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 With the advent and utility of high throughput screening, the number of drug 

substances in the developmental pipeline of pharmaceutical industries that are poorly 

water-soluble has increased dramatically. The rate of drug absorption from the particular 

dosage form is controlled by the drug solubility and dissolution rate in the biological 

fluids at the absorption site. Amorphous solid dispersions have emerged as products that 

may increase the level of drug supersaturation while also maintaining levels for extended 

periods of time. Thermal processing techniques have become commonly used to produce 

amorphous dispersions of carrier and dissolved drug in order to improve aqueous 

solubility. Within this dissertation, two thermal processes were investigated for the 

preparation of solid dispersions: hot-melt extrusion (HME) and KinetiSol Dispersing® 

(KSD). In addition, this dissertation evaluates the ability of cyclodextrin and 

thermoplastic polymers following thermal processing to enhance the solubility and 

stabilize an amorphous drug form in solution. HME has become a widely reported 

processing technique to prepare dispersion products. However the process exudes a 

number of limitations that prevent the successful formulation of many poorly-water 

soluble drug substances. In the first study, the novel fusion-based processing technique, 

KSD, was utilized to prepare an amorphous solid dispersion containing a poorly water-

soluble gum extract exhibiting oncological indication. Because the latter entity could not 

be prepared by HME to yield amorphous and fully potent drug dispersions, KSD was 

applied as a suitable processing technology for rendering a high melting point substance 

vii 
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amorphous in thermoplastic polymers. In comparison to a marketed product, the KSD-

processed amorphous dispersions enhanced dissolution performance and resulting 

biovailability in an in vivo study. In the second study, combinations of hydrophilic and 

enteric polymers were processed by HME to enhance and extend the levels of 

supersaturation for a poorly water-soluble model compound in neutral media. Significant 

formulation development was conducted to identify hydrophilic-enteric combinations 

which enhanced and stabilized high levels of supersaturation. Finally the last two studies 

investigate the application of HME to produce solid dispersions containing grades of 

cyclodextrins. Three poorly water-soluble model drugs were processed at varying 

parameters by HME to yield amorphous solid dispersions. Analysis of physicochemical 

interactions revealed cyclodextrins enhance solubility by inclusion and non-inclusion 

complexation with a drug. Combined, the studies demonstrated the novelty and 

effectiveness of applying cyclodextrins and thermoplastic polymers in thermal processing 

to form solid dispersion systems that provide and stabilize enhanced levels of drug 

supersaturation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

viii 



9 
 

ix 

Table of Contents 

 
List of Tables                xiv 

List of Figures                  xv 

Chapter 1: Principles of Amorphous Solids, Carrier Selection and Processing 

Technologies in Producing Amorphous Solid Dispersions            1 

 1.1 Introduction                  1 

 1.2 Principles of Amorphous Solids                3 

 1.3 Amorphous Solid Dispersions (ASDs)               6 

  1.3.1 Solubility and Bioavailability Enhancement of ASDs            7 

  1.3.2 Stability of ASDs                8 

  1.3.3 Pharmaceutical Materials as Carriers in ASDs           10 

   1.3.3.1 Hydrophilic              12 

   1.3.3.2 Enteric Carriers             14 

  1.3.4 Carrier Selection              15 

 1.4 Solid Dispersion Processing Technologies            16 

  1.4.1 Hot-melt extrusion (HME)             16 

  1.4.2 KinetiSol® Dispersing (KSD)             17 

 1.5 Summary                 18 

 1.6 References                 20 

 

Chapter 2: Research Objectives               29 

 2.1 Overall Objectives               29 

 2.2 Supporting Objectives               29 

2.2.1 Preparation of Amorphous Solid Dispersions by Rotary Evaporation 

and KinetiSol® Dispersing: Approaches to Enhance Solubility of a 

Poorly Water-Soluble Gum Extract            29  

2.2.2 Investigation of the Interactions of Enteric and Hydrophilic 

Polymers to Enhance Dissolution of Griseofulvin Following Hot 

Melt Extrusion Process              30 

2.2.3 Effect of Cyclodextrins on the Physicochemical Properties and 

Dissolution Performance of Solid Dispersions Prepared by Hot Melt 

Extrusion               30 

2.2.4 The Use of Cyclodextrin-based Solid Dispersions Prepared by Hot-

Melt Extrusion to Improve Dissolution Characteristics of 

Supersaturated Itraconazole             31       

 2.3 Summary                 32 

 

Chapter 3: Preparation of Amorphous Solid Dispersions by Rotary Evaporation and 

KinetiSol Dispersing: Approaches to Enhance Solubility of a Poorly Water-

Soluble Gum Extract               33 

 3.1 Abstract                 33 

 3.2 Introduction                33 

 3.3 Materials and Methods               38 



10 
 

x 

  3.3.1 Materials               38 

  3.3.2 Methods                38 

   3.3.2.1 Rotary Evaporation             38 

   3.3.2.2 KinetiSol® Dispersing            39 

   3.3.2.3 Thermogravimetric Analysis            39 

   3.3.2.4 X-ray Diffraction             40 

   3.3.2.5 Scanning Electron Microscopy           40 

   3.3.2.6 AKBA Assay              40 

   3.3.2.7 Non-sink Dissolution Analysis           41 

   3.3.2.8 High Performance Liquid Chromatography          41 

   3.3.2.9 Stability Study              42 

3.3.2.10 Solid Dispersion Administration to Sprague-Dawley 

 Rats               42 

   3.3.2.11 Plasma Extraction and LC-MS Analysis          43 

   3.3.2.12 Pharmacokinetic Analysis            44 

 3.4 Results and Discussion               44 

3.4.1 Rotary Evaporation as a Screening Study of Polymers and 

Surfactants                     44 

 3.4.2 Thermal Sensitivity Screening             48 

 3.4.3 KinetiSol® Dispersing              50 

3.4.3.1 KinetiSol® Dispersing Processing and Solid-State 

Characterization             51 

   3.4.3.2 Effect of Polymer on in vitro Dissolution Behavior         53 

   3.4.3.3 Effect of Particle Size on in vitro Dissolution Behavior    57 

   3.4.3.4 Solid-State Stability             62 

   3.4.3.5 Evaluation of Oral Absorption of AKBA in Rats         63 

 3.5 Conclusion                66 

 3.6 Acknowledgements               67 

 3.7 References                 68 

 

Chapter 4: Investigation of the Interactions of Enteric and Hydrophilic Polymers to 

Enhance Dissolution of Griseofulvin Following Hot Melt Extrusion  

Process                 75 

 4.1 Abstract                 75 

 4.2 Introduction                75 

 4.3 Materials and Methods               79 

  4.3.1 Materials               79 

  4.3.2 Methods                80 

4.3.2.1 Solubility Screening             80 

4.3.2.2 Thermal Analysis             80 

4.3.2.3 Hot Melt Extrusion             81 

4.3.2.4 Direct Compression of Immediate Release Tablets         82 

4.3.2.5 X-ray Diffraction             82 

4.3.2.6 Fourier Transform Infrared Spectroscopy          82 



11 
 

xi 

4.3.2.7 Disintegration of Compressed Tablets          83 

4.3.2.8 Griseofulvin Assay Testing            83 

4.3.2.9 Non-Sink Dissolution Analysis           83 

4.3.2.10 High Performance Liquid Chromatography          84 

  4.4 Results and Discussion85 

4.4.1 Solution Screening Study of Polymers and Combination of 

Polymers                85 

  4.4.2 Thermal Analysis               86 

   4.4.2.1 Stability Screening              86 

4.4.2.2 Griseofulvin-Polymer Miscibility and Plasticization 

Efficiency              87 

  4.4.3 Hot Melt Extrusion               91 

   4.4.3.1 Solid-State Characterization             93 

4.4.3.2 In vitro Dissolution Behavior of Milled Extrudate 

Powders              99 

4.4.3.3 In vitro Dissolution Behavior of Compressed Tablets 

Containing Extrudate Blends Sizing Less than 250 µm  105 

  4.5 Conclusion              109 

  4.6 Acknowledgements             110 

  4.7 References               111 

 

Chapter 5: Effect of Cyclodextrins on the Physicochemical Properties and Dissolution 

Performance of Solid Dispersions Prepared by Hot Melt Extrusion       117 

 5.1 Abstract               117 

 5.2 Introduction              118 

 5.3 Materials and Methods             121 

  5.3.1 Materials             121 

  5.3.2 Methods              121 

   5.3.2.1 Determination of Intrinsic and Apparent Solubility       121 

   5.3.2.2 Hot Melt Extrusion           122 

   5.3.2.3 X-ray Diffraction           123 

   5.3.2.4 Thermal Analysis           123 

   5.3.2.5 Fourier Transform Infrared Spectroscopy        123 

5.3.2.6 Determination of Apparent Solubility for HME 

Dispersions            124 

   5.3.2.7 Assay Testing            124 

   5.3.2.8 Accelerated Stability Study          124 

   5.3.2.9 Scanning Electron Microscopy         125 

   5.3.2.10 Loss on Drying Measurements         125 

   5.3.2.11 Non-Sink Dissolution Analysis         125 

   5.3.2.12 High Performance Liquid Chromatography        126 

 5.4 Results and Discussion             126 

  5.4.1 Phase-Solubility Profiles           126 

  5.4.2 Hot Melt Extrusion            129 



12 
 

xii 

5.4.3 Physicochemical Characterization of Cyclodextrins and HME Solid 

Dispersions             133 

 5.4.3.1 X-ray Diffraction of Cyclodextrin Materials        133 

5.4.3.2 Thermal Analysis of Cyclodextrins and HME Solid 

Dispersions            134 

 5.4.3.3 X-ray Diffraction of HME Solid Dispersions        136 

5.4.3.4 Fourier Transform Infrared Spectroscopy: HME 

Dispersions            138 

 5.4.3.5 Apparent Solubility: HME Solid Dispersions        141 

5.4.4 Stability of HME Solid Dispersions          142 

5.4.5 Non-Sink Dissolution Behavior of Milled HME Solid Dispersions  144  

  5.5 Conclusion              147 

  5.6 Acknowledgements             147 

  5.7 References               148 

 

Chapter 6: The Use of Cyclodextrin-based Solid Dispersions Prepared by Hot Melt 

Extrusion to Improve Dissolution Characteristics of Supersaturated 

Itraconazole              153 

 6.1 Abstract               153 

 6.2 Introduction              154 

 6.3 Materials and Methods             156 

  6.3.1 Materials             156 

  6.3.2 Methods              157 

   6.3.2.1 Determination of Intrinsic and Apparent Solubility       157 

   6.3.2.2 Hot Melt Extrusion           158 

   6.3.2.3 X-ray Diffraction           158 

   6.3.2.4 Thermal Analysis           159 

   6.3.2.5 Fourier Transform Infrared Spectroscopy        159 

6.3.2.6 Determination of Apparent Solubility for HME 

Dispersions            159 

   6.3.2.7 Assay Testing            160 

   6.3.2.8 Accelerated Stability Study          160 

   6.3.2.9 Scanning Electron Microscopy         160 

   6.3.2.10 Loss on Drying Measurements         161 

   6.3.2.11 Non-Sink Dissolution Analysis         161 

   6.3.2.12 High Performance Liquid Chromatography        162 

 6.4 Results and Discussion             162 

  6.4.1 Phase-Solubility Profiles           162 

  6.4.2 Hot Melt Extrusion            164 

6.4.3 Physicochemical Characterization of Cyclodextrins and HME 

Solid Dispersions            165 

    6.4.3.1 Thermal Screening of HME Solid Dispersions       165 

    6.4.3.2 X-ray Diffraction of HME Solid Dispersions        168 



13 
 

6.4.3.3 Fourier Transform Infrared Spectroscopy: HME 

Dispersions            169 

    6.4.3.4 Apparent Solubility: HME Solid Dispersions       170 

   6.4.4 Stability of HME Solid Dispersions          172 

6.4.5 Non-Sink Dissolution Behavior of Milled HME Solid 

Dispersions             174 

  6.5 Conclusion              179 

  6.6 Acknowledgements             179 

  6.7 References               180 

 

Chapter 7: Concluding Remarks             184 

  7.1 Dissertation Conclusion            184 

 

Bibliography                185 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xiii 



14 
 

List of Tables 

 
Table 3.1 KSD Processing Conditions, Batch Size: 50 g            52 

Table 3.2 Pharmacokinetic data from the in vivo absorption study with the KSD 

processed amorphous solid dispersion formulations (n=4 per group)         65 

 

Table 4.1 HME processing conditions. Batch Size: 35 g            92 

Table 4.2 Compositions of 750 mg tablets containing extrudate blends        106 

Table 4.3 Disintegration of 750 mg tablets, compressed to approximately 10 and 20 kPa 

hardness, in 900 mL 0.1N HCl media (n=3)          106 

 

Table 5.1 The effect of different media on stability constant (K1:1) and complexation 

efficiency (CE) of Cavasol W7 HP physically mixed with KT and HCT       129 

Table 5.2 HME processing conditions. Batch Size: 50 g          132 

Table 5.3 Weight Loss on Drying (LOD) 1:1 HME powder following 1, 2, and 3 months 

storage maintained under accelerated stability conditions         143 

 

Table 6.1 The effect of media on K1:1 and CE of Cavasol W7 HP complexes with KT, 

ITZ, and HCT              163 

Table 6.2 HME processing conditions. Batch Size = 50 g               165 

Table 6.3 Weight Loss on Drying (LOD) 1:1 HME powder following 1, 2, and 3 months 

storage maintained under accelerated stability conditions         172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xiv 



15 
 

List of Figures 

 
Figure 1.1 Schematic depiction of the variation of enthalpy with temperature           4 

