                  Glipizide API–––––––

Exo Up Universal V4.5A TA Instruments



89 

 

Figure 2-5. DSC thermograms of glipizide-SDDs using HPMCAS-H as matrix polymer at 20%, 40% and 60% drug loading levels.
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Figure 2-6. DSC thermograms of glipizide-SDDs using HPMCAS-M as matrix polymer at 20%, 40% and 60% drug loading levels. 
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Figure 2-7. DSC thermograms of glipizide-SDDs using HPMCAS-L as matrix polymer at 20%, 40% and 60% drug loading levels. 
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Figure 2-8. DSC thermograms of glipizide-SDDs using copovidone S-630 as matrix polymer at 20%, 40% and 60% drug loading 

levels.
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2.2.4 Supersaturated micro-dissolution studies of SDDs 

Amorphous spray-dried dispersions (SDDs) of different drug:polymer ratios were 

produced and supersaturated solubility and dissolution rate of SDDs containing 10 mg 

API was determined using a micro-dissolution tester under non-sink condition using 20 

mL fasted state simulated intestine fluid (FaSSIF, pH 6.5). It should be noted that in 

previous studies standard volume of dissolution medium, for example 500 mL to 1000 

mL, were used to examine the performance of amorphous solid dispersion (Jondhale et 

al., 2012; Mahmoudi et al., 2014). The small dissolution volume (20 mL) used in our 

work mimics the microenvironment of the GI tract where supersaturation can easily result 

in precipitation with no opportunity for re-dissolution as opposed to the use of large 

media volume (which does not mimic GI conditions) reported in the literature. With 

respect to SDD-based CR matrix tablets developed in this work, studying under non-sink 

micro-dissolution conditions bear a resemblance to the limited availability of water 

environment present within the gel layer and periphery of hydrated matrix tablet where 

drug dissolution and supersaturation can easily prevail. Figure 2-9 shows the dissolution 

profiles of glipizide spray-dried dispersion compared with that of crystalline drug. 

Results of dissolution profiles show presence of “stable supersaturated state, unstable 

precipitating state and drug crystalline state”. 
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Figure 2-9. Comparison of dissolution profiles of crystalline glipizide and spray-dried 

dispersions with (A) 20%, (B) 40% and (C) 60% drug loading in 20 mL FaSSIF (pH 6.5, 

non-sink) at stirrer speed of 300 rpm (n=3).   
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As shown in Figure 2-9, all SDDs dissolved quickly in the FaSSIF and showed 

considerable improvement in dissolution rate and extent of glipizide in the initial stage. 

However the supersaturated solubility state and the maximum concentration (Cmax) were 

not maintained for all SDDs and some of the dissolved systems reverted to the crystalline 

state. Plot of the most desirable SDDs in terms of relative dissolution AUCs (AUC (SDD) 

/AUC (crystalline)) versus stable supersaturated concentration ratio (C180/Cmax) relevant to 

the design of the controlled-release (CR) matrix tablets as an appropriate formulation 

strategy is provided in Figure 2-10 and Table 2-4. Relative AUC is defined as the 

dissolution curve AUCs of selected SDDs over the reference (i.e. crystalline glipizide) 

during the 180 minutes dissolution studies. C180/Cmax is calculated as drug concentration 

at the end of test (180 minutes) divided by the maximum solubility during the test 

reflecting the degree of precipitation/recrystallization.  Note that “X” in the plot 

represents the position of crystalline glipizide, which was used as reference. SDDs in the 

upper right corner exhibit highest supersaturation and sustainability of the state. The 

solubility of glipizide is enhanced nearly 13.9 times its equilibrium solubility when using 

HPMCAS-M as SDD carrier. The HPMCAS-based SDDs achieve a higher degree of 

supersaturation as compared with Copovidone S-630 (Figure 2-10). The improvement of 

glipizide solubility in SDDs follows the order: HPMCAS-M > HPMCAS-L > HPMCAS-

H > Copovidone S-630.  The higher degree of succinoyl substitution (hydrophilic group) 

of HPMCAS, L and M grades increases its affinity to aqueous media and contributes to 

its higher supersaturation at the initial stage. 
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Figures 2-9 and Figure 2-10 also show that SDDs comprising HPMCAS-H and 

HPMCAS-M were able to maintain the supersaturated concentration of the drug for 

extended period of time and did not support conversion of the drug into its crystalline 

form over the 180 minutes duration of micro-dissolution experiments. However, 

significant recrystallization or precipitation was found with HPMCAS-L- and 

copovidone-based formulations. The superior precipitation inhibitor effect associated 

with HPMCAS-H and M grades is likely due to two properties of HPMCAS: first above 

pH 5, the polymer is partially ionized, supporting stabilized nanosized amorphous drug–

polymer aggregates through electrostatic repulsion; and second it contains higher degree 

of hydrophobic substitution (higher acetyl content), providing sites for drug molecule 

association and this may sustains the supersaturation via hydrophobic interaction. The 

generation and maintenance of nanosized drug–polymer aggregates has been identified as 

one of key factor, providing a reservoir from which the drug can continuously dissolve 

and maintain the supersaturated free-drug concentration. 

  



97 

 

 

Figure 2-10. Characterization of glipizide-SDDs using relative AUC for 

dissolution curves at supersaturated levels compared to AUC of crystalline glipizide 

versus C180/Cmax derived from micro-dissolution testing. SDDs in the upper right corner 

exhibit highest supersaturation with preserving capacity. GLP: glipizide; AS-H: 

HPMCAS-H; AS-M: HPMCAS-M; AS-L: HPMCAS-L; S630: Copovidone S-630. 

  



98 

Table 2-4. Solubility and stability characterization of glipizide-SDDs with different drug 

loadings and polymeric carriers.  

  Cmax (µg/mL) Cmax ratio
a
 C180 (µg/mL)

b
 C180/Cmax AUC ratio 

Glipizide 22.2 - 22.2 1.000 - 

20% GLP:AS-H 246.6 11.1 226.1 0.917 13.7 

40% GLP:AS-H 279.6 12.6 278.9 0.998 16.3 

60% GLP:AS-H 237.2 10.7 237.2 1.000 13.9 

20% GLP:AS-M 308.4 13.9 307.0 0.996 18.2 

40% GLP:AS-M 299.3 13.5 296.8 0.992 17.7 

60% GLP:AS-M 262.0 11.8 259.7 0.991 15.4 

20% GLP:AS-L 293.4 13.2 26.1 0.089 6.0 

40% GLP:AS-L 281.9 12.7 194.7 0.691 15.0 

60% GLP:AS-L 231.9 10.4 224.1 0.966 13.5 

20% GLP:S630 233.6 10.5 135.5 0.580 9.8 

40% GLP:S630 139.1 6.3 98.3 0.707 6.7 

60% GLP:S630 115.4 5.2 101.3 0.878 6.1 

GLP: glipizide, AS: HPMCAS (type H, M or L), S630: copovidone S-630. 

a
 Cmax ratio is defined as Cmax of selected SDD divided by Cmax of crystalline glipizide. 

b
 C180 is defined as drug concentration at the end of the dissolution test (180 minutes). 

c
 AUC ratio is defined as AUC of selected SDD divided by AUC of crystalline glipizide. 
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During spray drying, the drug transforms from crystalline to amorphous state, 

which is stabilized by hydrophilic and hydrophobic interactions with HPMCAS or 

Copovidone backbone. Since the amorphous form of drug has higher energy and higher 

apparent solubility than its crystalline form, the solubility of glipizide in the solid 

dispersion is enhanced to a new supersaturated state with maintenance of stability (i.e. 

inhibition of recrystallization by solid dispersion carrier). When SDDs are exposed to the 

simulated intestinal fluid (for example, FaSSIF),  they rapidly dissolve to produce a wide 

variety of drug-containing species, such as free drug, drug in the micelle (through 

interaction with FaSSIF components), amorphous drug-polymer nanostructure, small and 

large aggregates of amorphous drug-polymer nanostructure (Friesen et al., 2008). 

Schematic representation of the spray-drying process, different stages and potential 

solubilization mechanisms, structural transformation from free-state to a more ordered 

crystalline state with significant suppression of drug concentration during micro-

dissolution testing are shown in Figure 2-11. It has been reported that the free-drug 

concentration after dissolving SDD in simulated fluid is in the range of 1-3 folds of the 

solubility of its amorphous form. In addition, the high-energy amorphous drugs inside the 

drug-polymer nanostructure and its small aggregates can potentially rapidly dissolve to 

replenish the free drug concentration as it is absorbed within the GI tract, maintaining the 

supersaturation state in vivo.  
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Figure 2-11. Schematic representation of the spray-drying process, different stages and potential solubilization mechanisms, 

structural transformation from free state to a more ordered crystalline state with significant suppression of drug concentration during 

micro-dissolution testing. 
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2.2.5 Accelerated stability studies of glipizide-SDDs 

Stability of spray-dried dispersions (SDDs) of amorphous glipizide with 

HPMCAS or copovidone was evaluated by subjecting the SDD to accelerated storage 

condition at 40 °C/75% RH for 6 months. Solid-state characterizations were performed to 

evaluate the amorphous state of glipizide. The results of X-ray diffraction patterns of 

glipizide-SDDs stability sample were summarized in Table 2-5 and Figure 2-12 to 

Figure 2-17. The stability results indicate that as the drug load increases, the stability of 

amorphous glipizide in the SDD decreases. For example, at 20% drug loading, SDD 

containing M grade HPMCAS was stable for 3 months, however, as the drug load 

increases to 40% and 60%, the amorphous glipizide in those SDDs crystallized within 2 

months and 2 weeks, respectively. The same trend is apparent with all types of polymeric 

carriers used in this study. Furthermore, at same drug loading level, HPMCAS shows 

better stabilizing effect compared to copovidone. mDSC thermal analysis was performed 

with crystallized SDDs. The results of mDSC thermograms are shown in Appendix-A. 

 

In review of past literature, Friesen et al. (Friesen et al., 2008) found that the ratio 

of Tm/Tg (K/K) of compound can be used as an indicator of the propensity of compound 

to crystallize from its amorphous state. In general, as the Tm/Tg ratio of the compound 

increases, the physical stability of its amorphous solid dispersion decreases. In their study, 

they categorized 139 compounds into three groups based on their Tm/Tg ratios. The first 

group consisted of compounds with relatively low Tm/Tg ratio (<1.25), the second group 

have moderate Tm/Tg ratios (1.25-1.40), and the compounds in the third group have 

highest Tm/Tg values (>1.40). Based on their observation, the amorphous solid 



102 

dispersions of compounds with Tm/Tg>1.40 normally require low drug loadings (10-35%) 

and storage under reduced humidity conditions to maintain its physicals stability. In 

current study, glipizide demonstrates a melting temperature of 214.3 °C (487.5 K) and Tg 

of 53.3 °C (326.5 K), which results in a high ratio of Tm/Tg as 1.49, indicating high 

crystallization propensity from its amorphous state. Therefore, SDD with high polymer 

content, i.e. low drug load, were required to prevent the crystallization. As shown in 

Table 2-5, all 20% drug loading SDDs with HPMCAS were stable for at least 3 months 

under stressed storage condition, while high drug loading samples were not stable during 

prolonged storage duration.   
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Table 2-5. Summary of XRD results of glipizide-SDD stability samples. 

No. Sample name 2 weeks 1 month 2 months 3 months 6 months 

1 20% Glipizide: HPMCAS-H           

2 40% Glipizide: HPMCAS-H           

3 20% Glipizide: HPMCAS-M           

4 40% Glipizide: HPMCAS-M           

5 60% Glipizide: HPMCAS-M           

6 20% Glipizide: HPMCAS-L           

7 40% Glipizide: HPMCAS-L           

8 20% Glipizide: copovidone S-630           

9 40% Glipizide: copovidone S-630           

 
      

 
Crystallized (mDSC performed) 

     
 

Slightly Crystallized 

     
 

Amorphous 
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Figure 2-12. X-ray diffraction patterns of 60% glipizide:HPMCAS-M SDD after 

storage at 40 °C/75% RH for 2 weeks. 

 

 

Figure 2-13. X-ray diffraction patterns of 40% glipizide:copovidone S-630 SDD 

after storage at 40 °C/75% RH for 2 weeks. 
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Figure 2-14. X-ray diffraction patterns of glipizide-SDDs stability sample at 1 month.
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Figure 2-15. X-ray diffraction patterns of glipizide-SDDs stability sample at 2 months. 
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Figure 2-16. X-ray diffraction patterns of glipizide-SDDs stability sample at 3 months. 
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Figure 2-17. X-ray diffraction patterns of glipizide-SDDs stability sample at 6 months. 
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2.2.6 Release of glipizide from matrix tablet 

Matrix tablets were prepared by dry blending of selected SDDs and other 

excipients including HPMC as tablet forming matrix followed by direct compression on a 

compaction simulator. The influences of HPMC, % drug loading within SDDs and types 

of SDD carrier on the dissolution rate and extent of drug release were studied. The 

compositions of glipizide matrix tablets are shown in Table 2-3. The amount of glipizide 

based on different SDDs was kept constant as 10 mg in all formulations. 

 

2.2.6.1 Influence of HPMC grades and percentage on the release rate of amorphous 

glipizide from matrix tablet 

To study the effect of HPMC on the dissolution rate of amorphous glipizide, 

matrix tablets were prepared using glipizide-SDD with best dissolution outcome and 

HPMC with various molecular weights and percentages (Table 2-3, Formulation F1-F5). 