Figure 1.2 HAAKE Minilab Twin Screw Extruder             17 

Figure 1.3 KSD Processing Equipment with Processing Chamber, Motor, and Control 

System                 18 

 

Figure 3.1 Chemical Structure of Acetyl-11-keto-β-boswellic acid (AKBA)         34 

Figure 3.2 XRD diffractograms of physical mixes (PM) and rotary evaporated (RE) 

compositions                46 

Figure 3.3 Supersaturated dissolution profile of rotary evaporated compositions         47 

Figure 3.4 Thermal stability characterization of crystalline AKBA, polymer, and physical 

mixtures (PM) containing a) AQOAT-LF, b) AQOAT-MF, c) L100-55, d) 

SOL:L100-55, or e) SOL:LF              50 

Figure 3.5 KSD processing profiles of 1:8.375:0.625 AKBA:AQOAT-LF:DSS, 

1:8.375:0.625 AKBA:AQOAT-MF:DSS, 1:8.375:0.625 AKBA:L100-55:DSS, 

1:1.675:6.7:0.625 AKBA:SOL:L100-55:DSS, 1:1.675:6.7:0.625 

AKBA:SOL:AQOAT-LF:DSS              52 

Figure 3.6 XRD diffractograms of KSD compositions            53 

Figure 3.7 Supersaturated dissolution profile of KSD processed compositions         55 

Figure 3.8 SEM images of solid dispersions processed by RE and KSD prior to and 

following 2 h 5 min in dissolution media             57 

Figure 3.9 Supersaturated dissolution profile of different particle size fractions 

characteristic of KSD compositions a) 1:8.375:0.625 AKBA:AQOAT-

LF:DSS, b) 1:8.375:0.625 AKBA:AQOAT-MF:DSS, c) 1:8.375:0.625 

AKBA:L100-55:DSS, and d) 1:1.675:6.7:0.625 AKBA:SOL:L100-55:DSS  59 

Figure 3.10 XRD patterns of L100-55 compositions processed by KSD and RE and 

stored KSD and RE compositions              63 

Figure 3.11 Plasma AKBA concentration versus time from oral dosing of optimal KSD 

compositions                65 

 

Figure 4.1 Chemical Structure of GF, molecular weight = 352.7           79 

Figure 4.2 Solubility screening: Effect of combinations of carriers on the solubility of GF 

in pH 6.8 media                86 

Figure 4.3 Thermal stability screening of unprocessed GF and polymers; inlaid weight 

values are specified for L100-55              87 

Figure 4.4 Comparison of experimental (□, ■) and theoretical values (binary equation, 

full line and ternary equation, dashed line) of Tg calculated with the Gordon-

Taylor equation for mixtures containing portions of a) Eudragit® L100-55, b) 

AQOAT-LF, c) K-12 povidone, and d) S-630 copovidone . The symbol □ 

represents experimental Tg values of mixtures containing ATBC as plasticizer 

whereas the symbol ■ represents experimental Tg values of mixtures 

containing TEC as plasticizer              90 

xv 



16 
 

Figure 4.5 XRD diffractograms of a) crystalline GF, unprocessed L100-55, and L100-55 

based HME products and b) crystalline GF, unprocessed AQOAT-LF, and 

AQOAT-LF based HME products             94 

Figure 4.6 Fourier transform infrared spectroscopy (FTIR) spectra of a) crystalline GF, 

unprocessed L100-55, and L100-55 based HME products and b) crystalline 

GF, unprocessed AQOAT-LF, and AQOAT-LF based HME products         97 

Figure 4.7 Supersaturated dissolution profiles of binary and ternary HME products 

containing Eudragit
®
 L100-55            104 

Figure 4.8 Supersaturated dissolution profiles of binary and ternary HME products 

containing AQOAT-LF             105 

Figure 4.9 Supersaturated dissolution profiles of directly compressed tablets containing: 

a) L100-55 and b) AQOAT-LF            108 

 

Figure 5.1 Surface Plot of 1:1 KT:Cavasol W7 HP product potency as a function of 

processing conditions             132 

Figure 5.2 XRD diffractograms of cyclodextrin materials and HME placebos       133 

Figure 5.3 MDSC reverse heat flow profiles for a) cyclodextrins b) HME-processed 

binary compositions containing KT and b) HME-processed binary 

compositions containing HCT            135 

Figure 5.4 XRD diffractograms of a) KT and b) HCT with respective physical mixtures 

and solid dispersions containing Cavasol W7 HP processed by HME       137 

Figure 5.5 Fourier transform infrared spectroscopy (FTIR) spectra of a) KT and b) HCT 

with respective physical mixtures and solid dispersions of Cavasol W7 HP 

processed by HME             140 

Figure 5.6 Apparent solubility of KT contained in physical mixtures and HME powders 

relative to intrinsic solubility            141 

Figure 5.7 XRD diffractograms of HME powders removed from storage containing a) 1:1 

KT:Cavasol W7 HP at 30°C/65%RH and b) 1:1 KT:Cavasol W7 HP at 

40°C/75%RH              143 

Figure 5.8 SEM images of stored HME products containing 1:1 KT:Cavasol W7 HP   144 

Figure 5.9 Non-sink dissolution profiles of physical mixture containing 1:1 KT:Cavasol 

W7 HP (×) and HME powders containing 1:1 KT:Cavasol W7 HP analyzed 

immediately post-processing (○) and at 1 month (□), 2 month (◊), and 3 month 

(∆) post-processing maintained under accelerated conditions of a) 

30°C/65%RH and b) 40°C/75%RH           146 

 

Figure 6.1 MDSC reverse heat flow profiles for a) HME-processed binary compositions 

and b) HME-processed ternary compositions containing ITZ        167 

Figure 6.2 XRD diffractograms of ITZ with respective physical mixtures and solid 

dispersions containing Cavasol W7 HP or Cavamax W7 processed by  

HME               168 

Figure 6.3 Fourier transform infrared spectroscopy (FTIR) spectra of ITZ with respective 

physical mixtures and solid dispersions of Cavasol W7 HP processed by 

HME               170 

xvi 



17 
 

Figure 6.4 Apparent solubility of ITZ contained in physical mixtures and HME powders 

relative to intrinsic solubility            171 

Figure 6.5 XRD diffractograms of HME powders removed from storage at 1, 2, and 3 

months containing a) 1:1 ITZ:Cavasol W7 HP at 30°C/65%RH and b) 1:1 

ITZ:Cavasol W7 HP at 40°C/75%RH           173 

Figure 6.6 SEM images of 2 month stored HME product containing 1:1 ITZ:Cavasol W7 

HP (EDX mapping of chlorine in ITZ marked by red dots)        174 

Figure 6.7 Non-sink dissolution profiles of physical mixture containing 1:1 ITZ:Cavasol 

W7 HP (×) and HME powders containing 1:1 ITZ:Cavasol W7 HP analyzed 

immediately post-processing (○) and at 1 month (□), 2 month (◊), and 3 month 

(∆) post-processing maintained under accelerated conditions of a) 

30°C/65%RH and b) 40°C/75%RH           177 

Figure 6.8 Non-sink dissolution profiles of physical mixture containing 1:1 ITZ:Cavasol 

W7 HP (×) and HME powders containing 1:1 ITZ:Cavasol W7 HP analyzed 

immediately post-processing (○), 1:0.5:0.5 ITZ:CavasolW7HP:AQOAT-LF 

(□), 1:0.5:0.5 ITZ:CavasolW7HP:KlucelELF (◊), and 1:0.5:0.5 

ITZ:CavasolW7HP:S-630 (∆)            178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xvii 



1 

Chapter 1: Principles of Amorphous Solids, Carrier Selection and 

Processing Technologies in Producing Amorphous Solid Dispersions 

 

1.1 INTRODUCTION 

 The solubility behavior of a drug is a key factor of its oral bioavailability in 

combination with permeability. High throughput screening has provided the potential to 

synthesize new chemical entities (NCE) which exhibit high molecular weights, high 

lipophilicity, and/or poor solubility (Lipinski et al. 2001, Lipinski et al. 2004). The 

percentage of poorly-water soluble compounds in developmental pipelines has risen 

sharply. Oral drug delivery is the simplest method of administration because accurate 

dosage forms can be easily produced in small bulk exhibiting acceptable stability. NCEs 

under formulation development are most likely originally intended for oral drug delivery. 

Thus an adequate solid dosage form must provide effective bioavailability and 

reproducible in vivo plasma concentration after oral administration. Aqueous solubility of 

a drug substance is determinant upon its lipophilicity and degree of crystal lattice strength 

(Jain et al. 2006). Consideration of the Noyes-Whitney Equation 1.1 identified surface 

area, A, and the solubility of the compound in the dissolution medium (Cs, apparent 

solubility) as variables that may be affected to enhance the rate of dissolution.  

h

t
C

s
CAD

dt

dC )( 
     Equation 1.1 

This equation, where dC/dt is the dissolution rate, D is the diffusion coefficient, h 

is the diffusion layer thickness, and Ct is the drug concentration at time t, gives an insight 

into the various possibilities to influence the dissolution behavior of the drug. The 

particle size of the drug substance may be decreased to increase area available for 

dissolution. Milling the drug powder to decrease the particle size of the compound ideally 

results in an increase in the area for dissolution, but micronized powders tend to 

agglomerate due to high surface energies countering the milling procedure. In addition, 

wetting characteristics of the drug surface may be optimized and the apparent solubility, 

Cs, of the drug may be improved. Therefore formulation development frequently utilizes 

techniques which enhance the solubility by addressing the latter limitations. Techniques 
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such as co-solvent evaporation, emulsion-based particle formation, micelle formation, 

and complexation are commonly employed to generate stabilized concentrations of 

solubilized particles containing highly lipophilic drugs (Trotta et al. 2003, Brewster et al. 

2007, Torchilin 2007, Dong et al. 2008, Frizon et al. 2013). Many techniques have been 

utilized to modify the crystal lattice network of the drug in order to change the physical 

state or chemical state of the drug. Chemical modifications of the drug to alter the 

intermolecular forces within the crystal lattice are addressed with salt formation 

(Khankari and Grant 1995, Bastin et al. 2000), prodrugs (Stella and Nti-Addae 2007), and 

co-crystals (Medina et al. 2010). Techniques that do not change the chemical state but 

impart modification of the crystal lattice consist of polymorphs (Li et al. 1996, Mao et al. 

2005, Alvarez et al. 2009) or amorphous solids (Craig et al. 1999). Metastable 

polymorphs and the amorphous state have a higher free energy than the most stable 

crystal state. Therefore these forms have a higher apparent solubility. Drug release can be 

improved using the drug in its amorphous form, because energy is not required to break 

up a crystal lattice network during the dissolution process. Thus, molecular modification 

of the crystal lattice can impart high free energy in the system to enhance the aqueous 

solubility (Li et al. 1996, Kobayashi et al. 2000). 

Because metastable solids or amorphous solids temporarily maintain this state, the 

structure often reverts to a lower equilibrium concentration in solution. To maintain a 

high metastable solubility, an amorphous solid dispersion (ASD) which is characterized 

by molecularly dispersed drug in carrier as a single phase was developed. ASDs provide 

the benefits of solubilizing the compound in the metastable form while maximizing the 

surface area of the compound that comes in contact with physiologically relevant media 

as the carrier dissolves. Thus carrier screening in formulation development is imperative 

to identify a delivery material which can promote drug-polymer interactions in the liquid 

state for prolonged periods of time (Matsumoto and Zografi 1999).  

Drug release is a crucial and limiting step for oral drug bioavailability, 

particularly for poorly water-soluble drugs. By improving the drug release profile of 

these drugs, it is possible to enhance their bioavailability and reduce side effects. The 
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following section outlines the significance and application of solid-state modification to 

yield ASDs capable of solubility enhancement. A review of three specific types of 

carriers incorporated in ASDs is presented below. Finally carrier selection in formulation 

development is discussed prior to identifying predominant processing technologies 

employed for the preparation of solid dispersion products.  

 

1.2 PRINCIPLES OF AMORPHOUS SOLIDS 

An amorphous solid has no long-range order of molecular packing or 

conformation that normally exists in a crystalline material. Short-range order is 

maintained in only a few dimensions. Amorphous solids have physical properties 

different from those of the crystalline states. In Figure 1.1, a plot of enthalpy or specific 

volume of a solid substance as a function of its temperature is shown (Hancock et al. 

1997). At low temperatures, a crystalline material is characterized by low enthalpy and 

volume with respect to temperature. At the melting temperature (Tm), a discontinuity in 

enthalpy and volume occurs representing first-order phase transition to the liquid state. 

Upon rapid cooling of a melt below its Tm, the viscosity increases but an amorphous state 

is maintained known as an equilibrium super-cooled liquid. Further cooling of the super-

cooled liquid reduces the molecular mobility of the material and causes a change in slope 

at a point which the material loses its thermal energy. The temperature at which this 

occurs is the glass transition temperature (Tg). At Tg, the properties of the glassy material 

deviate from those of the equilibrium super-cooled liquid. Amorphous systems have 

greater molecular motion as a result of higher internal energy. The high internal energy 

and specific volume of the amorphous state relative to the crystalline state can lead to 

enhanced solubility and bioavailability, but can also create the possibility that during 

processing or storage the amorphous state may spontaneously convert back to the 

crystalline state (Yu et al. 2001). Below Tg, the material is maintained in a 

thermodynamically unstable, glassy state with respect to both the equilibrium liquid and 

the crystalline phase. 



4 
 

 

Figure 1.1 Schematic depiction of the variation of enthalpy with temperature 

Fragility indicates the rate of structural relaxation as a glass approaches and 

traverses the glass transition region (Angell et al. 1991). The rate and extent of molecular 

mobility as well as viscosity are temperature dependent. They influence the glass 

transition temperature and the ease of glass formation. This temperature dependence is 

described using the empirical Vogel-Tammann-Fulcher (VTF) equation (Angell et al. 