SDD of 20% glipizide:HPMCAS-M, which exhibits highest supersaturated concentration 

and sustainability (see Table 2-4) was used for this study. Figure 2-18 shows the release 

profile of glipizide from matrix tablets containing HPMC with different MWs and 

percentages. It was found that the release rate of glipizide increases as HPMC molecular 

weight decreases. Further decrease of HPMC percentages in the matrix resulted in a 

significant increase in dissolution rate of glipizide (Formulations F4 and F5).  
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Figure 2-18. Dissolution profiles of glipizide from matrix tablet containing 20% 

glipizide:HPMCAS-M SDD and HPMC with various molecular weights and percentages 

using standard USP 34 paddle method at 50 rpm in 900 mL pH 6.5 phosphate buffer at 

37 °C (n = 3). 
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2.2.6.2 Dissolution rate of glipizide from matrix tablet containing SDD versus crystalline 

drug 

Dissolution rate of glipizide from matrix tablets containing equal amounts of 

HPMC K1500 and either dry blend of crystalline glipizide and HPMCAS-M polymer 

(20:80) or the corresponding SDD (i.e. 20% glipizide:HPMCAS-M SDD) were compared 

(Table 2-3, Formulation F5 versus C1).  Results shown in Figure 2-19, confirm that 

SDD-loaded tablets have significantly greater rate and extent of dissolution as compared 

with tablets made of crystalline drug. SEM photomicrographs in Figure 6 designated as 

“A” and “B” show the cross section of the fractured CR tablets. One can observe that 

SDD particles are present within the fractured SDD-based tablet showing similar 

morphology as free SDD powder (see Figure 2-3). This indicates that the SDD particles 

remain intact and maintain their physical properties after compression into tablets.  The 

similarity factor (f2) between SDD-formulation (F5) and formulation of crystalline 

glipizide (C1) was 42 indicating dissimilar dissolution profiles.  
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Figure 2-19. Comparison of dissolution profiles of tablet containing glipizide 

spray-dried dispersion (F5) versus dry blended mixture of crystalline glipizide with 

polymer (C1) (left) and scanning electron microscopy of the cross section of CR tablets 

made of (A) glipizide-SDD and (B) crystalline glipizide (right) (n = 3). 
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The significant enhancement in dissolution rate of glipizide from SDD-based 

tablets is attributed to the enhanced solubility of amorphous glipizide associated with the 

SDD system. The presence of HPMC and HPMCAS in the matrix is believed to be 

complimentary in inhibiting potential drug precipitation or crystallization within the 

matrix during prolonged dissolution period. Thus the free drug diffuses out of the gel-

layer surrounding the hydrated and swollen tablet matrix. It should be noted that in non-

disintegrating hydrophilic matrix systems as water infiltrates the matrix various fronts 

within the matrix are identifiable (Dürig and Fassihi, 2002). Once the gel layer is formed 

the drug dissolves and in-situ drug concentration reach the supersaturated state within the 

gel layer. The schematic representation (see Figure 2-20) illustrates the dynamics of 

hydration, formation of various fronts, attainment of supersaturated matrix, possible 

mechanisms by which transformations into other forms may occur, and diffusion and 

dissolution over the entire dissolution period. We assume that HPMC, which is rich in 

hydroxyl group (H-bond donor), is able to interact with dissolved glipizide (contains 6 H-

bond receptors) through hydrogen bonding and stabilize the supersaturated state. In 

addition, viscosity increases within the stagnant layer in the presence of HPMC is also a 

factor to limit drug-drug molecules association and inhibit crystallization. The polymeric 

carrier HPMCAS used in the preparation of SDD also contribute to inhibit crystallization 

inside the tablet as described in supersaturated micro-dissolution test of SDD (Section 

2.2.4). The ability to maintain supersaturation state inside the delivery system itself is of 

significant importance especially in development of controlled release systems. In the 

presence of polymeric precipitation inhibitors, in this case HPMC and HPMCAS, 

supersaturated drug concentration was maintained for an extended period of time (e.g. 24 
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hours). This permits attaining predictable controlled drug release and absorption, 

potentially improving the bioavailability of BCS Class-II compounds.  
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Figure 2-20. Schematic representation of supersaturated hydrated matrix (A), potential structural transformation of amorphous 

system (SDD) to stable, unstable or crystalline forms within the matrix during prolonged dissolution (B), and corresponding 

dissolution outcomes (C). 
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2.2.6.3 Influence of SDD compositions on the dissolution rate of amorphous glipizide 

from matrix tablet 

In order to study the effect of SDD compositions on the dissolution rate of 

glipizide from the matrix tablets, SDDs with similar maximum solubility (Cmax) in the 

supersaturated micro-dissolution test were selected and used for further studies. SDDs of 

20% glipizide:HPMCAS-M, 20% glipizide:HPMCAS-L and 40% glipizide:HPMCAS-M 

have maximum solubility of 308.4 µg/mL, 293.4 µg/mL and 299.3 µg/mL respectively. 

 

Influence of types of SDD carrier on the dissolution rate of amorphous glipizide from 

matrix tablet 

To study the effect of different solid dispersion carriers on the release rate of 

glipizide, matrix tablet containing 20% glipizide:HPMCAS-M SDD and 20% 

glipizide:HPMCAS-L SDD were compared (Formulations F5 and F6 in Table 2-3). As 

shown in Figure 2-21, SDD of HPMCAS-M showed slightly faster release rate compared 

to HPMCAS-L when formulated into matrix tablet. The calculated similarity factor (f2) 

between F5 and F6 was 51. This can be explained by the higher supersaturated solubility 

of SDD with HPMCAS-M (308.4 µg/mL) as compared with HPMCAS-L (293.4 µg/mL). 

Based on the micro-dissolution results, SDD of 20% glipizide:HPMCAS-L exhibits quick 

precipitation after initial supersaturation as previously shown in Figure 2-9. However, 

when formulated with HPMC, the resultant SDD-loaded matrix tablets (Formulation-F6) 

could achieve linear drug release over 24 hours with maximum drug liberation from the 

matrix system (i.e.100%; Figure 2-21) as opposed to crystalline drug (C1) shown in 

Figure 2-19. Therefore, it is conceivable that drug remained in its amorphous state within 
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the SDD-HPMC matrices. These results further confirmed the presence of HPMC K1500 

in the matrix plays a major role in inhibiting possible precipitation from supersaturated 

state while controlling the rate of drug release from the system in a zero-order manner. In 

review of past literature, it has been reported that the supersaturated drug concentration 

generated within the gel layer of solid dispersion loaded-matrix tablet could result in 

recrystallization of amorphous drug when using polyethylene glycol (PEG 4×10
3
) as 

dispersion carrier and polyethylene oxide (PEO 5×10
6
) as tablet matrix (Tajarobi et al., 

2011). In the current study use of HPMC as matrix forming polymer together with the 

SDDs is capable of maintaining supersaturation state and controlled release of drug over 

a prolonged time period.  
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Figure 2-21. Comparison of dissolution profiles of glipizide (GLP) from matrix 

tablet containing SDDs based on different polymeric carriers (HPMCAS-M and 

HPMCAS-L). 

 

Influence of drug loading levels of SDD on the dissolution rate of amorphous glipizide 

from the matrix tablet 

SDDs with same polymeric carrier, HPMCAS-M, but different drug loading 

levels (20% versus 40%) exhibit similar release profile in supersaturated micro-

dissolution test. However, when formulated into matrix tablets, SDD of 40% drug 

showed slower dissolution rate from the matrix tablet (Formulation F5 versus F7) (see 

Figure 2-22). The calculated similarity factor (f2) between F5 and F7 was 52. The 

slowness of drug release from formulation F7 relative to F5 can be attributed to the 
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higher levels of microcrystalline cellulose (MCC) in F7 which tends to be fibrous and 

insoluble thus affect the erosional aspect of the matrix while controlling zero-order rate 

of drug release. 

 

Figure 2-22. Comparison of dissolution profiles of glipizide (GLP) from matrix 

tablet containing SDDs with different drug loading levels (20% and 40%). 

 

2.2.6.4 Dissolution stability study of glipizide matrix tablets 

Matrix tablets consisting of 20% glipizide:HPMCAS-M SDD (Table 2-3, 

Formulation F5) was subjected to stability test under ambient storage condition (25 °C/60% 

RH). Samples were stored in a well-closed HDPE bottle for 6 months. The dissolution 

profiles of studied formulation before and after 6 months are shown in Figure 2-23. The 
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calculated similarity factors (f2) between reference (t=0) and stability samples were 

indicated on the figure. As shown in Figure 2-23, the stability sample exhibit slightly 

higher dissolution rate compare to the reference (t=0). The calculated similarity factors 

are greater than 50 for both 3 months and 6 months stability samples, indicating sufficient 

stability of SDD-loaded tablet under ambient storage condition.  

 

Figure 2-23. Comparison of dissolution profiles of matrix tablet consisting of 20% 

glipizide:HPMCAS-M SDD (formulation-F5) before and after 6 months stability test in a 

closed container stored at 25 °C and 60% relative humidity.   
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2.3 Conclusions 

The results demonstrated the successful application of polymers (HPMCAS and 

copovidone) in the production of spray-dried dispersion (SDD) of poorly water-soluble 

model compounds glipizide as an approach to enhance the dissolution performance of the 

drug. Supersaturated micro-dissolution testing of SDDs in fasted state simulated 

intestinal fluid (FaSSIF, pH 6.5, non-sink) showed prolonged supersaturation state, with 

solubility increases of 5.2 to 13.9 fold relative to crystalline glipizide. The improvement 

in the solubility and dissolution rate of poorly water-soluble drugs is attributed to the 

formation of amorphous drug within the SDDs, supported by the results of XRPD, SEM 

and mDSC analyses.  

 

Plot of relative dissolution AUCs (AUC (SDD) /AUC (crystalline)) versus stable 

supersaturated concentration ratio (C180/Cmax) was mapped to identify the most desirable 

amorphous system for inclusion into a HPMC-based controlled-release (CR) matrix 

tablets. Calculated Cmax ratios and relative dissolution AUCs (AUC (SDD) /AUC (crystalline)) 

based on micro-dissolution results indicated superior solubilization effect of HPMCAS 

over copovidone. In addition, calculated stable supersaturated concentration ratios 

(C180/Cmax) of HPMCAS-H and HPMCAS-M formulations are greater than that of 

HPMCAS-L and copovidone formulations, suggesting better stabilizing and precipitation 

inhibition effect of HPMCAS-H and HPMCAS-M polymers.  

 

Based on the results of supersaturated micro-dissolution study, SDDs of 20% 

glipizide:HPMCAS-M, 40% glipizide:HPMCAS-M and 20% glipizide:HPMCAS-L were 
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selected to incorporated into hydrophilic controlled release HPMC-matrices. SDD-loaded 

CR tablets showed greater rate and extent of drug release versus crystalline drug in 

identical CR matrices. Dissolution data further confirms absence of transformation of the 

dissolved drug and/or amorphous system into other forms within the CR matrix as drug 

was completely released in a controlled manner. It appears that co-existence of HPMCAS 

and HPMC in the hydrating matrix have the ability to strongly suppress drug 

crystallization and allowed achievement of well-controlled drug release. The stability 

study of SDD-loaded matrix tablet showed sufficient stability of selected formulation 

under ambient storage condition (25 °C/60% RH). Our results further indicate that use of 

various HPMCAS as drug carrier in development of amorphous forms (SDDs) of 

insoluble compounds for inclusion into CR systems is feasible and can be considered in 

development of CR dosage forms of poorly water-soluble drugs. 
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CHAPTER 3 

EXPERIMENTAL SECTION II: GLICLAZIDE 

 

3.1 Materials and Methods 

3.1.1 Materials 

Gliclazide was purchased from RIA International LLC (East Hanover, NJ). 

HPMCAS (AquaSolve
TM

, H, M and L grades), Copovidone (Plasdone
TM

 S-630) and 

hydroxypropyl methylcellulose (Benecel
TM

,
 
HPMC K250) are from Ashland Specialty 

Ingredient (Wilmington, DE). Anhydrous lactose (Kerry Bio-science, Norwich NY), 

microcrystalline cellulose (Avicel
®
 PH 102, FMC BioPolymer, Newark DE) and 

magnesium stearate were used for matrix tablet preparation. The properties of polymers 

used for preparation of spray dried dispersion are summarized in Table 2-1. 

 

3.1.2 Preparation of gliclazide-spray dried dispersions (SDDs) 

Solid dispersions of gliclazide were prepared by spray-drying method. Gliclazide 

and polymers (HPMCAS-H, M and L or Copovidone S-630) with ratio of 1:4, 2:3 and 

3:2 were dissolved in acetone at total solid content of 4.29% (w/w). The solutions were 

spray-dried using GEA Niro A/S spray dryer (SD Micro
TM

, Denmark) with a 1.0 mm 

two-fluid nozzle and operated in an open cycle configuration under pre-determined 

process conditions as shown in Table 3-1. The resultant solid dispersions were dried in 

the vacuum (40 ºC) for 16 hours.  SDD compositions were expressed in terms of the 

weight percentage (wt %) of drug in the spray dried dispersion. For example, 20% 
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gliclazide:HPMCAS-H SDD consists of 1 part (by weight) gliclazide and 4 parts (by 

weight) HPMCAS-H polymer. 

 

Table 3-1. Spray drying process parameters for gliclazide-SDDs. 

Parameter Value 

Solid content (% w/w) 4.29 

Inlet gas temperature (ºC) 80-85 

Outlet gas temperature (ºC) 50-55 

Atomizing gas flow (kg/hr) 1.5 – 1.7 

Process gas flow (kg/hr) 24.7– 25.0  

Liquid feed rate (g/min) 22-24 

 

3.1.3 Characterization of gliclazide-SDDs 

3.1.3.1 X-ray powder diffraction (XRPD) 

The X-ray diffraction profiles for the raw material (gliclazide) and prepared SDDs 

were determined by XRPD and examined using a Bruker D8 Focus X-ray diffractometer 

operated at voltage of 40 kV and a current of 40 mA. Data for each sample were collected 

in the 2θ angle range of 4–40° over 10 minutes in continuous detector scan mode. The 

process parameters were set as scan-step size of 0.02° (2θ) and scan-step time of 0.3 s. 

 

3.1.3.2 Modulated differential scanning calorimetry (MDSC) 

Thermal properties of crystalline gliclazide and prepared SDDs were investigated 

using a differential scanning calorimeter (Thermal Analysis Q2000). Sample equivalent 

to 2-5 mg was hermetically sealed in aluminum pan. The temperature ramping rate was 5 

ºC/min from -20 to 240 ºC with heat modulation of ± 1.5 ºC every 40 seconds. The 



125 

nitrogen gas was flowing at a pressure of 20 psi to provide inert atmosphere during the 

measurement. An empty aluminum pan was used as reference. 

 

3.1.3.3 Scanning electron microscopy (SEM) 

The powder morphology of raw materials (gliclazide) and prepared SDDs were 

obtained using scanning electron microscopy (Hitachi S-4000). The sample was mounted 

on a sample stub, coated with a thin layer of Au/Pd to make the sample surface 

conductive and then examined in SEI (Secondary Electron Imaging) mode. SEI records 

the topographical features of the sample surface. Representative photomicrographs were 

digitally captured at 2048x1594 pixel resolution. 

 

3.1.3.4 Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra of samples were collected employing an iS50 diamond ATR 

(single reflectance) accessory mounted in a Nicolet iS50 FTIR spectrometer (Thermo 

Scientific, USA). Quantitative parameters were used for spectrum collection: 4cm
-1

 

resolution, 150 co-added scans (3 minute 45 second collection time), 0.4747 mirror 

velocity, one level of zero filling and DTGS detector. 

 

3.1.3.5 Supersaturated solubility and dissolution rate of SDDs 

The dissolution profiles and supersaturated solubility of prepared SDDs and 

crystalline gliclazide were compared under non-sink dissolution condition in 20 ml fasted 

state simulated intestine fluid (FaSSIF, pH 6.5) at 37 ºC.  An excess amount of sample 

(30 mg gliclazide or SDD contains equivalent API) was added to the media. Dissolution 
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tests were performed using micro-dissolution tester (µDiss Profiler
TM

, Pion Inc.) with 

cross stirrer speed of 300 rpm for 180 minutes. The dissolved gliclazide concentration 

was detected in-situ with an integrated fiber-optic UV dip probe. 

 

3.1.4 Accelerated stability testing of SDDs 

In order to evaluate the physical and chemical stability of glicalzide SDDs and to 

select the optimized formulation for inclusion into a controlled release matrix tablet, the 

accelerated stability studies were conducted on the SDD powder at 40 °C/75% relative 

humidity (RH) at open condition for 6 months. Sample were withdrawn at 1, 2, 3 and 6 

months and retested for XRPD and mDSC.  

 

3.1.5 Preparation of controlled release matrix tablets 

Tablets containing 60mg of raw gliclazide or selected SDDs with equivalent API 

contents were dry blended with other excipients (Table 3-2) and directly compressed on 

a Compaction Simulator (Stylcam 200R, AC Compacting LLC) equipped with 0.375 inch 

flat faced beveled edged punches and die. The compaction simulator was computerized to 

mimic the rotary Beta-Press at speed of 36 RPM and compaction force of 20 kN.  
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Table 3-2. Compositions of studied gliclazide matrix tablets  

Formulation F1  F2  F3 

 
% mg  % mg  % mg 

40% GLC:AS-H SDD 37.5 150  
  

 
  

40% GLC:AS-M SDD 
  

 37.5 150  
  

40% GLC:AS-L SDD 
  

 
  

 37.5 150 

HPMC K250 15 60  15 60  15 60 

Lactose 20 80  20 80  20 80 

MCC 27 108  27 108  27 108 

MgSt 0.5 2  0.5 2  0.5 2 

Total 
 

400  
 

400  
 

400 

GLC: gliclazide, AS-H (M or L): HPMCAS-H (M or L), SDD: spray-dried dispersion, 

HPMC: hydroxypropyl methylcellulose, MCC: microcrystalline cellulose, MgSt: 

magnesium stearate. 

 

3.1.6 In vitro dissolution study of matrix tablets 

Dissolution studies were carried out using standard USP 34 apparatus 1 (basket) 

at stirring speed of 100 rpm in 900 mL of pH 6.8 phosphate buffer at 37 ± 0.5 ºC. At 

predetermined time interval, the samples were withdrawn and then assayed for the 

gliclazide content by measuring the absorbance at 226 nm using a UV-vis 

spectrophotometer. Each point represents 3 replicates (n=3) and expressed as mean ± 

S.D.. The release profiles were analyzed using following zero-order kinetic model:  

 

𝑀𝑡

𝑀∞
= kt                    (3-1) 

 

where Mt and M∞ are the amounts of drug released at time t and the overall 

released amount, respectively, k is the release constant. 
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Release profiles obtained for different formulations were also compared with 

commercial product (reference) by calculating a statistically derived mathematical 

parameter, “similarity factor” (f2) (CDER, 1995): 
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where Rt and Tt are the percent drug dissolved at each time point for reference and 

test formulation, respectively, n the number of dissolution sample times, t the time 

sample index and Wt  is an optional weight factor (in the current work Wt = 1). If the two 

profiles are identical, f2 is 100. Values of f2 ≥ 50 indicate overall similarity of two 

dissolution profiles. 

 

3.1.7 Stability studies of matrix tablet 

Matrix tablets exhibiting desired dissolution profiles were subjected to stability 

testing for a period of 6 months in a well-closed high-density polyethylene (HDPE) bottle 

stored at 25 °C and 60% relative humidity. Periodically and at the end of 6 months tablets 

were subjected to in vitro dissolution test in accordance with the method described above 

(section 3.1.6).  Release profiles of selected formulation obtained immediately after 

manufacturing and after 6 months of storage was compared by calculating the “similarity 

factor” (f2) (see Equation 2-1). 
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3.2 Results and discussion 

3.2.1 X-ray powder diffraction (XRPD) 

XRPD is a powerful tool to identify the long-range three dimensional molecular 

orders and distinguish between polymorphs in any system (Hancock and Zografi, 1997). 

It is able to quantify the presence of crystalline material in solid dispersion down to levels 

about 5% or less depending on the nature of crystalline structure, shape and size. Powder 

X-ray patterns of raw material (gliclazide) and prepared SDDs are shown in Figure 3-1. 

The crystalline nature of pure gliclazide was characterized by sharp diffraction peaks in 

the X-ray patterns. On the other hand the gliclazide-SDD with HPMCAS and 

Copovidone S-630 shows broad, featureless scattering profiles indicating strong evidence 

that more than 95% of drug is presented in amorphous state in theses SDDs and there is 

no long-range structure associated with the system. The same trend is apparent even at 60% 

drug load, suggesting strong stabilizing effect of HPMCAS and copovidone on 

amorphous gliclazide. In reviewing the past literature, it has been reported that when 

using solvent evaporation method (rotary evaporator), gliclazide is still present as 

partially crystalline or microcrystalline form within both PEG 6000 and PVP K90 solid 

dispersions as revealed by XRPD (Biswal et al., 2008; Biswal et al., 2009). In current 

study, use of spray drying technique in combination with HPMCAS or copovidone as 

polymeric matrix is demonstrated as a more efficient and reliable way to produce 

amorphous solid dispersions with up to 60% drug loading level of gliclazide. It is 

assumed that the high ratio of gas flow to liquid flow and high drying gas inlet 

temperature during spray-drying process results in rapid solvent removal, particle 

solidification and prevents phase separation of drug and polymer. 
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Figure 3-1. X-ray diffraction patterns of raw material (gliclazide) and spray-dried dispersions (SDDs) based on different polymeric 

carriers at 20%, 40% and 60% drug loading levels: (A) gliclazide:HPMCAS-H SDD, (B) gliclazide:HPMCAS-M SDD, (C) 

gliclazide:HPMCAS-L SDD and (D) gliclazide:Copovidone S-630 SDD.
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3.2.2 Scanning electron microscopy (SEM) 

SEM images of raw gliclazide and gliclazide-SDD are shown in Figure 3-2 and 

Figure 3-3. Gliclazide is irregular shaped crystal with fractured edges (Figure 3-2). All 

prepared SDDs appeared as uniformly dispersed smooth spheres. The HPMCAS-based 

SDD particles show collapsed surface due to the film forming properties of the polymer 

(Friesen et al., 2008). It has been found that when solvent is rapidly removed from the 

droplets, a high-viscosity film can form on the particle surface. As the solvent is further 

migrated from the core, the surface film collapses yielding particles with the shape 

showing in Figure 3-3. The original morphology of gliclazide was significant modified 

during the spray drying process indicating formation of a new homogenous solid 

dispersion system. The morphology of prepared SDDs can be well controlled by the 

operating conditions of spray drying process, e.g. nozzle type, pump rate of feed solution 

and drying rate. 
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Figure 3-2. Scanning electron micrographs of crystalline gliclazide, HPMCAS-HG, HPMCAS-MG, HPMCAS-LF and Copovidone 

S-630. 
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Figure 3-3. Scanning electron micrographs of gliclazide-SDDs using different polymeric 

carriers at 20%, 40% and 60% drug loading levels. 
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3.2.3 Thermal analysis 

Modulated differential scanning calorimetry (MDSC) is the most widely used 

thermal analytical technique applied to the characterization of amorphous solid dispersion 

and easily measuring the glass transition temperature (Tg) of the system. The DSC 

thermogram of crystalline gliclazide (Figure 3-4) shows a sharp endothermic peak at 

167.8 ºC, corresponding to the melting temperature (Tm) of the drug. The Tg of 

amorphous gliclazide is 30.4 ºC as determined by heat/flash cool/reheat method (data not 

shown). The Tg of HPMCAS and Copovidone S-630 are about 120 ºC and 109 ºC 

respectively as reported by the manufacturer. It is known that glass transition temperature 

(Tg) is the key parameter used to characterize amorphous drug dispersions and mixtures. 

It is frequently used as an indicator of the stability of amorphous systems since both 

chemical and physical instabilities of drug and polymer are more pronounced above Tg. 

In the DSC, the glass transition appears as an endothermic heat capacity change. DSC 

thermograms of all SDDs (Figure 3-5 to Figure 3-8) exhibit a well-defined, single Tg, 

indicating perfect miscibility and compatibility of the drug with the two types of 

polymeric materials with no phase separation up to 60% drug load. It is also found that 

Tg was dependent on the type of polymer used and on the percentage of drug in the 

formulation. Thus, the Tg of HPMCAS-based SDDs and copovidone-based SDDs ranged 

from 47.53 ºC to 85.84 ºC and from 56.68 ºC to 64.97 ºC respectively as the drug content 

decreased. For all drug-polymer mixtures the determined Tg was found to be 

intermediate between the Tg of the amorphous drug and Tg of pure polymer, indicating a 

homogeneous dispersion of the drug in the polymer matrix that forms a single phase 
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system, with different properties from pure amorphous drug and pure polymer starting 

materials. 

 

In addition, an exothermal transition was observed at intermediate temperatures 

within 60% drug loaded samples and 40% drug loaded samples of HPMCAS-M and L 

polymer, followed by an endothermal peak similar to the Tm of drug. This result indicate 

that the gliclazide in those samples undergoes some degree of crystallization as the SDD 

is heated up in the DSC pan, followed by melting of crystallized drug at higher 

temperature. The crystallization temperature (Tc) decreases with the increase of the drug 

percentage in the SDD of HPMCAS-M and L polymer. This was expected, since the 

probability of the drug molecules to coalesce and form a crystal lattice increases. 

Importantly, no exothermal transition and melting peak was observed for formulations at 

20% drug loading and HPMCAS-H or copovidone-based formulations at 40% drug 

loading, indicating strong thermal stability of these samples.  
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Figure 3-4. DSC thermograms of crystalline gliclazide.
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Figure 3-5. DSC thermograms of gliclazide-SDDs using HPMCAS-H as matrix polymer at 20%, 40% and 60% drug loading levels.
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Figure 3-6. DSC thermograms of gliclazide-SDDs using HPMCAS-M as matrix polymer at 20%, 40% and 60% drug loading levels.
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Figure 3-7. DSC thermograms of gliclazide-SDDs using HPMCAS-L as matrix polymer at 20%, 40% and 60% drug loading levels.
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Figure 3-8. DSC thermograms of gliclazide-SDDs using copovidone S-630 as matrix polymer at 20%, 40% and 60% drug loading 

levels.
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3.2.4 Fourier transform infrared spectroscopy (FTIR) 

The potential interactions between gliclazide and polymeric carrier within SDDs 

were investigated using FTIR. Absence or shifting of characteristic peaks of gliclazide in 

the spectrum after spray drying would indicate changes in the drug characteristics or 

possibilities of drug-polymer interactions. FTIR spectra of gliclazide, polymers and 

typical 40% drug loaded-SDDs are illustrated in Figure 3-9. The spectrum of pure 

gliclazide shows well-defined characteristics peaks at 3265 cm
-1

 (N-H amide stretch), 

1706 cm
-1

 (C=O carbonyl sulfonylurea), 1345 cm
-1

 and 1162 cm
-1

(S=O sulfonyl stretch). 

The FTIR spectra of studied 40% drug loaded-SDD showed slight shift in few 

characteristic peaks with no major difference in overall spectrum. In case of 40% 

gliclazide:HPMCAS-M SDD, the 1706cm
-1

 carbonyl sulfonylurea band of gliclazide 

shows up as a shoulder on the 1734cm
-1

 band of HPMCAS (C=O carbonyl from acetate). 