1991): 
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    Equation 1.2 

Where τ is the mean molecular relaxation time, T is the temperature, and τ0, D, T0 are 

constants. The value of T0 in the VTF equation corresponds to the theoretical Kauzmann 

temperature (Tk), and τ0 can be related to the relaxation time constant of the unrestricted 

material. When T0 is greater than zero, there is temperature dependent apparent activation 

energy. Molecular mobility can be influenced by the relationship of the operating 

temperature to Tg and Tm (Andronis et al. 1997). Small amounts of adsorbed water can 

plasticize amorphous solids (Andronis and Zografi 2000). Relative humidity is an 

important factor influencing the solid-state properties of amorphous systems. If a system 

consists of a small amount of amorphous material in a crystalline matrix, the preferential 

absorption of water vapor into the amorphous structure will result in a local water content 
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greatly augmented relative to the total water content, with a correspondingly greater 

plasticizing effect on the amorphous structure. Carbamazepine was revealed to transition 

to different dihydrate polymorphs after being exposed to high relative humidity for two 

weeks. The resulting polymorph configurations were less stable and less ordered 

compared to the anhydrate form (Han et al. 2000). Apart from plasticization, water can 

accelerate crystallization. The formation of a mannitol hydrate during freeze-drying 

retained more water in the product than the anhydrate form, and following stability 

testing the products revealed significant deviation and accelerated crystal growth as a 

result of higher adsorption of water (Yu et al. 1999).  

Since molecules in the amorphous state are thermodynamically metastable, there 

is always potential for crystallization during handling and storage. The rate of nucleation, 

I, is expressed as  

kT

G
a

G

AeI

)*( 

    Equation 1.3 

Where ∆Ga is the activation energy for transport across the nucleus-amorphous matrix 

interface, ∆G
*
 is the free energy change for nucleation with a critical nucleus of radius, r. 

A is a constant, k is the Boltzmann constant, and T is the temperature. Based on Equation 

1.3, the rate of nucleation increases exponentially as temperature decreases (Andronis 

and Zografi 1997). Equation 1.4 identifies parameters controlling, ∆Gv, the difference in 

energy between crystalline and amorphous form:  
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Where ∆Hf is heat of fusion, ∆Tr = (1-Tc/Tm) = degree of super-cooling, Tm is melting 

temperature, and Tc is crystallization temperature. The nucleation-growth model 

distinguishes trends that are temperature dependent. At lower temperature, nucleation is 

favored, and at higher temperature, growth is favored (Hancock and Zografi 1997). The 

enhanced driving force for super-cooling caused by lowering the temperature results in an 

increase in viscosity giving rise to a maximal crystallization rate between Tg and Tm 

(Saleki-Gerhardt et al. 1994). Crystallization from the amorphous state over time can be 
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limited by operating at temperatures below Tg, by reducing the water content, or by 

raising the Tg of the system using high Tg additives (Hancock and Zografi 1994, Aso et 

al. 1995).  

 

 

1.3 AMORPHOUS SOLID DISPERSIONS (ASDs) 

 A solid dispersion has been defined as the dispersion of one or more drug 

substances in an inert carrier or matrix at solid state (Leuner and Dressman 2000, 

Vasconcelos et al. 2007). A solid dispersion can potentially promote reduction of particle 

size, improved wetting, reduced agglomeration, and changes in the physical state of the 

drug. The physical state of the solid dispersion will depend on the physicochemical 

properties of drug and carrier, the drug-carrier interactions, and the preparation method. 

Solid dispersions have been classified upon the state of the drug and carrier (amorphous 

vs. crystalline). A solid solution is a homogenous, single-phase system where the drug is 

molecularly dispersed in an amorphous carrier, at solid-state (Levy 1963, Kanig 1964). 

On the contrary, a crystalline solid dispersion or amorphous solid suspension is a biphasic 

system characterized by crystalline drug dispersed in an amorphous carrier. Thus, 

molecularly the obtained dispersion does not have a homogenous structure (Chiou and 

Riegelman 1969, Simonelli et al. 1969). A solid may exist naturally in the amorphous 

state, or it may be deliberately rendered amorphous to enhance the biopharmaceutical 

properties of the product. The advantage of using an amorphous carrier is that additional 

energy input is not needed to deform or break the crystalline carrier prior to mixing or 

incorporating drug (Taylor and Zografi 1997). Solid solutions typically display a glass 

transition at a temperature that is between the glass transition temperatures of the pure 

amorphous components. With regards to analytics, the display of one glass transition 

temperature is potential evidence of only one phase. For solid suspensions, two Tg’s 

(carrier and API) can be detected on DSC curves if the drug is present in sufficiently 

large amorphous clusters.  
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 In solid solution, the ultimate particle size reduction is achieved as the drug is 

molecularly dispersed into the carrier (Leuner and Dressman 2000, Bikiaris et al. 2005). 

Therefore no energy is required to break up the crystal structure of the drug during 

dissolution. Drug molecules are released as the carrier dissolves and a supersaturated 

solution is formed. Craig et al. classified dissolution mechanism from solid dispersion as 

either “carrier controlled”, where the release is independent of the drug, or “drug 

controlled”, where the release behavior depends on the properties of the drug even at low 

drug loadings (Craig 2002). In solid dispersions, drugs are presented as supersaturated 

solutions after system dissolution. In a metastable solution, the drug is prone to 

precipitation if no stabilizing agents are present. It has been speculated that, if drugs 

precipitate, it is as a metastable polymorphic form with higher solubility than the most 

stable crystal form (Karavas et al. 2006, Van den Mooter et al. 2006). For drugs with low 

crystal energy (low melting temperature), the amorphous composition is primarily 

dictated by the difference in melting temperature between drug and carrier. For drugs 

with high crystal energy, compositions with greater amorphous content can be obtained 

by choosing carriers, which exhibit specific interactions with them (Vippagunta et al. 

2006). 

 

1.3.1 Solubility and Bioavailability Enhancement of ASDs 

Optimization of the drug release profile using solid dispersions is achieved by 

carrier manipulation and modifications to particle properties. Carrier molecular 

weight/composition, drug crystallinity, and particle porosity and wettability are 

parameters that can be controlled to produce improvements in bioavailability. Poorly 

water soluble crystalline drugs, when in the amorphous state tend to have higher 

solubility as discussed. The drug is molecularly dispersed in the dissolution medium after 

carrier dissolution resulting from a high surface area dissolved within the carrier, 

resulting in an increased dissolution rate, and consequently, improved bioavailability 

(Leuner and Dressman 2000, Bikiaris et al. 2005). A strong contribution to the 

enhancemenet of drug solubility is related to the drug wettability improvement verified in 
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solid dispersions (Karavas et al. 2006). It was observed that even carriers without surface 

activity, such as urea improved drug wettability. Carriers with surface activity, such as 

cholic acid and bile salts can significantly increase the wettability properties of drugs. 

Carriers can influence the drug dissolution profile by direct dissolution or co-solvent 

effects. Recently, the inclusion of surfactants in solid dispersions reinforced the 

importance of this property. Particles in solid dispersions have been found to have a 

higher degree of porosity, and increases in porosity depend on carrier properties. For 

instance, solid dispersions containing linear polymers produce larger and more porous 

particles than those containing branched-stuctured polymers and, therefore, result in a 

higher dissolution rate. While solid solubility is defined as the thermodynamic solubility 

of one solid into another, miscibility refers to the mixing capability of two amorphous 

components in their liquid state. To achieve complete miscibility, interactions between 

the components are required. 

 

1.3.2 Stability of ASDs 

 Despite pronounced research specifying immense potential, solid dispersions are 

not broadly used in commercial products. The physical stability of amorphous systems 

often remains a challenge for industries. Amorphous systems display an energetic form 

that is thermodynamically unstable. ASDs possess the intrinsic tendency to revert to a 

more stable form under recrystallization during storage. There is the possibility that 

during processing or storage the amorphous state may undergo crystallization. Molecular 

mobility is a key factor governing the stability of amorphous phases, because even at 

very high viscosity, below the Tg, there is enough mobility for an amorphous system to 

crystallize over pharmaceutically relevant time scales (Andronis 1997, Yu et al. 2001). 

The existence of a low Tg or multiple Tgs in a solid dispersion leads to insufficient 

stabilization due to a low degree of drug-carrier interactions (Leuner and Dressman 2000, 

Yu et al. 2001). Drug molecules in the solid dispersion migrate towards each other and 

form clusters when in the latter state. Subsequently, clusters can form nuclei during 

storage which can be initiators for further crystallization. Recrystallization typically leads 



9 
 

to a decrease in apparent solubility and dissolution rate. Chemical stability is of interest 

as a combination of instability and higher molecular mobility evokes a higher chemical 

reactivity. An ASD with a sufficiently high Tg was formerly considered as the 

predominant factor for stabilizing solid dispersions; this concept holds true for 

supersaturating solid solutions. Within ASDs, the drug may exhibit mobility in its own 

amorphous phase, possibly leading to initiation of recrystallization.  

A carrier that is characterized by the presence of functional groups in its chemical 

structure that can act as hydrogen bond donors or acceptors, is an advantage for the 

physical stability of amorphous drug, since hydrogen bonding interactions increase the 

solubility of the drug into its carrier. Hydrogen bonding interactions play a role in the 

inhibition of phase separation and drug crystallization from ASDs. An ASD which 

maintains a viscous matrix with the absence of localized drug clusters and significant 

hydrogen bonding among drug-carrier may reduce drug cluster formation (phase 

separation) and potential recrystallization under stability testing.  

As discussed above, to obtain a single amorphous drug-polymer phase, sufficient 

solid solubility, miscibility and kinetic stabilization are required. Sufficient kinetic 

stabilization refers to immobilizing supersaturated drug concentrations into a highly 

viscous matrix. Recent studies observed very small reorientation motions in solid 

dispersions confirming nucleation and crystal growth leading to heterogeneity of 

components as a result of detecting the sub-glass transition alpha-relaxation and beta-

relaxation (Andronis 1997, Taylor and Zografi 1997, Andronis and Zografi 2000). An 

ASD maintaining a high Tg, high conformational entropy, and low molecular mobility is 

important to obtain sufficient kinetic stabilization for supersaturated solid solution. The 

importance of kinetic stabilization leads to the rule which claims that the molecular 

mobility of an amorphous solid becomes negligible if the solid is maintained at 50°C 

below its Tg (Hancock 1997). Storage at an appropriate temperature may limit phase 

separation and mobility aiding in maintaining physical stability over large time frames. 

Moisture has a profound impact on the storage stability of amorphous drugs because 

typically some degree of plasticization occurs (Hancock and Zografi 1997). This 
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promotes drug mobility and crystallization as discussed above for amorphous solids. 

Many polymers used in solid dispersions are hygroscopic and may take up relatively 

large quantities of water into their bulk structure. If an ASD consists of a small amount of 

amorphous drug in a crystalline matrix, the preferential absorption of water vapor into the 

amorphous structure will result in a local water content greatly augmented relative to the 

total water content, with a correspondingly greater plasticizing effect on the amorphous 

drug. Therefore, moisture absorption may cause phase separation, crystal growth or 

conversion from a metastable amorphous form to a stable crystalline form during storage. 

Molecular mobility of an ASD depends, not only on its composition and moisture 

absorption, but also on the manufacturing process.   

 

1.3.3 Pharmaceutical Materials as Carriers in ASDs 

In a metastable solution, the drug is prone to precipitation if no stabilizing agents 

are present. Carriers and characteristics which make carriers strong candidates to produce 

an ASD are introduced in the following section. Many relevant pharmaceutical materials 

are manufactured for their application in producing solid dispersions as being the basis 

for the carrier matrix. Carriers can be categorized based on release characteristics 

influenced by structure. First generation solid dispersions termed by Vasconcelos et al. 

were first discovered in the formulation of eutectic mixtures to improve the rate of drug 

release (Sekiguchi and Obi 1991, Sekiguchi and Obi 1964). Crystalline carriers, such as 

urea and mannitol, were originally employed to design first generation solid dispersions 

through molecular dispersions. The observed improvements in solubility were attributed 

to increased wettability of the drug due to faster carrier dissolution (Kanig 1964, 

Goldberg et al. 1966). In addition, particle size was reduced resulting in microcrystal 

drug release. Second generation solid dispersions are comprised of amorphous polymers 

which are able to originate amorphous solid dispersions.  

Second generation dispersions can be classified according to molecular 

interaction of drug and carrier. Amorphous solid solutions consist of drug and carrier that 

are totally miscible and soluble. In these systems, the drug and carrier interaction energy 
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is high, resulting in a homogenous, true solution. The use of carriers in the preparation of 

true solid solution creates an amorphous product in which the crystalline drug is 

dissolved. Crystalline solid dispersions or amorphous solid suspensions as introduced 

above are generated when the drug has limited carrier solubility or a high melting point. 

The dispersion does not have homogeneous structure and is characterized by two phases. 

The drug is in its supersaturated state because of forced solubilization in the carrier 

(Urbanetz 2006, Vilhelmsen et al. 2005). In second generation solid dispersions, the drug 

release profile is governed by carrier dissolution (Damian et al. 2000, Karatas et al. 

2005).  

Finally, recent literature has presented that the dissolution profile can be improved 

if the carrier has surface activity or self-emulsifying properties. Those solid dispersions 

exhibiting better wetting characteristics were termed third generation. These contain a 

surfactant carrier or a mixture of amorphous polymers and surfactants as carriers. Third 

generation solid dispersions are proposed to achieve the highest degree of bioavailability 

for poorly water-soluble drugs by enhancing the stability of a solid dispersion in solution 

avoiding recrystallization. Numerous reports have identified surfacants as effective 

materials in originating polymorphic purity and enhanced in vivo bioavailability (Karatas 

et al. 2005, Li et al. 2006, Majerik et al. 2007). The dissolution rate and bioavailability of 

a poorly-water soluble NCE, LAB68, were improved after being dispersed in a mixture 

of polyethylene glycol and polysorbate 80. The bioavailability was 10-fold higher 

compared to the physical mixture of micronized drug (Dannenfelser et al. 2004). Sjokvist 

et al. introduced small quantities of polysorbate 80, Brij 35, and sodium dodecylsulphate 

into 10% dispersions of griseofulvin in PEG 3000 to achieve dispersions which 

substantially increased both the rate and extent of dissolution (Sjokvist et al. 1992). The 

inclusion of surfactants in the formulation containing a polymeric carrier may help to 

prevent precipitation into much larger hydrophobic particles (Pouton 2006).  
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1.3.3.1 Hydrophilic Carriers 

Eutectic combinations such as sulphathiazole/urea and chloramphenicol/urea 

served as initial examples for the preparation of a poorly soluble drug in a hydrophilic 

carrier (Sekiguchi and Obi 1961, Sekiguchi and Obi 1964). Both preparations exhibited 

faster release and better bioavailability than conventional formulations. The explanation 

offered for enhanced release after dissolution of urea was due to smaller particle size and 

better wettability of the drug particle in suspension. A faster dissolution rate was obtained 

for griseofulvin in citric acid as first reported by Chiou and Riegelman (Chiou and 

Reigelman 1969). This was the first report of the formation of an ASD to improve a 

drug's dissolution properties. Polymeric carriers have been considered the most 

successful for the preparation of solid dispersions. Hydrophilic polymers are able to 

originate ASDs by providing a matrix to disperse and force solubilize drug. Numerous 

hydrophilic carriers have been utilized to supersaturate drug in solution (Gao et al. 2004, 

Vandecruys et al. 2007). Organic polymers such as polyvinylpyrrolidone (PVP), 

polyethylene glycol (PEG), hydroxypropylcellulose (HPC), and 

hydroxypropylmethylcellulose (HPMC) (and various other cellulose derivatives) have 

been utilized for the purpose of improving bioavailability. They are divided into fully 

synthetic polymers and natural product-based polymers. Fully synthetic polymers include 

PVP and PEG. Natural product-based polymers are largely composed of the cellulose 

derivatives, such as HPMC, ethylcellulose (EC), or HPC, or starch derivates, like 

cyclodextrins. 

Tobyn et al. reported the successful preparation of solid dispersions containing a 

poorly water-soluble drug and PVP, and solid-state analysis confirmed the presence of 

stabilizing hydrogen bond interactions between the drug and PVP (Tobyn et al. 2009). 

This mechanism of hydrogen bonding and its effect on drug release and stability will be 

further discussed below. The glass transition temperature of PVP is dependent on its 

molecular weight and moisture content. In general, the glass transition temperature (Tg) 

is high for PVP, approximately 156°C. Due to a high Tg and high organic solubility, PVP 

is often prepared by solvent methods (Taylor and Zografi 1997, Iannuccelli et al. 2000); 
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however melt methods have been employed as well to help process sytems into 

amorphous dispersions which exhibit improved release rates (Gupta et al. 2005). Because 

PVP is hydrophilic, the improvement in solubility when prepared as a solid dispersion is 

a result of improved wettability of the dispersed drug first and foremost. Although 

hydrogen bonding of drug-PVP can be a predominate factor in potential stabilization of 

high supersaturation levels. PEGs have been utilized as carriers to enhance the release 

rate of poorly water-soluble drugs (Fernandez et al. 1993, Gines et al. 1996, Margarit et 

al. 1994, Suzuki and Sunada 1997, Trapani et al. 1999). However, the materials present 

concerns as low molecular weight PEGs have shown greater toxicity than those of higher 

molecular weights. In addition, the utility of melt methods to prepare solid dispersions of 

PEGs is sometimes not viable as literature has supported reduction in PEG chain length 

of products containing furosemide, chlorothiazide, and chlorpropamide (Dubois and Ford 

1985). Finally PEGs maintain low Tgs and may present challenges in post-processing into 

a final dosage form as low molecular weight PEGs typically result in soft tablets. Drug 

plasticization on PEGs also affects stability as the Tg of the system is typically lowered 

predisposing these dispersions to higher molecular mobility and moisture absorption 

(Shah et al. 1995). Hydrophilic cellulosic derivatives have been widely investigated as 

carriers that can enhance the solubility of poorly-water soluble drugs (Okimoto et al. 

1997, Kohri et al. 1999). The release rate and bioavailability of albendazole was reported 

to be improved through preparation of a HPMC-based solid dispersion which was 

administered to beagle dogs (Kohri et al. 1999). Yuasa et al. studied the influence of HPC 

chain length and proportion of HPC in solid dispersion on the release of flurbiprofen and 

identified that the release rate improved as HPC proportion was increased and when 

lower molecular weight HPCs were used (Yuasa et al. 1994).   

Cyclodextrins have recently been described to enhance the solubility of poorly 

water-soluble drugs by complexation mechanisms. Cyclodextrins are manufactured 

starch derivatives consisting of oligosaccharides orientated into a truncated cone shape 

with a hydrophilic exterior and hydrophobic inner cavity. The lipophlic character that the 

inner cavity maintains allows for potential complexation with poorly water-soluble drugs 
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which typically exhibit high lipophilicity. They have been commonly applied in solvent 

methods to prepare drug-cyclodextrin dispersions characterized by molecular 

complexation. Solubility enhancement utilizing cyclodextrins has been addressed with 

parent conformations (α-CD, β-CD, and γ-CD) and chemically modified cyclodextrins 

(hydroxypropyl-β-CD and sulfobutylether-β-CD) (Alsarra 2010, Fukuda et al. 2008, 

Peeters et al. 2002, Vranic and Uzunovic 2010, Yang et al. 2010).  

 

1.3.3.2 Enteric Carriers 

 Recent literature has announced that the majority of drug absorption occurs in the 

small intestines where surface area available for absorption is higher than in the stomach 

(DeSesso and Jacobson 2001, Miller et al. 2007, Miller et al. 2008a). This revelation has 

slightly shifted concentration of formulation development of immediate release dosage 

forms to consideration of controlled release systems. Enteric carriers are polymers which 

dissolve at neutral pH values, 5.5 and greater, and are commonly targeted to release in the 

upper portions of the small intestines where pH is 5.0. Polymethacrylates, HPMC-acetate 

succinate (HPMCAS), and polyvinylpyrollidone-vinyl acetate (PVP/VA) are commonly 

employed enteric carriers for the preparation of solid dispersions. Polymethacrylates, 

most notably Eudragit L100-55, are synthetic co-polymers of methacrylic acid and ethyl 

acrylate where the ratio of free carboxyl groups to the ester groups is 1:1. It is 

manufactured as an anionic copolymer with a Tg at 113°C and begins to dissolve at pH 

5.5. HPMCAS is a non-ionic substituted HPMC of acetic acid and monosuccinic acid 

esters. It has a low molecular weight and has a Tg of 125°C. PVP/VA is a non-ionic 

comonomer of vinylpyrollidone and vinyl acetate. The previous carriers have been 

utilized as enteric carriers in solid dispersions to not only target release but supersaturate 

levels of drug in solution (Miller et al. 2008a, Miller et al. 2008b). Those polymers that 

maintain supersaturation of drug for prolonged durations of time were termed 

“concentration enhancing polymers” by DiNunzio et al (DiNunzio et al. 2008).  
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1.3.4 Carrier Selection 

 Polymers improve the physical stability of amorphous drugs in solid dispersions 

by increasing the Tg of the miscible mixture, reducing the molecular mobility under 

storage, and/or by interacting specifically with functional groups of the drugs. For a 

polymer to be effective in preventing crystallization, it has to molecularly miscible with 

the drug. For complete miscibility, interactions between the two components are required. 

It is recognized that the majority of drug substances contain hydrogen-bonding sites. 

Several studies have shown the formation of ion-dipole interactions and intermolecular 

hydrogen bonding between drugs and polymers, and the disruption of the hydrogen 

bonding pattern characteristic to the drug crystalline structure (Teberekidis and Sigalas 

2007). These interactions potentially lead to higher miscibility and physical stability of 

the solid dispersions. Specific drug-polymer interactions were observed by Teberekidis 

and Sigalas, showing that interaction energies, electron density, and vibrational data 

revealed a stronger hydrogen bond of felodipine with PVP than with PEG, which was in 

agreement with the resulting dissolution rates of the solid dispersions. Other studies have 

shown stabilization in systems where hydrogen-bonding interactions are not possible, 

because of system chemistry. Vippagunta et al. concluded that fenofibrate does not 

exhibit specific interactions with PEG, independent from the number of hydrogen 

donating groups presented (Vippagunta et al. 2006). The same conclusion was achieved 

by Weuts et al. in the preparation of solid dispersions of loperamide with PVPK30 and 

PVPVA64, in which hydrogen bonds were identified but did not help avoid 

crystallization (Weuts et al. 2005). Konno et al. determined the ability of three different 

polymers, PVP, HPMC, and HPMCAS to stabilize amorphous felodipine, against 

crystallization. The three polymers inhibited crystallization of amorphous felodipine by 

reducing the nucleation rate. It was speculated that these polymers affect nucleation 

kinetics by increasing their kinetic barrier to nucleation, proportional to the polymer 

concentration and independent of the polymer physiochemical properties. The strategies 

to stabilize the solid dispersions against recrystallization strongly depend on the drug 
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properties and a combination of different approaches appears to be an advantageous 

strategy. 

 

1.4 SOLID DISPERSION PROCESSING TECHNOLOGIES 

Current processing technologies used to prepare ASDs exude advantages and 

carry limitations which are typically assessed by pharmaceutical industries based on 

numerous factors including the efficacy and stability of product and manufacturing costs. 

Three processing technologies that exist predominantly in industry are spray-drying, 

rotary evaporation, and hot melt extrusion. Each process has specific disadvantages 

which limit its use in certain applications. In spray-drying and rotary evaporation 

processes, toxic organic solvents are commonly required resulting in increased 

manufacturing cost due the need for safe removal. Commonly HME is abandoned as a 

processing technique when working with thermally-labile or shear-sensitive compounds 

as exposure to elevated temperatures for extended periods of time can negatively impact 

potency of the product. Recently, a novel fusion-based processing technology, KinetiSol 

Dispersing®, has been developed to address formulation challenges relevant to thermally 

labile and/or high melting point drug substances.   

 

1.4.1 Hot-melt extrusion (HME) 

A number of specialized fusion-based techniques have been reported for 

pharmaceutical processing. Hot-melt extrusion has gained a substantial amount of 

attention for the preparation of pharmaceutical compositions. In the HME process, one or 

more rotating screws as presented in Figure 1.2 convey drug, polymer, and/or processing 

aids through an externally heated barrel where the materials become molten and 

intimately mixed through shear and friction. The molten mass is then passed through a 

die located at the end of the extruder barrel where it is cooled and can be further post-

processed. A major disadvantage of the HME technology is that high temperatures and 

prolonged residence times may be required to facilitate the transition from the 

thermodynamically stable crystalline state to the high energy amorphous state. 
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Degradation due to thermal exposure has been reported for many drug substances that are 

known to degrade at elevated temperatures (Follonier et al. 1994, Repka et al. 1999, 

Repka et al. 2003, Murphy and Rabel 2008) and polymers (El'darov et al. 1996, Crowley 

et al. 2002, Capone et al. 2007). Simply reducing processing temperature to limit 

degradation may not be feasible due to potential viscous material build-up. To 

circumvent this issue, liquid or solid-state plasticizers may be incorporated into 

dispersions as a processing aid (Follonier et al. 1994, Repka et al. 1999, Zhu et al. 2002, 

Zhu et al. 2006).  

 
Figure 1.2 HAAKE Minilab Twin Screw Extruder 

1.4.2 KinetiSol® Dispersing (KSD) 

KinetiSol® Dispersing (KSD) is a novel fusion-based processing technique for the 

rapid production of polymeric amorphous solid dispersions. The technology is 

characterized as a high energy mixing process consisting of a shaft with protruding 

blades which rotate at speeds up to 3,500 rpm within a sealed processing chamber. A 

view of the KSD equipment is illustrated in Figure 1.3. A pre-blended composition is 

entered into the processing chamber and through a combination of kinetic and thermal 

energy, the composition is processed into a molten mass without the need for external 

heat input. A programmable logic controller monitors the real-time temperature of the 
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composition and upon reaching the desired endpoint, the molten mass is ejected. While 

lab-scale units are operated in batch mode, production scale units are operated as semi-

batch processes capable of throughputs up to 1000 kg/hr. The KSD process has a number 

of advantages over traditional fusion-based solid dispersion preparation techniques. High 

shear rates inherent to the KSD process allow for enhanced mixing, reduced processing 

times, and the formation of plasticizer free compositions that exhibit excellent physical 

stability. 