However, the 1706cm
-1

 band is not easily observed in the copovidone samples because of 

the C=O carbonyls near 1729cm
-1

 and 1660cm
-1

. The asymmetric vibration of sulfonyl 

band (1345 cm
-1

) shifts to higher wavenumber in the HPMCAS-M SDD, which might 

indicate formation of hydrogen bond with succinoyl group of HPMCAS. However, 

absence of any additional peak in SDD indicated that no chemical interaction occurred 

between gliclazide and polymeric components.  
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Figure 3-9. FTIR spectra of gliclazide, HPMCAS, Copovidone and 40% drug loaded-

SDDs. GLC: gliclazide, AS-M: HPMCAS-M, S630: copovidone S-630. 

 

  



143 

3.2.5 Supersaturated micro-dissolution studies of SDDs 

Supersaturated solubility and dissolution rate of SDDs and crystalline gliclazide 

were determined using a micro-dissolution tester. It is noteworthy that in previous studies 

standard volumes of dissolution medium, for example 500 mL to 1000 mL, were used to 

examine the performance of amorphous solid dispersion (Newman et al., 2012). In our 

work, however, the supersaturated drug concentration of SDDs were determined under 

non-sink condition by using 20 mL fasted state simulated intestine fluid (FaSSIF, pH 6.5, 

non-sink). The small dissolution volume can mimic the microenvironment of the GI tract 

where supersaturation can easily result in precipitation with no opportunity for re-

dissolution as opposed to the use of large media volumes. With respect to SDD-loaded 

CR matrix tablet developed in this work, studying under non-sink micro-dissolution 

condition resemble the limited availability of water within the gel layer and periphery of 

hydrated matrix tablet where drug dissolution and supersaturation can easily prevail. 

Figure 3-10 shows the dissolution profiles of gliclazide-SDDs in comparison with 

crystalline drug. Pure gliclazide exhibited slow dissolution with a maximum solubility 

about 312.12 µg/ml. All SDDs dissolved quickly in FaSSIF and showed considerable 

improvement in dissolution rate and extent of gliclazide at initial stage. It is known that 

when exposed to the simulated intestinal fluid,  SDDs can rapidly dissolve to produce a 

wide variety of drug-containing species, such as free drug, drug in the micelle (through 

interaction with FaSSIF components), amorphous drug-polymer nanostructure, small and 

large aggregates of amorphous drug-polymer nanostructure (Friesen et al., 2008). 

However the supersaturated solubility state and the maximum concentration (Cmax) were 

not maintained for all gliclazide-SDDs and some of the dissolved systems reverted to the 
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crystalline state. Plot of the relative dissolution AUCs (AUC (SDD) /AUC (crystalline)) versus 

supersaturation sustainability (C180/Cmax) was used to identify the most desired SDD 

relevant to the design of the controlled-release (CR) matrix tablet (Figure 3-11 and 

Table 3-3). Relative AUC is defined as the dissolution curve AUCs of selected SDDs 

over the reference (i.e. crystalline drug). C180/Cmax is calculated as drug concentration at 

the end of test (180 minutes) divided by the maximum solubility during the test reflecting 

the degree of precipitation or recrystallization. “X” in the plot represents the position of 

crystalline gliclazide, which was used as reference. SDDs in the upper right corner 

exhibit highest supersaturation and sustainability of the state. The HPMCAS-based SDDs 

achieve a higher degree of supersaturation as compared with Copovidone S-630 (Figure 

3-10 and Figure 3-11). The improvement of gliclazide solubility at initial stage follows 

the order: HPMCAS-M > HPMCAS-L > Copovidone S-630. The higher degree of 

succinoyl substitution (hydrophilic group) of HPMCAS-L and M grades increases its 

affinity to aqueous media and contributes to their higher supersaturation at the initial 

stage. HPMCAS-H is not effective in improving gliclazide solubility at low drug loading 

level (e.g. 20%), however, as the drug load increases, HPMCAS-H polymer surpasses 

HPMCAS-M in increasing the supersaturation concentration of gliclazide.  

 

The C180/Cmax values of SDD made of HPMCAS-H and HPMCAS-M are closer 

to 1 relative to HPMCAS-L- and copovidone-based formulations, revealing that 

HPMCAS-H and HPMCAS-M are able to maintain the supersaturated concentration of 

the drug for extended period of time as compared with HPMCAS-L and copovidone. The 

superior inhibition of precipitation associated with HPMCAS-H and M grades is likely 
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due to the partially ionization and higher acetyl content of the polymer. When pH is 

greater than 5, HPMCAS is partially ionized and swelled, the surface negative charges 

and steric hindrance of surrounded aqueous layer can stabilize nanosized amorphous 

drug–polymer aggregates. In addition, the higher degree of hydrophobic substitution 

(higher acetyl content) of HPMCAS-M and H grades provide sites for association with 

lipophilic drugs and prohibit drug nucleation. The generation and maintenance of 

nanosized drug–polymer aggregates has been identified as one of key factors, providing a 

reservoir from which the drug can continuously dissolve and maintain the supersaturated 

free-drug concentration (Friesen et al., 2008). 
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Figure 3-10. Comparison of dissolution profiles of crystalline gliclazide and SDDs with 

(A) 20%, (B) 40% and (C) 60% drug loading in 20 mL FaSSIF (pH 6.5, non-sink) at 

stirrer speed of 300 rpm.  
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Figure 3-11. Characterization of gliclazide SDDs using relative AUC 

(AUC(SDD)/AUC(crystalline)) versus C180/Cmax in the micro-dissolution testing. SDDs in the 

upper right corner exhibit highest supersaturation with preserving capacity. GLC: 

gliclazide; AS-H (M or L): HPMCAS-H (M or L); S630: Copovidone S-630. 
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Table 3-3. Solubility and stability characterization of SDDs with different drug loadings 

and polymeric carriers. 

 
Cmax (µg/mL) Cmax ratio

a
 C180 (µg/mL)

b
 C180/Cmax AUC ratio

c
 

Gliclazide 312.12 - 298.56 - - 

20% GLC:AS-H 539.23 1.7 402.82 0.747 1.5 

40% GLC:AS-H 1089.59 3.5 1047.63 0.961 3.6 

60% GLC:AS-H 1002.11 3.2 917.60 0.916 3.2 

20% GLC:AS-M 1263.53 4.0 1211.43 0.959 4.2 

40% GLC:AS-M 1262.96 4.0 1255.81 0.994 4.1 

60% GLC:AS-M 884.75 2.8 871.81 0.985 2.8 

20% GLC:AS-L 1217.22 3.9 523.57 0.430 2.7 

40% GLC:AS-L 1127.14 3.6 648.71 0.576 3.0 

60% GLC:AS-L 717.5 2.3 622.71 0.868 2.3 

20% GLC:S-630 777.3 2.5 455.29 0.586 2.0 

40% GLC:S-630 561.73 1.8 379.97 0.676 1.5 

60% GLC:S-630 462.03 1.5 346.83 0.751 1.3 

GLC: gliclazide, AS-H (M or L): HPMCAS-H (M or L), S-630: copovidone S-630 

a 
Cmax ratio is defined as Cmax of selected SDD divided by Cmax of crystalline drug. 

b 
C180 is defined as drug concentration at the end of the micro-dissolution test (180 

minutes). 

c 
AUC ratio is defined as dissolution AUC of selected SDD divided by AUC of 

crystalline drug. 
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3.2.6 Accelerated stability studies of Gliclazide-SDDs 

Stability of gliclazide-SDDs containing amorphous gliclazide, HPMCAS or 

copovidone at 20%, 40% and 60% drug load were evaluated by subjecting the amorphous 

solid dispersions to accelerated storage condition at 40 °C/75% RH for 6 months. Solid-

state characterizations were performed to evaluate the amorphous state of gliclazide. The 

results of XRPD analysis were summarized in Figure 3-12 to Figure 3-16 and Table 3-4. 

The stability results indicated that SDD of gliclazide at 20% drug load with three grades 

of HPMCAS, H, M and L, were stable for 6 months. At 40% and 60% drug load, 

however, all SDDs crystallized except SDD containing H grade HPMCAS was stable for 

2 weeks. Gliclazide-SDDs with copovidone S-630 were not stable under high 

temperature and high humidity condition irrespective of drug percentage. mDSC thermal 

analysis was performed with crystallized SDDs. The results of mDSC thermograms are 

shown in Appendix-B.  

 

Gliclazide demonstrates a melting temperature (Tm) of 440.9 K (167.8 °C) and 

Tg of 303.5 K (30.4 °C), which results in a high Tm/Tg ratio of 1.45. Based on the 

categories described by Friesen et al. (Friesen et al., 2008), compounds with a Tm/Tg 

value greater than 1.4 have high propensity to crystallize from the amorphous state. 

Therefore, they normally require drug loadings between 10% - 35% w/w and storage 

under reduced humidity conditions to maintain physical stability. In the present study, 

gliclazide-SDDs with HPMCAS at 20% drug loading demonstrated good storage stability, 

while high drug loaded SDDs were not stable during prolonged storage duration.  
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Table 3-4. Summary of X-ray diffraction results of gliclazide-SDD stability samples. 

No. Sample name 2 weeks 1 month 2 months 3 months 6 months 

1 20% Gliclazide: HPMCAS-H           

2 40% Gliclazide: HPMCAS-H           

3 60% Gliclazide: HPMCAS-H           

4 20% Gliclazide: HPMCAS-M           

5 40% Gliclazide: HPMCAS-M           

6 60% Gliclazide: HPMCAS-M           

7 20% Gliclazide: HPMCAS-L           

8 40% Gliclazide: HPMCAS-L           

9 60% Gliclazide: HPMCAS-L           

10 20% Gliclazide: copovidone S-630           

11 40% Gliclazide: copovidone S-630           

12 60% Gliclazide: copovidone S-630           

         Crystallized (mDSC performed) 

       Slightly Crystallized 

       Amorphous 
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Figure 3-12. X-ray diffraction of gliclazide-SDDs stability samples at 2 weeks.
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Figure 3-13. X-ray diffraction of gliclazide-SDDs stability samples at 1 month.
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Figure 3-14. X-ray diffraction of gliclazide-SDDs stability samples at 2 months. 
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Figure 3-15. X-ray diffraction of gliclazide-SDDs stability samples at 3 months.  

20pt Gliclazide HPMCAS-HG, 3 months 40 75
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Figure 3-16. X-ray diffraction of gliclazide-SDDs stability samples at 6 months.  

20% Gliclazide HPMCAS-HG, 6 months 40 75
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20% Gliclazide HPMCAS-LF, 6 months 40 75
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5.2.7 Release of gliclazide from matrix tablet 

Matrix tablets were prepared by dry blending of selected SDDs and other 

excipients followed by direct compression on a compaction simulator. The influences of 

types of SDD carrier on the dissolution rate and extent of amorphous gliclazide from 

matrix tablet were investigated. The compositions of gliclazide matrix tablets are shown 

in Table 3-2. Each tablet contains 60 mg gliclazide. Marketed gliclazide controlled-

release tablet (label amount 60 mg) was used as reference. HPMCAS-based SDDs with 

40% drug load were chosen as studied SDDs due to their high supersaturated 

concentration and superior sustainability in the micro-dissolution testing. Tablets 

containing HPMCAS-M and HPMCAS-L polymers showed similar dissolution profile in 

accordance with zero-order kinetics. Release profile from matrix tablet containing 

HPMCAS-H- SDD was slow and incomplete although linear (Figure 3-17). The 

calculated dissolution rate constant (k) for each profile follows the order of HPMCAS-M 

SDD (k = 0.0784 h
-1

)>HPMCAS-L SDD (k = 0.0743 h
-1

)> HPMCAS-H SDD (k = 0.0423 

h
-1

). In addition, tablets loaded with SDD of HPMCAS-M and HPMCAS-L polymers 

showed comparable dissolution profile when compared with reference product (Figure 3-

17). The calculated similarity factors are 63 and 52 for HPMCAS-M and HPMCAS-L 

formulation, respectively. However, HPMCAS-H formulation shows significantly slower 

release rate (f2=25). The differences observed among HPMCAS grades are affected by 

the compositions of polymers and dissolution pH. It is known that HPMCAS-H dissolve 

at higher pH (pH>6.5) as compared with M and L grade (i.e. they dissolve at pH 6 and 

5.5 respectively). In the current study, the pH of dissolution medium is 6.8, thus the 
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slowness of dissolution rate of HPMCAS-H formulation is attributed to the limited 

solubility of this polymer under studied condition. 

 

Figure 3-17. Comparison of dissolution profiles of SDD-loaded CR matrix tablets 

with marketed product (reference) in 900 mL phosphate buffer pH 6.8, 37 °C using USP 

apparatus I (basket) at 100 rpm (n=3). 

 

5.2.8 Dissolution stability of matrix tablet during storage 

Matrix tablet formulation with 40% gliclazide:HPMCAS-M-SDD (Table 3-2, 

Formulaiton F2) was chosen for further stability testing  due to its higher similarity factor 

( f2 = 63) and more desirable pH solubility. The samples were stored in a well-closed 

HDPE bottle at 25 °C/60% RH. The dissolution profiles of studied formulation before 

and after 6 months stability test are shown in Figure 3-18. The calculated similarity 
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factors (f2) between t=0 and t=6 months is 85, indicating sufficient stability of SDD-

loaded tablet under ambient storage condition. This result also implies that drug remains 

in the amorphous state upon storage since the dissolution rate will be expected to 

decrease if drug converted to crystalline state.  

 

 

Figure 3-18. Comparison of dissolution profiles of matrix tablets containing 40% 

gliclazide:HPMCAS-M SDD before and after 6 months stability test in closed container 

at 25 °C and 60% relative humidity (f2 = 85).  
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3.3 Conclusions 

Spray-dried dispersions (SDDs) of gliclazide were successfully produced using 

three grades of HPMCAS (hydroxypropylmethylcellulose acetate succinate) or 

copovidone as carrier under fully automated conditions. Supersaturated micro-dissolution 

testing of SDDs in fasted state simulated intestinal fluid showed prolonged 

supersaturation state, with solubility increases of 1.5 to 4.0 fold relative to crystalline 

drug. The improvement in the solubility and dissolution rate of gliclazide is attributed to 

the formation of amorphous drug within the SDDs, supported by the results of XRPD, 

SEM and MDSC analyses. Results of the relative dissolution AUCs, namely AUC (SDD) 

/AUC (crystalline), and stable supersaturated concentration ratio (C180/Cmax) based on micro-

dissolution testing revealed greater solubilization and stability effect of HPMCAS over 

copovidone. In particular, SDDs prepared with HPMCAS-M polymer showed the 

greatest improvement in drug solubility and achievement of stable supersaturation state 

under non-sink dissolution testing. 