 
Figure 1.3 KSD Processing Equipment with Processing Chamber, Motor, and Control 

System 

 

1.5 SUMMARY 

With the number of poorly water-soluble drug substances increasing in recent 

years, strategies to enhance solubility have become a focal point in the pharmaceutical 

industry. The use of solid dispersion systems to stabilize the amorphous form in the solid 

state and provide maintenance of supersaturation in the liquid state has emerged as a 

preferred technique. However, the preparation of solid dispersion systems is often 

complicated by the physical and chemical characteristics of the drug substance. Thus 

both the selection of polymer and the processing technology are crucial in development 

of an efficacious solid dispersion powder which exhibits improved dissolution 
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performance. As concentration enhancing polymers can be identified by supersaturating 

drug release, the ability to stabilize these systems in liquid solution is challenging. Thus 

combinational screening of thermoplastic carriers and the utility of novel carriers such as 

cyclodextrins can potentially provide a future basis or avenue in development of 

amorphous solid dispersions to enhance the bioavailability of poorly water-soluble 

compounds.  
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Chapter 2: Research Objectives 

 

2.1 OVERALL OBJECTIVES 

The primary objectives of this work were to evaluate thermal processing 

techniques for the preparation of unique supersaturatable formulations containing poorly 

water-soluble compounds and thermoplastic/cyclodextrin carriers. Specifically, this work 

investigates the use of hot-melt extrusion (HME) and KinetiSol® Dispersing (KSD) for 

the production of amorphous solid dispersions containing concentration enhancing 

materials. Four major studies are included with the goal of optimizing carrier design in 

thermal processing to enhance solubility and dissolution rates of poorly water-soluble 

compounds 

 

2.2 SUPPORTING OBJECTIVES 

2.2.1 Preparation of Amorphous Solid Dispersions by Rotary Evaporation and 

KinetiSol® Dispersing: Approaches to Enhance Solubility of a Poorly Water-

Soluble Gum Extract  

In the first study conducted, rotary evaporation and KinetiSol® Dispersing were 

utilized to prepare dissolution-enhanced solid dispersions containing Acetyl-11-keto-β-

boswellic acid (AKBA), a gum resin extract with oncological indication. AKBA is poorly 

water-soluble and has a high melting point. AQOAT-LF®, AQOAT-MF®, Eudragit® 

L100-55, and Soluplus® were evaluated as carrier polymers. Amorphous solid 

dispersions were processed with rotary evaporation to identify thermoplastic polymers 

and combinations of that enhanced dissolution in comparison to a physical mixture. 

Rotary evaporated products suffered from recrystallization and HME was not a viable 

process due to AKBA degradation at high processing temperatures and the inability to 

render amorphous structure at lower temperatures. Selected formulations were processed 

by KinetiSol® Dispersing (KSD) to render amorphous, fully potent products which 

supersaturated and stabilized significant levels of supersaturated AKBA up to 12 hours. 

ASDs processed by KSD were administered to Sprague-Dawley rats to evaluate 

biovailability enhancement. A KSD product containing AKBA, Eudragit L100-55 and 
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Soluplus was identified as the formulation which provided greatest enhancement in 

biovailability.  

 

2.2.2 Investigation of the Interactions of Enteric and Hydrophilic Polymers to 

Enhance Dissolution of Griseofulvin Following Hot Melt Extrusion Process  

In the second study of this work, griseofulvin, a BCS class II drug, in combination 

with hydrophilic and enteric polymers were processed by HME in order to identify 

combinations of concentration enhancing polymers for stabilized supersaturation. Solid 

dispersions processed by HME which contained griseofulvin enteric polymer (Eudragit 

L100-55 or AQOAT-LF), and/or a vinyl pyrrolidone-based polymer (Plasdone
TM

 K-12 

povidone or S-630 copovidone) were successfully processed and characterized by 

griseofulvin recovery, compositional amorphous character, intermolecular interactions, 

and non-sink dissolution performance. Thermal analysis supported enhanced 

intermolecular interaction by identifying differences in Tg values between blends of 

griseofulvin and polymer plasticized with different types of plasticizers resulting in 

differences from Gordon-Taylor. The release performance of griseofulvin was enhanced 

by alternate combinations of polymers, and L100-55/S-630 copovidone and AQOAT-

LF/K-12 povidone combinations provided better dissolution performance in comparison 

to other ternary products due to a combination of enhanced hydrogen bonding and 

decreased crystallinity within the compositions.  

 

2.2.3 Effect of Cyclodextrins on the Physicochemical Properties and Dissolution 

Performance of Solid Dispersions Prepared by Hot Melt Extrusion  

In the third study of this work, HME was evaluated as a processing technology for 

the development of solid dispersions containing cyclodextrins as the matrix. This study 

identified HME as a processing technology for the production of supersaturatable solid 

dispersions containing HP-β-CD or Cavasol W7 HP and poorly water-soluble drugs. 

Phase-solubility behavior was constructed to identify the affinity and complexation 

efficiency of poorly water-soluble drugs to Cavasol W7 HP in different media. FTIR 
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spectra supported the drug-cyclodextrin complexation behavior due to significant peak 

shifts among functional groups consistent in reported inclusion sites. The HME product, 

1:1 ketoprofen:Cavasol W7 HP  was selected for stability and dissolution analysis after 

confirming to be potent and amorphous. All hydrocortisone products exhibited degrees of 

degradation and were not studied further. Loss on drying and XRD analysez identified 

significant moisture adsorption in the KT product and significant recrystallization of the 

the ketoprofen:Cavasol W7 HP stored samples. The itraconazole product despite 

displaying drug migration to the surface and significant moisture adsorption, did not 

reveal crystalline growth over time in storage. Non-sink dissolution analysis revealed the 

ability the product to supersaturate the ketoprofen in acidic media. The ketoprofen 

product exhibited sustained supersaturation in neutral media up to 6 hours. Thus HP-β-

CD or Cavasol W7 HP was identified as an applicable cyclodextrin material for HME 

processing in order to enhance the level of supersaturated release of KT in acidic and 

neutral media.        

 

2.2.4 The Use of Cyclodextrin-based Solid Dispersions Prepared by Hot-Melt 

Extrusion to Improve Dissolution Characteristics of Supersaturated Itraconazole  

In a concluding study, cyclodextrins were evaluated with Itraconazole following 

thermal processing by HME. The 1:1 itraconazole:Cavasol W7 HP was identified by 

phase solubility to interact by complexation. Following a saturated solubility study, the 

apparent solubility was determined to be significantly higher than that of the physical 

mixture. The itraconazole product exhibited significant supersaturation levels in acidic 

media while low levels in neutral media due to precipitation of ITZ. With the addition of 

polymer additives, two carriers (Klucel® ELF and AQOAT-LF®) were identified as 

providing concentration enhancing effects. Klucel ELF or HPC was able to supersaturate 

itraconazole to a faster and greater extent than the binary product of itraconazole:Cavasol 

W7 HP in acidic media. However in neutral media, AQOAT-LF as an additive aided in 

inhibiting precipitation to some extent and provided the greatest levels of supersaturation. 
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One hydrophilic and one enteric additive were revealed as advantageous stabilizers in 

different media due to their target and solubility of release.  

 

2.3 SUMMARY 

The work in this dissertation clearly demonstrated the effectiveness of thermal 

processing different carriers to generate amorphous solid dispersions containing poorly 

water-soluble compounds. It is also demonstrated that the importance of formulation 

design to properly select a polymer or excipient is crucial in achieving enhanced 

dissolution performance. Results from the studies outlined in the sections above provide 

the framework necessary for the continued development of HME processed solid 

dispersions containing materials or excipients that provide concentration enhancing 

effects to improve drug dissolution. 
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Chapter 3: Preparation of Amorphous Solid Dispersions by Rotary 

Evaporation and KinetiSol® Dispersing: Approaches to Enhance 

Solubility of a Poorly Water-Soluble Gum Extract 

 

3.1 ABSTRACT 

Acetyl-11-keto-β-boswellic acid (AKBA), a gum resin extract, possesses poor 

water-solubility that limits bioavailability and a high melting point making it difficult to 

successfully process into solid dispersions by fusion methods. The purpose of this study 

was to investigate solvent and thermal processing techniques for the preparation of 

amorphous solid dispersions exhibiting enhanced solubility, dissolution rates, and 

bioavailability. Solid dispersions were successfully produced by rotary evaporation (RE) 

and KinetiSol® Dispersing (KSD). Solid state and chemical characterization revealed 

that amorphous solid dispersion with good potency and purity were produced by both RE 

and KSD. Results of the RE studies demonstrated that AQOAT
®

-LF, AQOAT
®
-MF, 

Eudragit
®

 L100-55, and Soluplus with the incorporation of dioctyl sulfosuccinate sodium 

provided substantial solubility enhancement. Non-sink dissolution analysis showed 

enhanced dissolution properties for KSD processed solid dispersions in comparison to RE 

processed solid dispersions. Variances in release performance were identified when 

different particle size fractions of KSD samples were analyzed. Select RE samples 

varying in particle surface morphologies were placed under storage and exhibited 

crystalline growth following solid-state stability analysis at 12 months in comparison to 

stored KSD samples confirming amorphous instability for RE products. In vivo analysis 

of KSD processed solid dispersions revealed significantly enhanced AKBA absorption in 

comparison to the neat, active substance.   

 

3.2 INTRODUCTION 

Acetyl-11-keto-β-boswellic acid (AKBA) is a boswellic acid derivative extracted 

from gum resin of Boswellia serrata (frankincense). AKBA has a melting point of 295°C, 
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a pKa of 8.1, and a logP of 8.0 signifying high lipophilicity (Karlina et al. 2007). Its 

chemical structure is provided in Figure 3.1. The compound has been reported to possess 

anti-inflammatory properties (Goel et al. 2009, Goel et al. 2010, Gupta et al. 2001, 

Safahyi et al. 1992) but most recently has been reported to have oncological indications 

(Liu et al. 2006, Liu et al. 2002a, Liu et al. 2002b, Yuan et al. 2008). Preformulation 

studies signified that AKBA is poorly water-soluble, with empirically measured aqueous 

solubilities in acidic and neutral media of approximately 0.013 mg/mL and 0.010 mg/mL, 

respectively. Because AKBA exhibits poor aqueous solubility, the primary objective of 

this study is to develop an amorphous solid dispersion composition with improved 

dissolution properties to ultimately enhance oral bioavailability.  

 

Figure 3.1 Chemical Structure of Acetyl-11-keto-β-boswellic acid (AKBA) 

A solid dispersion is formed when one or more active ingredients are dispersed in 

an inert carrier either in the crystalline or amorphous state by means of fusion or solvent 

methods (Chiou and Riegelman 1971, Chokshi et al. 2007). Amorphous solid dispersions 

(ASD) exhibit the capability to supersaturate aqueous media and enhance dissolution 

rates. ASDs are inherently high energy systems that have a lower thermodynamic barrier 

for dissolution in comparison to crystalline solid dispersions (Vippagunta et al. 2007); 

however, they also tend to be less thermodynamically stable (Leuner and Dressman 2000, 

Van den Mooter et al. 2006). Because the drug lacks crystalline structure, the energy 

normally required to disrupt the crystal lattice is not a limitation to the release of the drug 

from an amorphous system (Urbanetz 2006). The tendency for ASDs to be less stable is 
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due to the high free energy state of the compound which reverts toward the lower energy 

state of the crystalline form. Hence, recrystallization is a concern for amorphous solid 

dispersions, but can be mitigated via judicious formulation design to ensure long-term 

physical stability of the product.  

Solid dispersions in which the drug and a concentration enhancing carrier form a 

homogenous, single-phase system, can provide a substantial increase in the dissolution 

rate (Damian et al. 2000, Taylor and Zografi, 1997) and extent of supersaturation 

(Curatolo et al. 2009, DiNunzio et al. 2008, Miller et al. 2008a, Miller et al. 2008b). 

Maximum in vitro supersaturation ratio (C/Ceq) is defined as the ratio of the highest 

instantaneous drug concentration (C) to the equilibrium solubility of crystalline drug 

(Ceq). The extent of supersaturation is defined as the total supersaturation over time 

which can be measured by the area under the in vitro supersaturation curve. DiNunzio et 

al. 2008 and Miller et al. 2008a evaluated the ability of cellulose-based and a 

combination of anionic and highly cross-linked Carbomer 974P polymeric carriers, 

respectively, to inhibit precipitation of itraconazole. The findings supported the ability of 

amorphous solid dispersions to maintain supersaturation of itraconazole for prolonged 

durations by reducing precipitation rates in the liquid state. Thus carriers which exhibit 

physicochemical interactions that alter the nucleation and growth rates of the drug 

substance, have been termed concentration-enhancing polymers. The previously 

discussed studies also demonstrated a direct correlation of supersaturation in vitro to 

enhanced oral absorption. The utility of concentration enhancing polymers in other 

studies has been reported to improve the bioavailability of numerous poorly water-

soluble drug substances (Gao et al. 2003, Guzman et al. 2007, Overhoff et al. 2007, 

Yamashita et al. 2003).   

Solvent and fusion methods are the fundamental approaches for the preparation of 

ASDs. Solvent manufacturing methods offer the ability to operate at low temperatures for 

evaporating organic solvents. A popular and common operation for the production of 

solid dispersions that involves a solvent method is spray drying. Although spray drying is 

capable of preparing ASDs of poorly water-soluble drugs (Jachowicz et al. 1993, Kai et 
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al. 1996, Mizuno et al. 2005, Pokharkar et al. 2006, Van den Mooter et al. 2006), 

solvents, such as acetone, dichloromethane, ethanol, and methanol are required. These 

solvents present issues related to toxicity, environmental impact, and operating cost. 

Increased costs, processing times, and regulations are typically required of manufacturing 

facilities because large amounts of organic solvents are normally required for spray 

drying, and further secondary drying may also be required (Bitz and Doelker 1996, 

Ruchatz et al. 1997, Thybo et al. 2008). Rotary evaporation (RE) is another method 

which involves solubilizing the drug and carrier in a suitable solvent and evaporating the 

solvent to yield solid dispersions (Ceballos et al. 2005, Frizon et al. 2013).  The rotary 

evaporation method is a less efficient batch process,  whereas spray drying is a well-

established technology for the production of solid particles and can be scaled-up more 

efficiently for industrial applications unlike RE.  