 

Based on the micro-dissolution results, SDDs consisting of 40% drug and either 

HPMCAS-H, M or L polymer were selected to formulate into hydrophilic CR matrix 

tablets. The optimized SDDs based on HPMCAS-M and HPMCAS-L polymer types 

demonstrated zero-order release kinetics over 12 hours dissolution study and showed 

similar dissolution profiles as marketed product (f2 > 50). The HPMCAS-M SDD-loaded 

CR tablets exhibited sufficient stability with no phase transformation over a 6 months 

dissolution stability studies under ambient storage condition (25°C/60% RH). To 

summarize schematic representation of various steps involved in the development of 
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gliclazide-SDDs, micro-dissolution and standard USP dissolution testing are shown in 

Figure 3-19. Our findings indicate that use of HPMCAS as drug carrier in spray-drying 

process was able to produce homogeneous single phase SDDs which are stable and 

promising for inclusion into CR systems in development of CR dosage forms of poorly 

water-soluble drugs. 
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Figure 3-19. Schematic representation of various steps involved in the development of gliclazide-SDDs: spray-drying, micro-

dissolution and standard USP dissolution testing.  
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CHAPTER 4 

DESIGN OF EXPERIMENT (DOE) 

 

4.1 Introduction  

In 2003, the Food and Drug Administration (FDA) initiated quality by design 

(QbD) and process analytical technology (PAT) principles with the purpose of building 

quality into the product right from the beginning of manufacturing process (Food and 

Drug Administration, 2006). From then, emphasis has been made on the importance of 

applying QbD approach to the design and development of new drug product. QbD is also 

described in ICH Q8 (FDA, 2006), Q9 (ICH, 2005) and Q10 (ICH, 2008) guidance 

documents and is a major shift from the traditional quality by testing (QbT) approach 

which tests product quality by checking it against the approved regulatory specifications 

at the end of manufacturing stream.  

 

In order to better understand the QbD approach, there are several terms that 

require clarification: 

 Critical quality attributes (CQAs): CQAs are physical, chemical, 

biological or microbiological properties or characteristics that should be within an 

established range to ensure product quality, safety and efficacy. It is affected by 

critical material attributes (CMAs) and critical process parameters (CPPs). 

 Critical material attributes (CMAs): CMAs are attributes of drug 

substance, excipients and in process materials.  
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 Critical process parameters (CPPs): CPAs are the process inputs that when 

varied beyond the proven acceptable ranges (PAR), significantly affect the CQAs 

of final products (ICH, 2000). It varies depending on the manufacturing process 

and unit operations.  

 Target product profile (TPP): the primary components of TPP are mainly 

clinical pharmacology aspects such as indications, side effects, route of 

administration, dose, etc. The US FDA guidance documents provide the template 

TPP, which describes the components of TPP for new drug application (NDA). 

(FDA, 2007) 

 Target product quality profile (TPQP): TPQP is quantitative surrogate for 

TPP. The quality properties that a drug product should possess in order to meet 

objective set in TPP are enlisted in target product quality profile (TPQP) as 

quantitative attributes (Lionberger et al., 2008).  

 Quality target product profile (QTPP): international conference of 

harmonization (ICH) Q8R2 (FDA, 2009) summarized TPP and TPQP as QTPP. 

QTPP lays the foundation for formulation or process design. It includes patient 

relevant product performance characteristics such as assay, content uniformity, 

dissolution, impurity profiling, stability, etc.  

 

Currently, it is well accepted that critical material and process parameters are 

linked to the critical quality attributes (CQAs) of final product. Variability is reduced by 

better understanding of product and process which translates into quality improvement, 

risk reduction and productivity enhancement. Design space in combination with quality 
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management system provides more flexibility in regulatory approaches and post-approval 

changes that benefit patients and manufacturer as well. In present study, the design and 

development of spray-dried dispersion of poorly water-soluble model compounds was 

conducted through a QbD paradigm for better understanding of the impact of critical 

material parameters on the performance of final products. Experiments were designed 

with focus on two critical material attributes (CMAs), namely drug load and polymer 

type. Based on the study design the target product quality profile (TPQP) and 

corresponding design space was identified.  

 

4.2 Methods 

Experimental designs 

Fisher devised experimental design principles have found application in many 

areas including pharmaceutical development (Fisher, 1926). Pharmaceutical product 

development is designed to yield maximum knowledge of impact of a wide range of 

material and process attributes on the performance of final products. Some commonly 

used experimental design approaches include factorial design, sequential simplex 

technique, Placket-Burman, Box-Behnken response surface methology, D and I optimal 

techniques (Armstrong, 1998; Plackett and Burman, 1946). In current study, factorial 

design approach was used to identify the effect of two material attributes on the 

performance of SDD formulations. The major benefit of using factorial design is that all 

estimated effects and interactions of one input factor is independent of others (Charro et 

al., 2012).Minitab
®
 (Minitab Inc., State College, PA) software was used to analyze the 

data and generate graphs. 
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In current study, the target product quality profile (TPQP) for spray-dried 

dispersions (SDD) of two poorly water-soluble model compounds were maximum 

concentration (Cmax) and C180/Cmax ratio (i.e. concentration at the end of test divided 

by the max concentration) derived from the dissolution profile of micro-dissolution study 

of SDD powders. Cmax reflects the degree of supersaturation, indicating the ability of 

certain type and percentage of polymer to increase the solubility of insoluble compound, 

while C180/Cmax ratio represents the degree of either precipitation / crystallization, or 

the stabilizing effect of certain type and percentage of polymer.  

 

Two material attributes examined are drug loading level and type of polymer used 

in the SDD formulations. A two factors factorial design (3×4) comprising of 12 runs was 

performed to study the impact of drug loading levels (20%, 40% and 60%) and polymer 

types (HPMCAS-H, HPMCAS-M, HPMCAS-L, copovidone S-630) on the dissolution 

performance of corresponding SDD formulations. SDDs were prepared as described in 

the previous experimental sections (section 2.1.2 and 3.1.2). The micro-dissolution 

studies were conducted in 20 mL of fasted state simulated intestinal fluid (FaSSIF, pH 

6.5) at a cross-stir speed of 300 rpm and 37 °C using µDiss Profiler™ (Pion Inc.). The 

maximum concentration (Cmax) was directly derived from the dissolution curve and 

C180/Cmax ratios were calculated using concentration at the end of test divided by the 

max concentration during dissolution.  
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Based on previous micro-dissolution results, it is clear that polymer HPMCAS 

provides superior solubility enhancement and stability of supersaturation over 

copovidone S-630. Therefore, in the following response surface analysis, only three types 

of HPMCAS (H, M and L type) were considered in defining the design space for SDD 

formulations. As mentioned in the introduction of polymeric carrier used in solid 

dispersion formulation, three types of HPMCAS are different in the percentage of acetyl 

and succinoyl substitution on the HPMC backbone. Thus, the average percentage of 

succinoyl substitution was used to represent three types of HPMCAS (HPMCAS-H: 6%, 

HPMCAS-M: 12%; HPMCAS-L: 16%). 

 

4.3 Results and discussion 

4.3.1 Effect of drug loading level and polymer type on the dissolution 

performance of glipizide-SDDs 

The Cmax for all glipizide-SDDs was between 115.4µg/mL and 308.4µg/mL. 

Significant difference in Cmax was observed in all runs (p<0.05). Figure 4-1 shows the 

main effect plot of drug load and polymer type on Cmax. Increasing in drug loading level 

resulted in lower Cmax. HPMCAS polymers exhibit superior solubilizing effect over 

copovidone S-630. Among three types of HPMCAS polymer, M grade HPMCAS shows 

the highest Cmax based on the mean value at three different drug loading levels. Figure 

4-2 shows the interaction plot of two input factors, i.e. drug load and polymer type, on 

Cmax. HPMCAS-M formulations exhibit highest Cmax irrespective of drug loading level, 

while copovidone S-630 formulations show lowest Cmax. HPMCAS-H formulation 

exhibits lower Cmax compared to HPMCAS-L at 20% drug loading level, while with 
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medium-to-high drug load, HPMCAS-H formulations showed comparable Cmax as 

HPMCAS-L.  

 

 

Figure 4-1. Main effect plot for maximum concentration (Cmax) of glipizide-SDD. 
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Figure 4-2. Interaction plot for maximum concentration (Cmax) of glipizide-SDD.  

 

The stability of supersaturation was determined as C180/Cmax ratio derived from 

the micro-dissolution test. C180/Cmax ratio is calculated as drug concentration at the end 

of test (180 min) divided by the maximum concentration levels (Cmax) during the test. 

When C180/Cmax ratio is 1, it reflects absence of any precipitation or recrystallization, 

whereas C180/Cmax value < 1 designates some degree of precipitation. Figure 4-3 

shows the main effect plot of drug loading level and polymer type on C180/Cmax ratio of 

glipizide-SDD. Increases in drug loading level resulted in increased C180/Cmax ratio, 

indicating better supersaturation stability. As mentioned above, Cmax is higher with 20% 

drug loaded formulations, thus their lower stability may be due to higher degree of 

supersaturation generated during dissolution. In addition, this implies more significant 
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“spring and parachute” effect at lower drug loading level, which represented as a 

significant increase in drug concentration at the beginning of the dissolution followed by 

gradually decrease in  drug solubility with time. Figure 4-4 shows the interaction plot of 

drug loading level and polymer type for C180/Cmax. Both HPMCAS-M and HPMCAS-

H polymers were effective in stabilizing the supersaturation of glipizide with C180/Cmax 

ratios between 0.9-1.0 irrespective of drug loading level. Copovidone S-630 shows 

moderate supersaturation stability with C180/Cmax ratios between 0.58-0.88. HPMCAS-

L formulations showed a significant increase in supersaturation stability as drug load 

increases, with C180/Cmax ratio ranges from 0.09-0.97.  

 

 

Figure 4-3. Main effect plot for C180/Cmax of glipizide-SDD. 
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Figure 4-4. Interaction plot for C180/Cmax of glipizide-SDD. 

 

4.3.2 Design space of glipizide-SDDs  

According to ICH Q8 (FDA, 2009), design space is defined as “the 

multidimensional combination and interaction of input variables (material attributes) and 

process parameters that have been demonstrated to provide assurance of quality. Working 

within the design space is not considered as a change; however the movement out of the 

design space is considered a change and would normally initiate a regulatory post-

approval change process”. The wider the design space is, the more robustness and 

flexibility of the process. Drug loading level and succinoyl content % of HPMCAS were 

found to be critical in their influence on Cmax of dissolution profile of SDD formulations. 

Figure 4-5 and Figure 4-6 depict the contour plot and surface plot for Cmax of glipizide-
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SDD versus drug loading level and succinoyl content % of HPMCAS polymer. It shows 

elliptic contours and slant on the surface plot due to interaction between two input factors, 

drug loading level and succinoyl content % of HPMCAS polymer. In other word, the 

changes in Cmax versus drug loading level are not parallel when the polymer type 

changes, and vice versa. Based on the contour plot, it is evident that when preparing 

glipizide-SDD at 20-40% drug load with HPMCAS-M polymer, the Cmax is greater than 

300 µg/mL. The predicted equation of Cmax is as follow: 

 

Max Conc (µg/mL) = 39.3 + 5.26 drug load + 31.20 succinoyl% - 0.0592 drug load*drug 

load - 1.111 succinoyl%*succinoyl% - 0.1321 drug load*succinoyl% 

 

 

Figure 4-5. Contour plot of maximum concentration (Cmax) of glipizide-SDD. 
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Figure 4-6. Surface plot of maximum concentration (Cmax)of glipizide-SDD.  

 

The value of C180/Cmax ratio is also found to be related to the drug loading level 

and type of polymer used in glipizide-SDD. Figure 4-7 and Figure 4-8 show the contour 

plot and surface plot of C180/Cmax ratio versus drug loading level and succinoyl content % 

of HPMCAS polymer. Similar to Cmax, the contour plot for C180/Cmax ratio is elliptic 

due to the interaction between two studied factors. According to the contour plot, 

C180/Cmax ratio is greater than 0.8 when using HPMCAS-H and HPMCAS-M as 

polymeric carrier at 20-60% drug load. The predicted equation for C180/Cmax is as 

follow: 
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C180m/Cmax = 0.460 + 0.0009 drug load + 0.123 succinoyl% - 0.000167 drug load*drug 

load - 0.01062 succinoyl%*succinoyl% + 0.001801 drug load*succinoyl% 

 

 

Figure 4-7. Contour plot of C180/Cmax of glipizide-SDD.  
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Figure 4-8. Surface plot of C180/Cmax ratio of glipizide-SDD. 