Fusion manufacturing methods present the capability to supersaturate a drug in a 

system by quenching the melt rapidly from a high temperature. The most common fusion 

operation for preparation of solid dispersions is hot melt extrusion (HME) which employs 

molten mixing as a means to produce solid dispersions. In HME, the drug and carrier are 

subjected to elevated temperatures as rotating screw(s) convey processed materials along 

a heated barrel while providing both distributive and dispersive mixing. Upon cooling the 

molten material, amorphous solid dispersions are formed. HME has been successfully 

implemented for the preparation of ASDs containing poorly water-soluble drugs 

eliminating the need for an organic solvent (Andrews et al. 2010, Chokshi et al. 2005, 

Zheng et al. 2007). A significant limitation of hot melt extrusion is associated with 

processing thermally labile drugs. The exposure of thermally labile drugs to elevated 

temperatures during HME processing may lead to thermal degradation of the active 

ingredients despite short residence times, on the order of 30 s (Breitenbach 2002, Repka 

et al. 1999). Many active pharmaceutical ingredients are susceptible to increased rates of 

degradation at elevated temperatures (Repka et al. 2003, Repka et al. 2007), and polymer 

degradation has been reported to occur via thermal mechanisms (Capone et al. 2007, 

El’darov et al. 1996, Zborowski et al. 2012).     
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 KinetiSol® Dispersing (KSD) is a novel, high energy fusion-based processing 

technique to prepare solid dispersions without external heating. In this process, shear and 

frictional energies are imparted onto processed materials by rapidly rotating blades in a 

closed, fixed volume chamber. Due to the high energy mixing capability of this process, 

the generation of heat between ambient and ejection temperature is rapid, minimizing the 

exposure of the composition to elevated temperatures. KSD has been used to successfully 

produce single phase, amorphous solid dispersions containing thermally labile drug 

substances, including hydrocortisone (DiNunzio et al. 2010a), meloxicam (Hughey et al. 

2011), and ROA (Hughey et al. 2010), a developmental oncology compound. Solid 

dispersions processed by KSD have exhibited concentration-enhancing effects following 

in vitro dissolution testing as supported by the enhanced degree and extent of 

supersaturation following a pH transition for poorly water-soluble drug substances 

(DiNunzio et al. 2010b). 

ASDs of AKBA prepared by thermal processing techniques have not been 

previously reported which may be due to the compound’s high melting point. KSD may 

be advantageous in processing high melting point compounds into ASDs because the 

inherent high shear rates enable rapid solubilization of the compound by the molten 

polymer at temperatures well below the melting point. The present study focuses on three 

objectives: to investigate the production of AKBA ASDs by solvent and fusion processes; 

to evaluate performance of the solid dispersions by in vitro dissolution testing; and to 

comparatively evaluate pharmacokinetic properties of the leading compositions, neat 

compound, and a marketed product following administration to Sprague Dawley rats.  

Initial fusion experiments using hot-melt extrusion indicated that residence times 

sufficient to produce amorphous compositions resulted in degradation of AKBA.  As 

such, KSD was the focus of fusion processing trials in this investigation. It was 

hypothesized that ASDs containing AKBA would have enhanced solubility and 

dissolution properties in comparison to the neat crystalline compound and marketed 

formulation. Following a screening study to identify suitable polymeric carriers which 

provided enhanced solubility of AKBA, solid dispersions were processed by RE and 
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KSD. The processed solid dispersions containing AKBA were investigated for drug 

recovery, crystalline character, and in vitro dissolution performance. Finally, the leading 

solid dispersions and neat active substance were administered to male Sprague Dawley 

rats to comparatively evaluate pharmacokinetic properties.  

 

 

3.3. MATERIALS AND METHODS 

 

3.3.1 Materials 

 Acetyl-11-keto-β-boswellic acid was donated by DisperSol Technologies, LLC 

(Georgetown, TX). AQOAT
®
 LF and MF (hypromellose acetate succinate, HPMCAS) 

were donated by Shin-Etsu Chemical Company (Tokyo, Japan), Eudragit
®
 L100-55 

(methacrylic acid-ethyl acrylate copolymer, L100-55) was donated by Evonik 

(Piscataway, NJ), Soluplus (polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol 

graft co-polymer, SOL), was donated by BASF Corporation (Florham Park, NJ). Weight 

average molecular weights of HPMCAS, Eudragit
®
 L100-55, and SOL are 18,000 g/mol, 

320,000 g/mol, and 118,000 g/mol. Triethyl citrate (TEC) was donated by Vertellus 

Specialties (Greensboro, NC). Sodium lauryl sulfate (SLS) was purchased from Sigma 

Aldrich (St. Louis, MO), Dioctyl Sodium Sulfosuccinate (DSS) was purchased from 

Cytec Industries Inc. (West Paterson, NJ), Tween 80 was purchased from Spectrum 

Chemicals (Gardena, CA), and Cremophor
®

 EL was purchased from BASF Corporation 

(Florham Park, NJ). All chemicals were of ACS grade or higher.  

 

3.3.2 Methods 

 

3.3.2.1 Rotary Evaporation 

 Approximately 5 g of five separate dry blends containing AKBA loading of 10% 

(w/w), polymer (AQOAT-LF, AQOAT-MF, Eudragit L100-55, and/or Soluplus) at 

83.75% (w/w), and surfactant (DSS) were dissolved in 250 mL of ethanol, methanol, 
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and/or butanol and transferred into flasks for rotary evaporation using a Buchi 

Rotavapor® R-210/R-215 system maintained between 60-80°C and 20-30 rpm. 

Following sufficient solvent removal, the flasks were covered and placed in a Blue M 

0V-718 Electric Oven (Blue Island, IL, USA) at 60°C ± 1.0°C for approximately 48 h. 

Upon removal, the dry solid masses were removed from the flasks and ball-milled in 

8000M Mixer/Mill (SPEX SamplePrep, Metuchen, NJ, USA) for 15 min. The resulting 

powders were screened through 60-mesh to yield 67% (w/w), of initial milled product, 

with particle sizes less than 250 µm.   

 

3.3.2.2 KinetiSol® Dispersing  

 Processing by KinetiSol® Dispersing was completed using a lab scale 

pharmaceutical compounder designed and manufactured by DisperSol Technologies, 

L.L.C. (Austin, TX, USA). Prior to processing, materials were weighed and manually 

mixed in a polyethylene bag for approximately 1 min and charged into the chamber. 

Once reaching the desired temperature, the material was automatically ejected from the 

processing chamber and immediately quenched between two chilled plates. The material 

was then further ground using an impact mill before being passed through a 60-mesh 

screen (250 µm). The differences in milling equipment among the processing techniques 

can be attributed to differences in product yields. With significant powder loss occurring 

in the impact milling process, a ball-mill was utilized to ensure near full post-processing 

RE product yield. With the capability to monitor in-process temperatures and rotational 

speeds, processing profiles can be produced as shown in Figure 3.5. In-process 

temperature profiles were smoothed using a five point mean value algorithm and plotted 

using Microsoft Excel 2010 (Microsoft Corporation, Redmond, WA, USA). Batch 

formulations and processing conditions used for production are specified in Table 3.1.  

 

3.3.2.3 Thermogravimetric Analysis (TGA) 

 To evaluate the thermal stability of crystalline AKBA, unprocessed polymers, 

physical mixtures, and milled dispersions, a Perkin-Elmer Thermogravimetrical Analyzer 
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(Norwalk, CT) was utilized. Prior to analysis, bulk materials were placed under a vacuum 

for 72 h at room temperature to ensure moisture removal. Samples were weighed to 10 ± 

1 mg and placed in 40 µL aluminum crucibles which were heated from 50 to 350°C at a 

rate of 10°C/min under a constant flow of nitrogen at 65 mL/min. Sample mass was 

monitored as a function of temperature following equilibration.  

 

3.3.2.4 X-ray Diffraction (XRD) 

 XRD testing was performed using a Philips Model 1710 X-ray diffractometer 

(Philips Electronic Instruments Inc., Mahwah, NJ) to determine the presence of 

crystallinity in samples. The diffractometer utilized a Cu K radiation source operating at a 

voltage and amperage set to 40 kV and 30 mA, respectively. Samples of unprocessed 

AKBA, unprocessed polymers, milled dispersions, and physical mixtures were placed 

onto glass sample stages and the diffraction profile was measured from 5° to 35° using a 

2θ step size of 0.05° and dwell time of 3 s. 

  

3.3.2.5 Scanning Electron Microscopy (SEM) 

Pore formation of solid dispersion formulations was investigated by SEM. While 

selected solid dispersion formulations were under in vitro dissolution testing, samples 

were retrieved from the dissolution media 5 min after the pH transition to neutral media 

(125 min total), placed on glass microscopic slides, and immediately placed under 

vacuum for 48 h. The resulting dried powder samples and those untreated samples were 

mounted onto aluminum stages using double sided carbon tape. Particle porosity was 

evaluated by SEM using a Quanta 650 FEG scanning electron microscope (FEI company, 

Inc., Hillsboro, OR, USA) operated at an accelerating voltage of 10 kV.  

 

3.3.2.6 AKBA assay  

 Aliquots were taken of the milled powders processed by HME and KSD for assay 

to determine AKBA recovery values. Milled dispersions were accurately weighed to 

200.0 ± 2 mg and placed in 100-mL volumetric flasks. A mixture of 8:2:0.4 
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acetonitrile:water:glacial acetic acid, identical to the HPLC mobile phase, was added to 

the volumetric flasks to dissolve the solid content. After samples were completely 

dissolved following sonication for 2 min, volumetric flasks were filled to volume, filtered 

through 13 mm, 0.2 µm PVDF filters (Whatman, Piscataway, NJ) and immediately 

transferred to 1 mL vials (VWR International, West Chester, PA) for HPLC analysis. 

AKBA assay values were adjusted for the recorded sample weight and compared to a 

known standard containing 20.0 ± 0.20 mg in 100 mL of the diluent described previously. 

 

3.3.2.7 Non-sink Dissolution Analysis 

 Supersaturated dissolution testing was performed in accordance with USP 

XXXIV method A testing procedure for delayed release dosage forms using a VK 7010 

dissolution apparatus (Varian, Inc., Palo Alto, CA, USA) operated at 50 rpm paddle 

speed. Solid dispersions were weighed to achieve an equivalent of 85 ± 0.5 mg AKBA 

(~10x pH 6.8 media equilibrium solubility) and added to the dissolution vessels 

containing 750 mL of 0.1 N HCl media maintained at 37.0 ± 0.5°C. After 2 h, 250 mL of 

0.2 M Na3PO4 solution was added to the dissolution vessel to achieve a pH of 6.8. During 

testing, 4 mL samples were removed from the dissolution vessels without replacement 

after 60, 120, 125, 135, 150, 165, 180, 210, 240, 300, 360, and 720 min. The dissolutions 

were conducted up until 12 hours in order to identify the ability of formulations to sustain 

release for prolonged periods of time in neutral media. Samples were immediately 

filtered using 13 mm, 0.2 µm PVDF filters (Whatman, Piscataway, NJ, USA) and diluted 

in a 1:1 ratio with mobile phase, vortex mixed, and transferred into 1 mL vials for HPLC 

analysis.  

 

3.3.2.8 High Performance Liquid Chromatography  

Dissolution and assay samples were analyzed for AKBA content using a Waters 

(Waters Corporation, Milford, MA) high performance liquid chromatography (HPLC) 

system consisting of dual Waters 515 Syringe Pumps, a Waters 717 Autosampler and a 

Waters 996 Photo-diode Array detector extracting at a wavelength of 260 nm. The system 
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was operated under isocratic conditions and a flow of 1 mL/min with 8:2:0.4 

acetonitrile:water:glacial acetic acid mobile phase equipped with a Phenomenex
®

 Luna 5 

µm C-18(2) 100Å, 150 x 4.60 mm (Phenomenex
®
, Torrance, CA, USA) HPLC column. 

Assay samples were injected in 20 µL whereas dissolution samples collected in the 0.1 N 

HCl media and neutralized media were injected in 20 µL and 80 µL, respectively, during 

testing. The retention time of AKBA was approximately 7 min. Data were collected and 

analyzed using Empower Version 5.0 software (Waters Corporation, Milford, MA, 

USA). 

 

3.3.2.9 Stability Study 

 Stability studies were conducted to monitor the solid state stability of 

compositions processed by RE and KSD. Approximately 1.5 g of solid dispersion powder 

was dispensed into 10 cc round borosilicate glass vials with induction seals verified for 

proper closure prior to placing samples on stability at ambient room temperature. 

Containers were opened at 12 months and the material tested for crystallinity by XRD as 

described previously. 

 

3.3.2.10 Solid Dispersion Administration to Sprague Dawley Rats 

 IACUC approved in vivo studies were conducted using adult male, pre-

catheterized jugular vein CD
®
 IGS Sprague-Dawley rats (Charles River Laboratories, 

Inc., Wilmington, MA, USA) weighing approximately 350 g. Throughout the study the 

animals were kept in individual cages, subjected to 12-12 h cycles of light and darkness, 

with access to food and water ad libitum. The catheters were flushed daily with 300 µL of 

50 U/mL heparinized normal saline. The rats were administered the formulations at a 

dose of 50 mg AKBA/kg bodyweight (n=3) after an acclimatization period of at least 72 

h. Solid dispersion formulations and neat crystalline AKBA were dispersed in deionized 

water before dosing at a concentration of 15 mg AKBA/1 mL and dosed by oral gavage. 

Blood samples of approximately 300 µL were collected from the catheters at 0, 0.5, 1, 

1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, and 8 h after dosing, placed into preheparinized 1.5 mL 
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microcentrifuge tubes, and replaced with equal volumes of heparinized saline. Blood 

samples were centrifuged at 3000 g for 15 min and the plasma transferred to clean 1.5 

mL microcentrifuge tubes. All samples were stored at -80°C until extraction of AKBA 

from plasma samples.  