 

4.3.3 Effect of drug loading level and polymer type on the dissolution 

performance of gliclazide-SDDs 

The Cmax for all gliclazide-SDDs was between 462.03 µg/mL and 1263.53 

µg/mL. Figure 4-9 shows that the effect of drug loading level and polymer type on Cmax 

was found significant (p < 0.05). Effect of drug loading level on Cmax follows the order 

of 40% > 20% > 60% based on the mean value of four different types of polymeric 

carrier. This is different from glipizide-SDDs of which the Cmax is decreased as drug 

load increases. The effect of polymer type on Cmax follow the order of HPMCAS-M > 

HPMCAS-L > HPMCAS-H > copovidone S630, which is same as glipizide-SDD. 
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substitution may have positive influence on the supersaturation. Additionally, Cmax 

varies as the percentage substitution of acetyl and succinoyl change within HPMCAS. In 

other word, Cmax of prepared SDDs is dependent on hydrophilicity of the polymeric 

carrier. Figure 4-10 shows the interaction plot of drug loading level and polymer type for 

Cmax. It is evident that Cmax follows the trend: HPMCAS-M > HPMCAS-L > 

copovidone S-630 irrespective of drug loading level. HPMCAS-H formulation shows the 

lowest Cmax (539.23 µg/mL) at 20% drug loading level. It increases to 1089.59 µg/mL 

at 40% drug loading level, which is comparable to HPMCAS-L formulation. With 60% 

drug load, the Cmax value for HPMCAS-H formulation is 1002.11 µg/mL which is 

higher than HPMCAS-M.  

 

 

Figure 4-9. Main effect plot for maximum concentration (Cmax) of gliclazide-SDD. 
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Figure 4-10. Interaction plot for maximum concentration (Cmax) of gliclazide-SDD. 

 

C180/Cmax ratio is also used to evaluate the supersaturation stability of 

gliclazide-SDDs. As shown in Figure 4-11, the stability of supersaturation increases with 

drug loading level based on the mean value of four types of polymeric carrier, which is 

similar to glipizide-SDDs. The effect of polymer type on supersaturation stability follows 

the same trend as glipizide-SDDs: HPMCAS-M > HPMCAS-H > copovidone S630 > 

HPMCAS-L. It is evident that the high hydrophilic substitution of HPMCAS-L has 

negative influence on its ability to stabilize the supersaturation of both glipizide and 

gliclazide in solution state. Figure 4-12 shows the interaction plot of drug loading level 

and polymer type for C180/Cmax. It follows the trend: HPMCAS-M > HPMCAS-H > 
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copovidone S-630 > HPMCAS-L at both 20% and 40% drug loading level. While with 

60% drug load, HPMCAS-L formulation surpassed copovidone in terms of the value of 

C180/Cmax ratio. 

 

 

Figure 4-11. Main effect plot for C180/Cmax of gliclazide-SDD.  
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Figure 4-12. Interaction plot for C180/Cmax of gliclazide-SDD. 

 

4.3.4 Design space of gliclazide-SDDs  

The combination effect of drug loading level and succinoyl% of HPMCAS on 

Cmax of gliclazide-SDDs were shown as contour plot and surface plot in Figure 4-13 

and Figure 4-14, respectively. The elliptic contour plot and slant on the surface plot 

indicate strong interaction between two studied factors (P = 0.017). According to the 

contour plot, Cmax is greater than 1200 µg/mL when preparing gliclazide-SDD with low-

to-medium drug load using HPMCAS having higher succinoyl content % (i.e. M or L 

grade). SDD based on HPMCAS-H polymer shows higher Cmax at high drug loading 

level, whereas Cmax of HPMCAS-L formulation decreases as drug load increases. The 

predicted Cmax equation is as follow: 
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Max Conc (µg/mL) = -1638 + 69.3 drug load + 273.5 Succinoyl% - 0.556 drug load*drug 

load - 7.25 Succinoyl%*Succinoyl% - 2.493 drug load*Succinoyl% 

 

 

Figure 4-13. Contour plot of maximum concentration (Cmax) of gliclazide-SDD. 
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Figure 4-14. Surface plot of maximum concentration (Cmax) of gliclazide-SDD. 

 

The combination effect of drug load and succinoyl content % of HPMCAS on the 

supersaturation stability of gliclazide-SDD was also studied using response surface 

analysis. Figure 4-15 and Figure 4-16 show the contour plot and surface plot of 

C180/Cmax of gliclazide-SDD. Based on the contour plot, C180/Cmax is close to 1 when 

preparing SDD with medium-to-high drug load using HPMCAS having lower succinoyl% 

(i.e. M and H grade). The predicted C180/Cmax for gliclazide-SDD is as follow: 

 

C180/Cmax = -0.034 + 0.0040 drug load + 0.1857 Succinoyl% - 0.000066 drug 

load*drug load - 0.01062 Succinoyl%*Succinoyl% + 0.000573 drug load*Succinoyl% 
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Figure 4-15. Contour plot of C180/Cmax of gliclazide-SDD. 
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Figure 4-16. Surface plot of C180/Cmax of gliclazide-SDD. 

 

4.4 Conclusion 

In this study, a 3×4 full factorial design was conducted to understand the effect of 

two input factors, namely drug loading level and polymer type, on the performance of 
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provides an opportunity to release quality product in a real time. Better understanding of 

the impact of critical material and process attributes on the quality of final product 

ensures reproducibility and scalability. In conclusion, QbD tools together with quality 

management system provided an effective and efficient paradigm to build quality into the 

final products right from the beginning of the manufacturing process. Consequently, it 

allows a shift from traditional QbT approach and offer advantages including low 

analytical cost, low material cost and low rejection rate. 
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APPENDIX A 

MDSC THERMOGRAMS OF GLIPIZIDE-SDD STABILITY SAMPLES 

 

This appendix includes mDSC thermograms of glipizide-SDD stability samples 

that showed crystallinity in X-ray diffraction pattern. Samples were stored at 40 °C/75% 

RH, open condition for up to 6 months. Thermal properties of stability samples were 

investigated using a Thermal Analysis Q2000 differential scanning calorimeter equipped 

with an auto-sampler. Sample equivalent to 2-5 mg was hermetically sealed in an 

aluminum pan. The temperature ramping rate was 5 ºC/min from -20 to 250 ºC with heat 

modulation of ± 1.5 ºC every 40 seconds. The nitrogen gas was flowing at a pressure of 

20 psi to provide inert atmosphere during the measurement. An empty aluminum pan was 

used as reference. 
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Figure A-1. mDSC thermogram of 60% glipizide:HPMCAS-M SDD after storage at 40 °C/75% RH for 2 weeks.  
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Figure A-2. mDSC thermogram of 40% glipizide:copovidone S-630 SDD after storage at 40 °C/75% RH for 2 weeks.  
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Figure A-3. mDSC thermogram of 20% glipizide:copovidone S-630 SDD after storage at 40 °C/75% RH for 1 month.  
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Figure A-4. mDSC thermogram of 40% glipizide:HPMCAS-M SDD after storage at 40 °C/75% RH for 2 months.  
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Figure A-5. mDSC thermogram of 40% glipizide:HPMCAS-L SDD after storage at 40 °C/75% RH for 2 months.  
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Figure A-6. mDSC thermogram of 40% glipizide:HPMCAS-M SDD after storage at 40 °C/75% RH for 3 months.  
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Figure A-7. mDSC thermograms of glipizide:HPMCAS-H SDDs after storage at 40 °C/75% RH for 6 months.  
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Figure A-8. mDSC thermograms of glipizide:HPMCAS-M SDDs after storage at 40 °C/75% RH for 6 months.  
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Figure A-9. mDSC thermogram of 20% glipizide:HPMCAS-L SDD after storage at 40 °C/75% RH for 6 months. 
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APPENDIX B 

MDSC THERMOGRAMS OF GLICLAZIDE-SDD STABILITY SAMPLES 

 

This appendix includes mDSC thermograms of gliclazide-SDD stability samples 

that showed crystallinity in X-ray diffraction pattern. Samples were stored at 40 °C/75% 

RH, open condition for up to 6 months. Thermal properties of stability samples were 

investigated using a Thermal Analysis Q2000 differential scanning calorimeter equipped 

with an auto-sampler. Sample equivalent to 2-5 mg was hermetically sealed in an 

aluminum pan. The temperature ramping rate was 5 ºC/min from -20 to 250 ºC with heat 

modulation of ± 1.5 ºC every 40 seconds. The nitrogen gas was flowing at a pressure of 

20 psi to provide inert atmosphere during the measurement. An empty aluminum pan was 

used as reference. 
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Figure B-1. mDSC thermogram of 60% gliclazide:HPMCAS-H SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-2. mDSC thermogram of 40% gliclazide:HPMCAS-M SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-3. mDSC thermogram of 60% gliclazide:HPMCAS-M SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-4. mDSC thermogram of 40% gliclazide:HPMCAS-L SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-5. mDSC thermogram of 60% gliclazide:HPMCAS-L SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-6. mDSC thermogram of 40% gliclazide:copovidone S-630 SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-7. mDSC thermogram of 60% gliclazide:copovidone S-630 SDD after storage at 40 °C/75% RH for 1 month.  
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Figure B-8. mDSC thermogram of 20% gliclazide:HPMCAS-H SDD after storage at 40 °C/75% RH for 6 months.  
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Figure B-9. mDSC thermogram of 20% gliclazide:HPMCAS-M SDD after storage at 40 °C/75% RH for 6 months.  
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Figure B-10. mDSC thermogram of 20% gliclazide:HPMCAS-L SDD after storage at 40 °C/75% RH for 6 months. 
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APPENDIX C 

UNDERSTANDING THE IMPACT OF HYDRODYNAMIC CONDITION ON 

DISSOLUTION KINETICS OF BOTH CONTROLLED-RELEASE  

AND IMMEDIATE-RELEASE MATRIX TABLETS 

 

This chapter provides an analysis of dissolution kinetics associated with 

formulations subjected to different dissolution methods with the purpose of revealing 

credible direction on selection of apparatus type and hydrodynamics on in-vitro drug 

release profiles. 

 

1 Introduction 

Drug absorption and drug dissolution are strongly intertwined with each other. 

The Noyes-Whitney and Nernst-Brunner equations (Noyes and Whitney, 1897; Brunner, 

1904; Nernst, 1904) describe the variables that influence drug dissolution kinetics: 

 ts CC
Vh

DS

dt

dm
                      (1) 

where dm/dt is the dissolution rate, expressed as the change in the amount of drug 

dissolved (m) per unit time (t) which is impacted by hydrodynamics and apparatus type; 

D is the diffusion coefficient in the stagnant film layer with concentration Cs; S is the 

surface area; V and h represent dissolution media volume and thickness of stagnant film 

layer around solid particles respectively; Ct is the concentration of the dissolved drug in 

bulk solution. Upon integration, the above equation can be expressed as follows 

(Macheras and Dokoumetzidis, 2000):  



219 

 Kts e
V

C
m  1                           (2) 

and 

h

SD
K                                       (3) 

The viscosity of the dissolution media or GI environment can affect the 

magnitude of D, the diffusion coefficient as shown below:  

rn

TK
D b

6
                                    (4) 

where Kb is the Boltzmann constant, T is the temperature, r is the particle radius 

and n is the viscosity. 

 

The main assumption in the Noyes-Whitney equation is that S remains constant 

over time which is not exact and equations cannot adequately model either S-shaped data 

or data with a steep initial slope. The more general approach is the application of Weibull 

function to describe dissolution profiles (Weibull, 1951; Langenbucher, 1972). The 

Weibull function can be described as follows: 

 tM  exp1                     (5) 

where M is the accumulated fraction dissolved at time t, α  is the scale parameter, 

defines the time scale of the process and β is a shape parameter which characterizes the 

curve. When β = 1 curve shows an exponential relationship, β > 1 indicates an S-shaped 

with upward curvature followed by a turning point, and β < 1 indicates steeper initial 

slope then consistent with the  exponential. Weibull function when properly applied may 

offer insight in the quantitative interpretation of dissolution rate data. 
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Likewise, the in-vitro rate of drug release from pharmaceutical dosage forms is 

also influenced by the drug formulation and operating release mechanisms and by the 

conditions of the testing. For example, apparatus type(s) (Costa and Lobo, 2001; 

Missaghi and Fassihi, 2005; Pillay and Fassihi, 1999), hydrodynamics (Underwood and 

Cadwallader, 1976; Shah et al., 1992), medium volume and composition (Jamzad and 

Fassihi, 2006; Pillay and Fassihi, 1999), temperature, perturbations (Mirza et al., 2005), 

shape and design of stirrer (Röst and Quist, 2003) and gastrointestinal simulation 

conditions (Wurster and Taylor, 1965). The increase in dissolution rate as a result of 

increase in agitation rate is also influenced by all or some of the factors described. For 

example when the solid particles of a disintegrated tablet form an aggregated mound the 

effective surface area with respect to dissolution is primarily the surface of the risen 

mound, depending to some extent upon the density or porosity of the aggregate and the 

viscosity and surface tension of the fluids in the accessible spaces, among other factors. 

Under these conditions, the effect of particle size (specific surface area) on dissolution 

rate is considerably less than that when the particles are dispersed throughout the medium 

by intensive agitation (Levy, 1963). With higher agitation speed and type of the stirring 

the effect of tablet components (i.e. formulation effects) could be masked. On the other 

hand, formulation effects and role of excipients can be considerable in the 

microenvironment of a solid aggregate or in matrix type modified release systems. For 

example within the matrix system viscosity will be higher due to hydrocolloids and gums 

and interfacial tension would vary in the presence of surfactants, adsorption phenomena, 

changes in zeta potential associated with the presence of ionic species, chemical reactions 
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because of high concentrations of potential reactants in the microenvironment, and 

particularly, changes in the pH of the microenvironment. These effects can directly or 

indirectly contribute and modify rate of dissolution.  

 

Accordingly, this study analyzes the dissolution kinetics of both IR and CR 

ibuprofen tablets using various models (i.e. linear and non-linear regression analysis) to 

accurately describe the differences among dissolution profiles.  In addition dissolution 

data obtained under different hydrodynamic conditions (i.e. variations in rotation speed-

rpm for both paddle and basket) will be compared to determine potential existence or lack 

of any correlation between dissolution rates achieved using USP apparatus I (basket) or II 

(paddle). It further focuses on selection of appropriate dissolution method and conditions 

to obtain predictable dissolution data during formulation development. 