 

3.3.2.11 Plasma Extraction and LC-MS Analysis 

 Before HPLC analysis, plasma samples were removed from frozen storage, 

allowed to equilibrate to room temperature, and 50 µL of plasma was transferred to a 

clean 1.5 mL microcentrifuge tube.  Acetone was added in the amount of 75 µL to the 

plasma volume and centrifuged at 3000 g for 15 min. Following the centrifugation 

process, 100 µL of the supernatant was removed from the centrifuge tube and 200 µL of 

chloroform was added. Another centrifugation period at 3000 g for 15 min followed, and 

subsequently 150 µL aliquots of the bottom partition phase were removed and placed in 

clean 1.5 mL centrifuge tubes. The centrifuge tubes were dried under a stream of nitrogen 

gas.    

 All dried samples were reconstituted in 200 µL of methanol prior to liquid 

chromatography-mass spectrometry (LC-MS) analysis. A 4000 Q TRAP
® 

mass 

spectrometer (AB Sciex, Foster City, CA, USA) coupled with an online HPLC 

(Shimadzu, Columbia, MD, USA) was used to analyze all samples. Samples of 50 µL 

were injected into Shimadzu Prominence UFLC system equipped with an ESA HR-80 RP 

(4.6 x 80mm, 3 µm, 120 Å) column; samples were eluted with mobile phase A (water 

with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) using 80% B isocratic 

condition at a flow rate of 1 ml/min. Samples were then eluted from the column into the 

Turbo V
TM

 electrospray ion (ESI) source of 4000 Q TRAP
®
. The retention time of 

AKBA was 6.6 min. The selected 4 Multiple Reaction Monitoring (MRM) Q1/Q3 

transitions used for quantification of AKBA were 513.7/407.7; 513.7/307.5; 513.7/269.5; 

513.7/173.4. The extraction efficiency was 32.09 ± 1.75%. Data acquisition and analysis 

of the samples were carried out by Analyst software 1.4.2 version (AB Sciex, Foster City, 

CA, USA). 
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3.3.2.12 Pharmacokinetic Analysis 

 The extracted plasma data were analyzed with JMP 9 (SAS Institute, Inc., Cary, 

NC, USA) statistical software using non-compartmental analysis for extravascular input. 

Specifically, Tmax and Cmax were determined directly from empirical data, AUC was 

calculated by the linear trapezoidal method, and t1/2 was determined by calculation of the 

lambda z parameter.  

 

 

3.4 RESULTS AND DISCUSSION 

 

3.4.1 Rotary Evaporation (RE) as a Screening Study of Polymers and Surfactants 

 For solid dispersion applications, it is important to identify a polymeric carrier or 

surfactant that is able to provide and maintain a high degree of supersaturation of the 

poorly water-soluble drug substance. In this study, anionic polymers were primarily 

considered as carriers to target AKBA supersaturation to the upper small intestine, the 

primary site of absorption. Although rapid supersaturation taking place in the acidic 

environment of the stomach may appear advantageous, increasing the degree of 

supersaturation magnifies the rate of nucleation and growth, which may result in 

precipitation prior to reaching the primary site of absorption.  Thus to prevent rapid 

precipitation from occurring, site targeting of supersaturation to the small intestine can be 

an effective method to maximize absorption from an ASD system. Furthermore, the 

polymer incorporated into the solid dispersion should act as a precipitation inhibitor in 

solution, with the magnitude of effect being drug/polymer system dependent. 

Vasconcelos et al. termed those solid dispersions which contain a combination of 

amorphous polymers and surfactants as third generation dispersions (Vasconcelos et al. 

2007). Surfactants have been included to stabilize formulations by inhibiting drug 

recrystallization in solution. The surface activity or self-emulsifying properties of 

surfactants may help prevent precipitation and/or protect a fine crystalline phase from 
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agglomerating into much larger hydrophobic particles. In addition, they may improve 

wetting of the solid dispersion in solution and/or act as a pore former in solid dispersion 

particles.  Third generation solid dispersions are intended to achieve the highest degree of 

bioavailability for poorly soluble drugs while stabilizing the solid dispersion to a greater 

extent. Numerous iterations of a solubility screening were completed to isolate optimal 

concentrations of polymers and surfactants individually which led to a combination 

solubility screening of mixtures containing both (data not shown). Analysis of the control 

showed that the solubility of AKBA was approximately 8.5 µg/mL. A specific trend was 

observed for solutions containing dioctyl sodium sulfosuccinate (DSS), which exhibited 

greater magnitudes of supersaturation when combined with anionic polymers than the 

other surfactants studied. In order to identify the most suitable anionic polymer for 

amorphous dispersions of AKBA, a RE study was conducted. In this study, the ability of 

Eudragit
®
 L100-55, AQOAT

®
-LF, or combinations of carriers with Soluplus

®
 to 

supersaturate AKBA were evaluated. The ASDs with the various polymer candidates and 

DSS were screened by XRD and non-sink dissolution performance to identify optimal RE 

products. 

X-ray diffraction patterns of the RE processed compositions, presented in Figure 

3.2, demonstrate that crystalline AKBA has strong characteristic peaks at 2θ values of 

13.1°, 14.6°, 19.3°, and 31.7° that are readily apparent in the physical mixtures. RE 

processed compositions lacked the presence of the crystalline peaks observed with raw 

AKBA and physical mixtures. Thus the RE process successfully rendered the active 

amorphous.  
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Figure 3.2 XRD diffractograms of physical mixes (PM) and rotary evaporated (RE) 

compositions  

ASDs provide significant improvements in dissolution rates over crystalline 

materials due to the reduced enthalpy of the system. In order to assess the dissolution 

enhancement performance of solid dispersions processed by RE, non-sink dissolution 

testing under pH change conditions was conducted. Results of the dissolution analysis are 

presented in Figure 3.3 and demonstrate the capability of solid dispersions to 

supersaturate and maintain supersaturation to varying degrees following the pH change. 

None of the solid dispersions exhibited release in the acidic phase; however following the 

pH change, substantial supersaturation was observed. The AQOAT-LF based 

composition provided a significantly greater neutral media dissolution rate initially and 

the ability to maintain supersaturation of AKBA for at least 6 h. The composition 

containing only AQOAT-MF exhibited a slower neutral media dissolution rate in 

comparison to the composition containing AQOAT-LF but maintained a consistent 

dissolution rate up to 4 h and stabilized supersaturation up to 6 h. At 12 h, the AQOAT-
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MF based composition sustained AKBA at a supersaturated level to a greater extent than 

its counterpart containing AQOAT-LF. The slower dissolution rate exhibited by the 

AQOAT-MF based composition can be attributed to its higher solubilizing pH ≥ 6.0 , in 

comparison to the AQOAT-LF based composition (solubilizing pH ≥ 5.5).  Differences in 

pH solubility values and in acetyl and succinoyl substitution levels between the two 

AQOAT grades affected the non-sink dissolution profiles as indicated by differences in 

AKBA release from 6-12 h.  

 

Figure 3.3 Supersaturated dissolution profile of rotary evaporated compositions  

Key: 1:8.375:0.625 AKBA:AQOAT-LF:DSS ( ), 1:8.375:0.625 AKBA:AQOAT-MF:DSS ( ), 

1:8.375:0.625 AKBA:L100-55:DSS ( ), 1:1.675:6.7:0.625 AKBA:SOL:L100-55:DSS ( ), 

1:1.675:6.7:0.625 AKBA:SOL:AQOAT-LF:DSS ( ). Each vessel (n = 3) contained 85 mg of 

AKBA equivalent corresponding to 10× pH 6.8 buffer equilibrium solubility. Testing was 

conducted for 2 h in 750mL of 0.1N HCl media followed by pH adjustment to approximately 6.8 

by addition of 0.2M tribasic sodium phosphate solution. Dashed vertical line indicates pH change. 

Following the pH transition, a rapid increase followed by a sharp decrease in 

supersaturated levels of AKBA was observed for the composition containing Eudragit 

L100-55 as shown in Figure 3.3. An hour after the pH transition, AKBA levels in 
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solution were undetectable by HPLC analysis for the latter composition suggesting 

significant precipitation of AKBA occurred after approximately 3 times the equilibrium 

AKBA concentration (Ceq) in neutral media solution. The composition containing a 

combination of Soluplus and AQOAT-LF in neutral media solution was much lower in 

concentration in comparison to the equilibrium AKBA concentration, with a maximum 

supersaturation ratio of 0.25x Ceq and an inability to detect amounts of AKBA following 

2.3 h. The maximum supersaturation level is calculated as the ratio of greatest 

instantaneous drug concentration to the equilibrium solubility of crystalline AKBA. 

Finally the non-sink dissolution profile of RE processed solid dispersion containing the 

combination of Soluplus and Eudragit L100-55, as presented in Figure 3.3, displayed a 

1.05 supersaturation ratio in the first 5 min following the pH change to neutral media, and 

subsequently the concentration tapered to a maximum of 1.7x Ceq of AKBA at 6 h. 

Release of AKBA in neutral media solution was maintained in the concentration range of 

1.50-1.75x Ceq between 6 and 12 h. Based on the non-sink dissolution analysis, four 

polymers or polymer combinations, AQOAT-LF, AQOAT-MF, L100-55, SOL:L100-55, 

in conjunction with DSS provided concentration enhancing effects to varying degrees.  

 

3.4.2 Thermal Sensitivity Screening 

Weight losses of crystalline AKBA, unprocessed polymers, and physical mixtures 

as a function of temperature are shown in Figure 3.4. With the use of thermogravimetric 

analysis (TGA), relative temperatures at which the raw materials, and mixtures began to 

degrade were identified. The drug substance was found to decompose rapidly after 

reaching its melting point as evidenced by significant weight loss presented in Figure 

3.4a-e. Crystalline AKBA showed no weight loss prior to its melting point indicating that 

the bulk API is heat stable. As shown in Figure 3.4a,b, decomposition of AQOAT-LF and 

AQOAT-MF began at approximately 200°C, well before the onset of AKBA 

decomposition. It was apparent that the 1:8.375:0.625 AKBA:AQOAT:DSS physical 

mixtures began to decompose at 225°C, and the observed weight loss trended in between 

the individual components of drug and polymer. Hughey et al. hypothesized this 
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phenomenon may indicate the formation of amorphous drug during heating in the 

presence of polymer due to melting point depression (Vasconcelos et al. 2007). If 

unstable at the temperature this occurs, the amorphous form may degrade.   

The physical mixture containing Eudragit L100-55, as shown in Figure 3.4c, 

exhibited a weight loss profile which rested between the profiles of the individual 

component discussed similarly with the AQOAT mixtures. With regards to the system 

containing a combination of AKBA:SOL:L100-55:DSS in Figure 3.4d, the physical 

mixture exhibited degradation similar to the individual polymer combination, SOL:L100-

55. The higher than predicted weight losses suggested that with the addition of SOL, the 

physical mixture and KSD product have enhanced solubilizing capability. In Figure 3.4e, 

the physical mixture exhibited similar thermal degradation mechanisms as discussed for 

AQOAT-LF and AQOAT-MF systems; however, with the addition of SOL, depression of 

the degradation temperatures occurred due to the polymer possessing a lower Tg. When 

crystalline AKBA was in the presence of the polymers, weight loss was seen occurring 

before the melting point indicating melting point depression by the polymers and 

instability of the amorphous form. Thus the latter findings supported that high 

temperatures and prolonged residence times required in a hot melt extrusion process 

compromise AKBA’s stability.  
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Figure 3.4 Thermal stability characterization of crystalline AKBA, polymer, and physical 

mixtures (PM) containing a) AQOAT-LF, b) AQOAT-MF, c) L100-55, d) SOL:L100-55, or e) 

SOL:LF 

3.4.3 KinetiSol® Dispersing       

 KinetiSol® Dispersing (KSD) is a novel, fusion processing technology utilizing 

shear forces much greater than those achieved in HME processes to prepare solid 

dispersions in less than 30 seconds. Numerous poorly water-soluble compounds which 

exhibited challenges in formulation due to thermal and/or chemical instability have been 

processed into amorphous solid dispersions by KSD (49-51). The technology utilizes 

high shear forces to rapidly generate heat, provide very short residence times at 

temperatures above 100°C (approximately less than 10 seconds), and enhanced mixing 

efficiency in comparison to HME. Initial HME studies were conducted on a HAAKE 
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Minilab twin screw compounder to identify if the fusion processing technique was 

effective in rendering amorphous, fully potent solid dispersions containing AKBA. The 

fusion experiments using HME indicated that residence times sufficient to produce 

amorphous compositions resulted in degradation of AKBA.  Both Dinunzio et al. and 

Hughey et al. have reported similar findings for high melting point compounds processed 

on the HAAKE unit, which could be due to its limited mixing capability (DiNunzio et al. 

2010a, Hughey et al. 2010). As such, KSD processing was evaluated in this investigation. 