 

2 Materials and Methods 

2.1 Materials 

Ibuprofen USP (No. ZG0097, Spectrum Chemical Mfg. Corp., New Brunswick, 

NJ) was chosen as model drug for the experimental study. Marketed Ibuprofen 200 mg 

immediate release product was obtained from Pharmacy. Polyethylene oxide (Polyox 

WSRN-80, NF) having molecular weight of approximately 200,000 (apparent viscosity 

between 55-90 mPa·s for 5% w/v solution) was obtained from Dow Chemical (Danbury, 

CT). Hydroxylpropyl methylcellulose (Methocel K100M Premium CR, apparent 

viscosity between 75,000 -140,000 mPa·s for 2%w/v solution) was a gift from Colorcon 

Inc. (West Point, PA). Microcrystalline cellulose (Emcocel USP/NF, Lot E5B5J91X, JRS 
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Pharma, Patterson NY) of particle size around 50 µm was used as filler. Lactose 

Monohydrate NF (#316 Fast Flo, modified-spray dried) was obtained from Foremost 

(Baraboo WI). Magnesium Stearate (Hyqual
®
, Mallinckrodt Chemicals) was used as 

lubricant.  

 

2.2 Preparation of Matrix Tablets 

Matrix tablets were prepared by dry blending of Ibuprofen and other excipients 

with the help of mortar and pestle. A constant amount of mixture (800 mg) was then 

compressed on a hydraulic press (Fred S. Carver, Wabash, IN) at a force of about 500 lbs, 

using a 13 mm flat-end round punch and die set, pre-lubricated with magnesium stearate 

dissolved in acetone. The compositions of studied formulations are summarized in Table 

C-1. Two types of controlled released matrix tablets based on different polymers and 

release mechanisms were prepared. 

 

Table C-1. Composition of experimental formulations (quantities in mg) 

 PEO-base HPMC-base 

Ibuprofen* 400 400 

PEO WSRN-80 200  

HPMC K100M  40 

MCC 200 120 

Lactose  240 

Total 800 800 

*Biopharmaceutical Classification System (BCS) Class II drug, weak acid, pKa =4.91, 

solubility at pH 1.2 = 0.058 mg/mL, solubility at pH 7.0 = 3.89 mg/mL (Shaw et al., 

2005), LogP = 3.97. 
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2.3 Dissolution Study 

Dissolution testing was carried out on 6 tablets of each batch, using standard USP 

34 Apparatus 1 (basket) and 2 (paddle) equipment (VK 7000, Varian Inc.) with the 

stirring rate (rotation per minute-rpm)  of 100 rpm and 50 rpm in 900 mL phosphate 

buffer at pH 7.2 and 37°C. The percentage dissolved was determined at each sampling 

point by UV spectrophotometer at 221 nm (Cary 50 UV-Visible spectrophotometer, 

Varian Inc.).  

 

2.4 Data Analysis 

The drug release under different dissolution conditions for each formulation was 

analyzed and compared using model-dependent methods, model-independent method (i.e. 

similarity factor, f2) and ANOVA-based method as described in the literature (Yuksel et 

al., 2000). Various models describing drug release were fit to the dissolution data using 

linear and non-linear regression analysis (Table C-2).   
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Table C-2. Applied mathematical models to the dissolution data of ibuprofen CR and IR 

tablets 

Models Equation  Reference 

Exponential         

(Power Law) 

nktDiss %  (6) Peppas, 1985 

Higuchi tkDiss %  (7) Higuchi, 1963 

Zero-order ktDiss %  (8) Varelas et al., 1995 

First-order  kteDiss  1100%  (9) Mulye and Turco, 

1995 

Baker-Lonsdale 

kt
DissDiss


























100

%

100

%
11

2

3 3

2

 

(10) Baker and Lonsdale, 

1974 

Hixson-Crowell   3
11100% ktDiss   (11) Hixson and Crowell, 

1931 

Weibull 



























 




d

i

T

Tt

eDiss 1100%  

(12) Weibull, 1951; 

Langenbucher, 1972 

 

Drug release data obtained under different stirring rates (100 rpm, 50 rpm) and 

with different dissolution apparatus (USP apparatus 1 and 2) for each of the formulations 

were compared to determine if they were similar or “roughly equivalent” as stated in the 

literature (Hanson, 1991). Data analysis is based on pairs comparison of time required to 

achieve different percent amount of drug released (i.e. 20%, 50% and 80% drug release 

represented by t20%, t50% and t80%) between different formulations for the given 

apparatus and dissolution conditions. The differences for these dissolution parameters 

were examined statistically by one-way analysis of variance (ANOVA) and Tukey’s test. 

 

Release profiles obtained for CR tablets with different stirring rates and with 

different dissolution apparatus were also compared by calculating a statistically derived 
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mathematical parameter, “similarity factor” (f2) (CDER, 1995). Percentage dissolved 

data up to ≤ 85% drug released was used in this comparison and data were normalized for 

drug content (i.e. the percent drug released values for the amount of ibuprofen present in 

each delivery system). The similarity factor was calculated using: 

 

 


























 100
1

1log50

5.0

1

2

102

n

t

ttt TRw
n

f                           (13) 

 

where Rt and Tt are the percent drug dissolved at each time point for one 

hydrodynamic condition (paddle at 50rpm as reference) vs another hydrodynamic 

condition (basket at 100rpm as test) using the same dosage form, n the number of 

dissolution sample times, t the time sample index and Wt  is an optional weight factor (in 

the current work Wt = 1). If the two profiles are identical, f2 is 100. Values of f2 ≥ 50 

indicate overall similarity of two dissolution profiles. The f2 value ≥ 90 is an indication of 

equivalent release performance with little variation and potential correlation between 

different dissolution apparatus and rotation speeds.  

 

3 Results and Discussion  

3.1 Analysis of Dissolution Data for Controlled-release (CR) Matrix 

Tablets 

Figures C-1 and C-2 show the dissolution profiles of PEO-based and HPMC-

based tablet formulations obtained under different stirring rates and dissolution 
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apparatuses (n = 6). In this study, two different types of hydrophilic polymers were used 

to prepare the controlled release matrix tablets, PEO WSRN-80 and HPMC K100M. The 

molecular weight and viscosity of these two types of polymers are distinctly different 

from each other. For PEO WSRN-80, the viscosity of its 5%w/v solution is only about 

55-90 mPa·s, while the 2%w/v solution of HPMC K100M has an apparent viscosity 

between 75,000 – 140,000 mPa·s. Since drug solubility is limited it was decided to use 

low end and upper end of required polymers to meet the percolation threshold 

(Gonçalves-Araújo et al., 2010), together with other matrix components based on their 

contributory effect to drug release in line with the principle of percolation theory. Upon 

hydration, HPMC K100M could form a more viscous and thicker gel layer on the surface 

of swollen tablets compare to PEO WSRN-80. This could affect the mechanism of drug 

release from these two types of formulation. In order to have a better understanding of the 

physical changes in these two types of matrices, we have carefully observed their 

swelling and erosional changes during dissolution as shown in Figure C-3A. There were 

no significant changes in aspect ratios associated with the PEO-based tablets. As 

dissolution progressed hydrated matrix gradually eroded while the aspect ratios of the 

tablets tended to remain relatively unchanged with time as shown in Figure C-3B. 

However, for HPMC-based tablets, they swelled extensively and became extremely soft 

to the extent that it was not possible to remove them for further measurements. They 

gradually swelled, eroded and transformed into a more spherical shape. 
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Figure C-1. Comparison of dissolution profiles of PEO-based tablets obtained 

under different stirring rates (50 rpm and 100 rpm) using USP 34 dissolution apparatuses 

I (basket) and II (paddle). Insert: relationship between release exponent n (Equation 6) 

and agitation rate. 



228 

 

Figure C-2. Comparison of dissolution profiles of HPMC-based tablets obtained 

under different stirring rates (50 rpm and 100 rpm) using USP 34 dissolution apparatuses 

I (basket) and II (paddle). Insert: relationship between release exponent n (Equation 6) 

and agitation rate. 
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Figure C-3. Dimensional changes associated with hydration of PEO-based and 

HPMC-based tablet matrices (A) as well as by removing the hydrated PEO tablets 

periodically to measure aspect ratios (B). 

 

Table C-3 shows the fitting results for different kinetics model. The fitting result 

of Peppas equation for HPMC-based tablet at paddle speed of 100rpm is not available 

due to fast release of ibuprofen under this condition and too few data points obtained 
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before <60 % drug release. For each of the matrix systems where different hydrophilic 

polymers were the main release controlling excipient, the release mechanism of drug 

substance from the matrix tablet is generally based on two competing mechanisms, 

Fickian diffusion and polymer relaxation followed by erosion (Berens and Hopfenberg, 

1978; Dürig and Fassihi, 2002; Peppas and Sahlin, 1989; Pham and Lee, 1994). The 

contributions of these two mechanisms are considered additive. To describe the 

mechanism of drug release, the amount of drug released from the system was analyzed 

using the commonly used exponential Equation 6. In the equation, k is the kinetic 

constant with units of t
-n

, t is the release time and n is the release exponent for drug 

release. For cylindrical devices like tablets, n values of about 0.45 and about 0.89 indicate 

purely Fickian diffusional release and Case-2 transport (relaxation/erosion), respectively. 

The value in between 0.45 and 0.89 indicates an anomalous transport mechanism (mixing 

mechanism of Fickian diffusion and relaxation/erosion). As shown in Table C-3, the 

fitting n values for PEO WSRN-80 based matrix tablets are between 0.70-0.87 with 

different stirring rates and different dissolution apparatus, which indicate an anomalous 

release with relaxation/erosion as dominant mechanism. However, for tablets made of 

HPMC K100M, the n values are between 0.44-0.50 under different described dissolution 

conditions and apparatus. Tablets made of HPMC K100M follow an anomalous 

mechanism as well; however, the contribution of diffusional release is the main and a 

more dominant feature related to the overall drug release from these matrices. This 

further confirmed that these two dosage forms could be used to evaluate the effect of 

stirring rate and different dissolution apparatus on the release rate of matrix tablets with 

different release mechanisms. 
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As shown in the Table C-3 when increasing the stirring rate from 50 rpm to 100 

rpm, regardless of type of apparatus used (paddle or basket), the value of n changes, 

indicating increased contribution of diffusional release in some case (i.e. smaller ‘n’ 

value) and decrease in other cases (i.e. larger ‘n’ value indicates potential erodibility) 

depending on the type of formulation used. The driving force for drug diffusion depends 

on extent of polymer swelling, free volume and erosion associated with each matrix and 

also the difference between the saturation solubility in the stagnant layer created around 

the matrix “Cs”, and the concentration in the bulk solution, “Cb” as discussed by the 

Noyes-Whitney (Equation 1). As the stirring rate increases, the thickness of stagnant 

layer (h) decrease and more drug diffuses out of the delivery system into the bulk 

solution. 

 

Among the kinetic models mentioned in Table C-2 the Hixson-Crowell equation 

generally gave a more favorable adjusted R
2 

(R
2
 > 0.99) for PEO-based tablets under all 

dissolution conditions. For a dosage form to follow Hixson-Crowell kinetics the 

dissolution usually occur in planes that are parallel to the drug surface while the tablet 

dimensions diminish proportionally, i.e. the initial geometrical form (aspect ratio) tends 

to remain constant during dissolution period.  This is consistent with the observed 

morphological change as mentioned above. However, for the HPMC-based tablets, the 

dissolution profile using all different stirring rate and apparatus tend to follow Baker-

Lonsdale kinetics. This model was developed from the Higuchi model and used to 

describe the drug controlled release from a spherical matrix. As mentioned before, the 
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HPMC-based tablet swells significantly and transforms into a spherical shape during the 

prolonged dissolution process.  

 

A more general function developed by Weibull (Weibull, 1951; Langenbucher, 

1972) as described earlier may be applied among the models to better understand the 

shape of dissolution curve. As shown in Table C-3, the shape parameters β of PEO-based 

tablets were greater than 1 under all dissolution conditions, indicating a sigmoid, S-

shaped dissolution curve, with upward curvature followed by a turning point (β >1) in 

those conditions. However, for HPMC-based tablets, β were smaller than 1, indicating a 

parabolic curve with a higher initial slope, followed by some linearity and tailing towards 

the upper end of the release, consistent with the exponential phenomena (β < 1). It should 

be noted that Weibull function is an empiric model, which is not derived from any kinetic 

fundament. Thus, it does not adequately characterize the dissolution kinetics of the drug 

(Costa and Lobo, 2001).  
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Table C-3. Fitting results of the mathematical models for PEO and HPMC controlled-release tablets for different hydrodynamics. 

Models 
PEO-base 

paddle 50rpm 

PEO-base 

paddle 100rpm 

PEO-base 

basket 50rpm 

PEO-base 

basket 100rpm 

HPMC-base 

paddle 50rpm 

HPMC-base 

paddle 100rpm 

HPMC-base 

basket 50rpm 

HPMC-base 

basket 100rpm 

Exponential constraint % Released ≤ 60             

k 15.7909 34.12 8.8498 13.5843 31.7578 - 24.6924 33.3412 

n 0.8395 0.7024 0.8704 0.7521 0.4459 - 0.5078 0.4572 

adj R
2
 0.9956 0.9998 0.9982 0.998 0.9995 - 0.995 0.9999 

Higuchi         
k 28.1108 41.2475 19.1407 22.9198 26.7465 37.7502 23.9102 29.7382 

adj R
2
 0.954 0.9802 0.9524 0.9271 0.9592 0.8908 0.9843 0.9854 

Zero order         
k 9.7945 21.8285 4.9303 8.2411 8.1046 15.5262 6.54 10.2321 

adj R
2
 0.9091 0.8801 0.8684 0.9671 0.3347 0.2564 0.4992 0.5609 

First order         
k 0.203 0.4441 0.0994 0.1388 0.2203 0.4779 0.1703 0.256 

adj R
2
 0.9718 0.9934 0.99 0.9755 0.9618 0.9315 0.9819 0.9729 

Baker-

Lonsdale         

k 0.021 0.0448 0.0089 0.012 0.0211 0.047 0.0162 0.0255 

adj R
2
 0.8805 0.9341 0.8932 0.8697 0.9982 0.9854 0.9834 0.9875 

Hixson-

Crowell         

k 0.055 0.1206 0.028 0.0398 0.0597 0.1256 0.0466 0.0688 

adj R
2
 0.9944 0.9973 0.9991 0.9918 0.9139 0.8656 0.956 0.945 

Weibull         

β 1.2934 1.1017 1.1654 1.2167 0.7299 0.5706 0.84 0.8094 

Td 5.0725 2.2705 9.833 6.9804 4.4472 1.7385 5.8704 3.8126 

adj R
2
 0.9911 0.9958 0.9973 0.9865 0.9948 0.9956 0.9916 0.985 
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Figure C-4 shows the boxplot of dissolution parameters (t20%, t50% and t80%) 

for PEO-based and HPMC-based formulation, respectively. In general the t20%, t50% 

and t80% values decreased as the stirring speed increase. Using one-way ANOVA (α = 

0.05), statistically significant difference were found for t20%, t50% and t80% between 

different stirring rates and different apparatuses (P < 0.05). In order to determine which 

mean is different from others, the Tukey test was applied. Means that do not share the 

same letter in the Tukey test are considered significantly different. As summarized in 

Table C-4, for PEO-based matrix tablets, t20%, t50% and t80% are significantly 

different with different stirring rate and apparatus except the t20% of paddle at 50 rpm 

and basket at 100 rpm. However, for HPMC-based tablets, there were significant 

differences between paddle at 50 rpm and paddle at 100 rpm as well as basket at 50 rpm 

and basket at 100 rpm at all time points (i.e. t20%, t50% and t80%). It should also be 

noted that there was no significant differences in drug release at paddle 50 rpm and 

basket 100 rpm based on Tukey test (Table C-5) as well as box-plot shown in Figure C-

4 with regards to HPMC-based matrix. 
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Figure C-4. Boxplots of dissolution parameters (t20%, t50% and t80%) for 

controlled-release PEO and HPMC based tablets under different hydrodynamic 

conditions using USP apparatus I and II. 
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Table C-4. Comparison of dissolution parameters of PEO-based tablets by Tukey’s test 

Parameter 
Dissolution 

condition 
Mean (h) StdDev 95% CI for mean 

Tukey 

grouping 

t20% paddle 100rpm 0.485 0.0492 (0.2603, 0.7097) A 

 
paddle 50rpm 1.39 0.278 ( 1.166,  1.615) B 

 
basket 100rpm 1.779 0.343 ( 1.554,  2.004) B 

  basket 50rpm 2.585 0.284 ( 2.360,  2.809) C 

t50% paddle 100rpm 1.765 0.159 (1.1564, 2.3736) A 

 
paddle 50rpm 3.982 0.59 ( 3.373,  4.591) B 

 
basket 100rpm 5.743 1.131 ( 5.134,  6.351) C 

  basket 50rpm 7.269 0.625 ( 6.661,  7.878) D 

t80% paddle 100rpm 3.544 0.549 ( 2.457,  4.630) A 

 
paddle 50rpm 7.631 0.833 ( 6.545,  8.717) B 

 
basket 100rpm 9.817 1.711 ( 8.731, 10.904) C 

  basket 50rpm 15.267 1.609 (14.181, 16.354) D 

 

Table C-5. Comparison of dissolution parameters of HPMC-based tablets by Tukey’s 

test 

Parameter 
Dissolution 

condition 
Mean (h) StdDev 95% CI for mean 

Tukey 

grouping 

t20% paddle 100rpm 0.3886 0.0898 (0.3102, 0.4669) A 

 
paddle 50rpm 0.645 0.111 (0.5666, 0.7234) B 

 
basket 100rpm 0.6079 0.0727 (0.5295, 0.6863) B 

 
basket 50rpm 0.8838 0.0907 (0.8054, 0.9622) C 

t50% paddle 100rpm 1.087 0.405 (0.607, 1.567) A 

 
paddle 50rpm 2.749 0.735 (2.269, 3.229) B 

 
basket 100rpm 2.389 0.377 (1.909, 2.869) B 

 
basket 50rpm 3.905 0.651 (3.425, 4.384) C 

t80% paddle 100rpm 4.103 1.018 (2.968,  5.238) A 

 
paddle 50rpm 8.683 2.152 (7.548,  9.818) B C 

 
basket 100rpm 6.959 0.681 (5.824,  8.094) B 

  basket 50rpm 10.189 0.989 (9.053, 11.324) C 
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The value of f2 (similarity factor) for paddle at 50 rpm versus basket at 100 rpm 

were calculated from the means of percent dissolved at each time points for each 

formulation. The f2 value between paddle at 50 rpm versus basket at 100 rpm for PEO-

based tablet was 44, while under the same conditions for HPMC-based tablets it was 63. 

According to FDA’s guidelines, a minimum value of 50 (50 < f2 < 100) for similarity 

factor is required to ensure sameness or equivalence of two dissolution curves. Therefore, 

the results revealed lack of correlation between paddle at 50rpm and basket at 100rpm for 

PEO-based tablet (i.e. tablet with erosion dominant release mechanism). In the case of 

HPMC-based tablets the result of f2 analysis is consistent with the ANOVA-based 

methods where the dissolution parameters (t20%, t50% and t80%) were not significantly 

different between paddle at 50 rpm and basket at 100 rpm. For PEO-based tablets, the t20% 

was not significantly different between paddle at 50 rpm and basket at 100 rpm at the 

beginning of the test; however, the difference between the dissolution curves increased 

with prolongation of dissolution time and significant differences in all values was 

apparent (i.e. the t50%, t80% and f2 value of 44). These results indicate that system with 

erosional mechanism as its main dominating release mechanism is highly susceptible to 

changes in hydrodynamics and apparatus types.  

 

3.2 Analysis of Dissolution Data for Immediate-release (IR) Tablets 

Figure C-5 shows the dissolution profiles of marketed ibuprofen immediate-

release (IR) tablets under different hydrodynamic conditions within 60 minutes. Once the 

dissolution study was initiated tablets stayed either at the bottom of the dissolution vessel 

below the paddle or at the bottom of the basket in apparatus 1. Upon hydration, the brown 
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coating of the IR tablets dissolved quickly and tablets disintegrated fairly rapidly with 

complete dissolution within about 30 minutes as shown in Figure C-5. Table C-6 shows 

the fitting results of various kinetics models for IR tablets. Among various models it 

appears that Hixson-Crowell model generally gave the highest adjusted R
2
 value under 

most hydrodynamic conditions. The shape parameters, β, of Weibull model were > 1, 

under all conditions, indicating a sigmoid, S-shaped dissolution curve with upward 

curvature followed by a rapid tailing of the profiles. Figure C-6 boxplot and Table C-7 

show the dissolution parameters (t20%, t50% and t80%) of IR tablet under different 

hydrodynamic conditions. The P-value of one-way ANOVA tests were found to be 

smaller than 0.05, indicating significant differences in t20%, t50% and t80% values 

between different stirring rates and different apparatuses. In order to determine which 

mean value was significantly different among the dissolution profiles, the Tukey test was 

applied. As summarized in Table C-7, there is no significant difference between paddle 

at 100 rpm, paddle at 50 rpm and basket at 100 rpm with respect to t20%, t50% and t80% 

based on the Tukey result. The mean value of basket at 50 rpm was significantly different 

from basket at 100 rpm at all time points. Overall the drug release rate for ibuprofen IR 

tablet under basket 50 rpm was slower than all other conditions (see Figure 5). The 

similarity factor (f2) was not calculated for IR tablets due to the limited number of 

sampling points prior to about 85% drug release.  

 

According to USP 34, the accepted tolerance for ibuprofen immediate-release 

tablets is that not less than 80% (Q) of the labeled amount of ibuprofen is dissolved in 60 

minutes when using apparatus 2 (paddle) at 50 rpm. Therefore, despite the fact that 
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significant statistical difference was found for some dissolution parameters, the t80% of 

IR tablets were within 15 minutes under all dissolution conditions. From the practical 

point of view it appears that in the case of ibuprofen IR tablets both apparatus I and II 

under all hydrodynamic conditions may result in comparable dissolution profiles as long 

as disintegration occurs rapidly enough not to delay the drug dissolution process.  

 

 

Figure C-5. Dissolution profiles of immediate-release tablet under different 

hydrodynamic conditions using USP basket and paddle methods. 
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Figure C-6. Boxplot of dissolution parameters (t20%, t50% and t80%) of 

immediate-release tablets under different hydrodynamic conditions. 
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Table C-6. Fitting results of the mathematical models for immediate-release tablet 

Models 

IR 

paddle 50rpm 

IR 

paddle 100rpm 

IR 

basket 50rpm 

IR 

basket 100rpm 

Higuchi 

    k 20.8721 20.9947 19.2635 21.5479 

adj R
2
 0.8665 0.9325 0.9373 0.8649 

Zero order 

    k 4.2551 4.2847 4.0279 4.3169 

adj R
2
 0.5629 0.6058 0.8081 0.3643 

First order 

    k 0.1452 0.1473 0.1029 0.1912 

adj R
2
 0.9289 0.9763 0.9576 0.9881 

Baker-Lonsdale 

   k 0.0158 0.0158 0.0109 0.0201 

adj R
2
 0.8910 0.9531 0.9000 0.9751 

Hixson-Crowell 

    k 0.0404 0.0409 0.0284 0.0464 

adj R
2
 0.9481 0.9877 0.9792 0.9849 

Weibull 

    β 2.6703 1.7629 1.8567 1.6577 

Td 6.9415 6.9550 9.4623 5.6234 

adj R
2
 0.9993 0.9964 0.9997 0.9982 
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Table C-7. Comparison of mean dissolution parameters for immediate-release tablets by 

Tukey test 

Parameter 
Dissolution 

condition 

Mean 

(h) 
StdDev 

95% CI for 

mean 

Tukey 

grouping 

t20% paddle 100rpm 2.789 1.424 (1.771, 3.806) AB 

 
paddle 50rpm 3.385 1.34 (2.368, 4.403) AB 

 
basket 100rpm 1.815 0.257 (0.798, 2.833) A 

  basket 50rpm 4.22 1.349 (3.203, 5.237) B 

t50% paddle 100rpm 5.597 1.409 (4.458, 6.735) A 

 
paddle 50rpm 6.367 1.16 (5.229, 7.505) AB 

 
basket 100rpm 4.586 0.704 (3.447, 5.724) A 

  basket 50rpm 8.209 1.822 (7.071, 9.347) B 

t80% paddle 100rpm 9.849 1.502 (7.647, 12.051) A 

 
paddle 50rpm 9.715 1.293 (7.303, 12.128) A 

 
basket 100rpm 9.06 3.19 ( 6.86,  11.26) A 

  basket 50rpm 14.18 3.39 (11.98,  16.38) B 
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4 Conclusions 

The USP General Chapters <711, 724, 1088 and 1225> (USP, 2011) provide 

monographs using standard conditions for dissolution testing of a particular dosage form. 

Each apparatus (i.e. USP-apparatus 1 to 4) has its own specific conditions for dissolution 

testing. As such dissolution data obtained on the same dosage form using two different 

apparatuses for example apparatus I and II may not correlate and any nonconformity or 

changes from the monograph conditions to correlate them requires proper justification. In 

the present study, the effect of hydrodynamic conditions on the dissolution rate was 

systematically evaluated using both IR tablet formulations undergoing disintegration and 

CR matrix type formulations where drug release followed slow diffusion-erosion release 

mechanisms. The results showed that the type of operating release mechanisms 

associated with each of these tablet formulations and matrices significantly impacts the 

differences observed in release kinetics. PEO based matrix tablets (swelling and erosion 

mechanism) were highly sensitive to dissolution conditions (i.e. rotation speeds of 50 rpm 

and 100 rpm for both apparatuses I and II) and showed significant differences in release 

profiles while such differences were also apparent in the case of HPMC based matrices 

(dominantly swelling and diffusion mechanism), however to a lesser extent. For IR 

ibuprofen tablets at an ideal pH of 7.2, there were no significant differences between 

roles of hydrodynamics or apparatus type and 80% drug release occurred within 15 

minutes. Thus, in the case of CR tablets, it is conclusively shown that there is no 

correlation in the dissolution profiles obtained among various matrices when USP 

apparatus I or II are used either under different or identical rotational speeds. Therefore, 

when evaluating drug dissolution rate and extent for controlled release systems selection 
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of apparatus type and dissolution conditions in the monograph or developed dissolution 

specifications must be adhered to accordingly. Conversely, for IR tablets both apparatus 

types and agitation rates had no significant impact on drug release rate, suggesting the 

possibility of apparatus interchangeability if desired. Additionally, the current biowaiver 

criteria (CDER, 2015; CPMP, 2000) state that, in addition to similarity of dissolution 

profiles, the test and the comparator drug product should both be ‘‘rapidly dissolving” 

which is defined as: not less than 85% of API releases within 30 min, employing the 

dissolution conditions described therein. IR ibuprofen tablets studied in this work 

exhibited rapidly dissolving characteristics using apparatus I and II under two different 

hydrodynamic conditions. Indicating that in general for ibuprofen IR tablets where API 

has shown to have high permeability, dissolution results would be valuable to scientist for 

biowaver consideration. Within the BCS (Biopharmaceutics Classification System) limit 

and biowaivers, ibuprofen tablets in an ideal pH of 7.2 showed similar dissolution 

profiles under both dissolution conditions, and results of this study may be of some value 

in deliberation within the regulatory authorities in the context of biowaivers. 
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