 

3.4.3.1 KinetiSol® Dispersing Processing and Solid-State Characterization 

 Compositions containing 10% AKBA were processed by KSD as detailed in 

Table 3.1. Processing times for all batches were under 25 seconds with ejection 

temperatures ranging between 133-161°C as seen in the KSD processing profiles 

illustrated in Figure 3.5. AKBA was subjected to temperatures above 100°C for only a 

few seconds and full recovery of AKBA was observed in each product as shown in Table 

3.1. The two highest maximum rotational speeds achieved during KSD, 3000 and 3400 

rpm, resulted in the two shortest processing times, 8.0 and 8.1 s respectively, for the 

production of two products with primarily AQOAT-LF as the polymer. Conversely, 

residence time within the processing chamber increased to as high as 25 s when the 

composition containing AQOAT-MF was processed at 2800 rpm. This finding can be 

attributed to a reduction in thermal energy input because kinetic events related to the 

system’s glass transition temperature, indicated by an inflection point in the processing 

profile illustrated in Figure 3.5, were not achieved until a later time period. Thus 

mobilization of polymer chains, signified by the temperature inflection points of the 

process profiles, were typically achieved earlier during processing for those KSD 

products processed at high maximal rotational speed. 
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Table 3.1 KSD Processing Conditions. Batch Size: 50 g 

 

 

Figure 3.5 KSD processing profiles of 1:8.375:0.625 AKBA:AQOAT-LF:DSS, 

1:8.375:0.625 AKBA:AQOAT-MF:DSS, 1:8.375:0.625 AKBA:L100-55:DSS, 1:1.675:6.7:0.625 

AKBA:SOL:L100-55:DSS, 1:1.675:6.7:0.625 AKBA:SOL:AQOAT-LF:DSS 

 The amorphous character of compositions prepared by KSD was assessed by 

XRD analysis, presented in Figure 3.6. All compositions exhibited amorphous halos with 

no detected crystallinity which indicated that AKBA was in an amorphous state. 

Attempts to use modulated differential scanning calorimetry to confirm the amorphous 

character were unsuccessful due to polymer decomposition at elevated temperatures, 

which resulted in erratic heat flow profiles and an inability to confirm the absence of a 

melting endotherm (data not shown).  
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Figure 3.6 XRD diffractograms of KSD compositions 

 

3.4.3.2 Effect of Polymer on in vitro Dissolution Behavior 

 In vitro dissolution testing under pH change conditions was conducted to assess 

the performance of dispersions with particle size less than 250 µm prepared by KSD. The 

dissolution profiles of dispersions, presented in Figure 3.7, revealed minimal release, less 

than 4% AKBA release, after 2 hours in the acidic phase for all KSD compositions due to 

the enteric nature of all polymers and polymer combinations used. The findings support 

that dispersions containing only AQOAT-LF provided the best AKBA release 

performance during in vitro dissolution testing. However, the supersaturation ratio of the 

AQOAT-LF dispersion prepared by KSD is ~5.9x Ceq whereas the maximum 

concentration of the identical dispersion prepared by RE is approximately 4.5x Ceq, as 

illustrated in Figure 3.7.  While direct comparison signifies KSD as a superior technique 

to prepare AKBA:AQOAT-LF dispersions in comparison to the RE method, particle size 
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effects cannot be ruled out. In comparison to the other non-sink dissolution profiles, the 

standard deviation was significantly higher at most time points and may be attributed to 

the particle size of the AQOAT-LF dispersion, as discussed later.  

The KSD system containing AQOAT-MF maintained a similar release profile as 

that observed previously for the RE processed dispersion displaying a slower release rate 

in comparison to the AQOAT-LF system while maintaining a supersaturation ratio of 

4.6x Ceq up to 12 h in neutral media solution. The extended maintenance of 

supersaturation can be attributed to drug-polymer interactions as functional group 

substitutions lead to differences in onsets of dissolving pH, hydrogen bonding donor 

sites, and steric hindrance. The KSD processed dispersion released AKBA to a greater 

extent than the RE processed dispersion which was comparatively observed for the 

AQOAT-LF processed dispersions. Three KSD systems, AKBA:L100-55:DSS, 

AKBA:SOL:L100-55:DSS, and AKBA:SOL:AQOAT-LF:DSS, displayed similar non-

sink dissolution profiles, with the system containing a combination of Soluplus and 

Eudragit L100-55 revealing the highest concentration of AKBA, 2.4x Ceq at 3 h. The 

latter dispersions sustained consistent supersaturation of AKBA ranging between 1.35-

2.0x Ceq in neutral media up to 12 h. The dispersions of Soluplus and Eudragit L100-55 

prepared by RE revealed a supersaturation ratio of 1.78, as illustrated in Figure 3.7. The 

non-sink dissolution profile of Eudragit L100-55 dispersions processed by RE showed a 

dramatic decrease in the supersaturation ratio, 3.4 at 5 min after the pH transition. Finally 

RE processed dispersions containing a combination of SOL and AQOAT-LF provided 

minimal release of AKBA in neutral media. Thus it is apparent after comparatively 

evaluating dissolution performance between RE and KSD processed dispersions, that 

KSD offered advantages as a processing technology in enhancing dissolution of AKBA 

with numerous delayed release polymers which exhibit concentration-enhancing effects.  

Finally the RE and KSD systems containing a small additive of Soluplus in 

combination with AQOAT-LF, resulted in a significant decrease in solubility 

enhancement in comparison to the systems containing only AQOAT-LF as the polymer 

carrier. Although the amphiphilic properties of Soluplus impacted the release minimally 
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in acidic media, the amorphous solid dispersions containing combinations of Soluplus 

and AQOAT-LF encountered instability and decreased solubility enhancement, 

respectively, in neutral media which may be attributed to disruption of AKBA:AQOAT-

LF interactions by Soluplus. It is of interest to discuss the slight solubility enhancement 

the KSD system containing Soluplus and Eudragit L100-55 provided in comparison to 

the Eudragit L100-55 system. Following the pH transition in the non-sink dissolution 

profile, a synergistic effect, as suggested in the thermal  characterization study, between 

Soluplus and Eudragit L100-55 resulted in a faster dissolution rate as compared to 

systems containing only Soluplus or Eudragit L100-55. Decreased glass transition 

temperature with the addition of Soluplus may attribute to the slightly improved 

dissolution performance due to the lower solvation energy required to disrupt molecular 

bonding. 

 

Figure 3.7 Supersaturated dissolution profile of KSD processed compositions  

Key: 1:8.375:0.625 AKBA:AQOAT-LF:DSS ( ), 1:8.375:0.625 AKBA:AQOAT-MF:DSS ( ), 

1:8.375:0.625 AKBA:L100-55:DSS ( ), 1:1.675:6.7:0.625 AKBA:SOL:L100-55:DSS ( ), 

1:1.675:6.7:0.625 AKBA:SOL:AQOAT-LF:DSS ( ). Each vessel (n = 3) contained 85 mg of 

AKBA equivalent corresponding to 10× pH 6.8 buffer equilibrium solubility. Testing was 

Figure 3.7 caption continued on next page 
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conducted for 2 h in 750mL of 0.1N HCl media followed by pH adjustment to approximately 6.8 

by addition of 0.2M tribasic sodium phosphate solution. Dashed vertical line indicates pH change. 

Non-sink dissolution performance was compared between KSD and RE processed 

compositions, and for the most part, the dissolution profiles of the KSD systems were 

correspondingly similar to the RE processed compositions when comparing performance. 

However, the two non-sink dissolution profiles which did not exhibit any similarities, 

even though the systems were processed to be both amorphous and fully potent, were the 

compositions containing Eudragit L100-55 processed by both RE and KSD. While the 

former composition exhibited a dramatic decrease in AKBA release following a 

maximum release in neutral media, the latter composition processed by KSD exhibited 

the ability to maintain AKBA in solution up to 12 h. The explanation for the differences 

observed in the dissolution profiles was hypothesized to have been due to a combination 

of differences relating to particle morphology and degrees of metastability for the 

amorphous solid dispersions following processing by RE or KSD. In order to investigate 

the hypothesis, particle morphology was investigated prior to and following dissolution 

testing utilizing SEM. 

As shown in Figure 3.8, morphology was assessed by scanning electron 

microscopy prior to and immediately following 2 h 5 min in the dissolution media. Prior 

to immersion, the KSD samples exhibited similar continuous surfaces and showed no 

pores. Following 2 h 5 min in dissolution media, the KSD samples still exhibited a 

smooth, continuous surface. However, RE samples exhibited a different morphology, 

which can be characterized as rough. The differences among the KSD composition in 

comparison to the RE composition could have resulted in the differences in dissolution 

performance observed for the solid dispersions containing Eudragit L100-55. The RE 

composition, which exhibited higher surface roughness likely corresponds to an increased 

surface area, which may explain the increase dissolution rate at pH 6.8.   
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Figure 3.8 SEM images of solid dispersions processed by RE and KSD prior to and 

following 2 h 5 min in dissolution media 

 

3.4.3.3 Effect of Particle Size on in vitro Dissolution Behavior 

Crystalline AKBA and four KSD compositions, AKBA:AQOAT-LF:DSS, 

AKBA:AQOAT-MF:DSS, AKBA:L100-55:DSS, and AKBA:SOL:L100-55:DSS, were 

considered for further in vivo testing due to their superior concentration enhancing effects 

and promising in vitro dissolution performance. However, because particle size may have 

affected the variability in in vitro dissolution performance for the KSD processed 

AQOAT-LF product, different particle size fractions were investigated for their 

dissolution performance. All KSD solid dispersion powders were sieved into numerous 

particle fractions including particle fractions less than 45 µm, 100-150 µm, and 200-300 

µm and the resulting non-sink dissolution profiles are illustrated in Figure 3.9a-d. The 

non-sink dissolution profile of AQOAT-LF dispersion, presented in Figure 3.9a, with 

particle size fraction less than 45 µm exhibited much smaller variability in AKBA release 

as well as significantly higher release for all time points, with a maximum supersaturation 
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ratio of 7.3 at 5 h. The supersaturation ratio was about 6.0x Ceq which is lower than that 

for the equivalent dispersion with particle size fraction less than 250 µm. The smaller 

particle size fraction provided smaller deviations in comparison to the dissolution profiles 

of the larger particle size fractions confirming the former attribution of particle size 

effecting dissolution variability. The dispersion characterized by a particle fraction 

ranging in size of 100-150 µm exhibited the second fastest release rate following the pH 

change in neutral media but supersaturated to a lower extent than the dispersions 

containing particle size fractions less than 45 and 250 µm. The largest sized particle 

fraction, 200-300 µm, exhibited the lowest AKBA concentration in relation to Ceq, 

approximate ratio of 4.7 at 4 h, but maintained a supersaturation ratio of 4.3x Ceq up to 12 

h, which signified that the larger AQOAT-LF particles were dissolving later in the 

dissolution process as precipitation of AKBA occurred in the time between 6 and 12 h for 

all other particle sized dispersions.  

The results for KSD systems containing AQOAT-MF among the particle size 

fractions, illustrated in Figure 3.9b, followed a similar trend in dissolution performance 

as seen previously with AQOAT-LF. The lowest variability, highest release rate, and 

highest total release of AKBA were provided by the particle size fraction less than 45 

µm. Because of its higher dissolving pH, AQOAT-LF particle size fractions all 

maintained AKBA in neutral media solution up to 12 h, but the smallest particle sized 

fraction provided the highest supersaturation ratio, 5.7x Ceq measured at the 12 h time 

point. The particles ranging in size of 100-150 µm exhibited the second fastest release, 

and at the 4 h time point, the non-sink dissolution profile continued to match that of the 

particle size fraction less than 250 µm. In addition, the coarsest particle size fraction 

exhibited a faster release. This suggested that the slight differences in dissolution 

performance initially following the pH transition could be due to particle size differences. 
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*Figure 3.9 continued next page* 
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Figure 3.9 Supersaturated dissolution profile of different particle size fractions characteristic 

of KSD compositions a) 1:8.375:0.625 AKBA:AQOAT-LF:DSS, b) 1:8.375:0.625 

AKBA:AQOAT-MF:DSS, c) 1:8.375:0.625 AKBA:L100-55:DSS, and d) 1:1.675:6.7:0.625 

AKBA:SOL:L100-55:DSS *Figure 3.9 caption and key continued on next page* 
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Key: particle fractions measuring in size less than 45 µm ( ), less than 250 µm ( ), 100-150 µm 

( ), and 200-300 µm ( ). Each vessel (n = 3) contained 85 mg of AKBA equivalent 

corresponding to 10× pH 6.8 buffer equilibrium solubility. Testing was conducted for 2 h in 

750mL of 0.1N HCl media followed by pH adjustment to approximately 6.8 by addition of 0.2M 

tribasic sodium phosphate solution. 

 

The non-sink dissolution profiles for Eudragit L100-55 particle size fractions are 

presented in Figure 3.9c, revealing magnitude rank orders for dissolution rate: less than 

45 µm > less than 250 µm > 100-150 µm > 200-300 µm. The latter three particle size 

fractions exhibited nearly identical profile shapes but different magnitudes of solubility 

enhancement. The particle size fraction less than 45 µm supersaturated to approximately 

4x Ceq, greater than for any other fraction, while maintaining a supersaturation ratio of 2x 

Ceq of AKBA for up to 12 h. The smaller particle size allowed for immediate dissolution 

following the pH change, but instability at such high release rates eventually caused a 

dramatic decrease of AKBA release in 1 h. Thus Eudragit L100-55 exhibits varying 

degrees of supersaturation due to particle size differences; however, a clear dissolution 

performance rank order was determined based on particle size revealing that the 

solubility enhancement of Eudragit L100-55 formulations is negatively impacted as 

particle size fraction increases.  

Finally, the addition of Soluplus to Eudragit L100-55 dispersions resulted in 

different dissolution trends in comparison to the Eudragit L100-55 formulations as the 

less than 45 µm particles reached a similar supersaturation ratio of 4x Ceq as presented in 

Figure 3.9d; however the maximum release was achieved at 6 h whereas the maximum 

release occurred immediately following the pH change for the Eudragit L100-55 

formulations. The coarser particle size fractions, 100-150 µm and 200-300 µm, exhibited 

similar release profiles with the 100-150 µm fraction providing a slightly higher 

dissolution rate. Variability in dissolution performance was high for the particle size 

fraction less than 250 µm, but as discussed previously, constricting the range of particles 

screened can significantly lower variability due to a more uniform particle size. The 

ability of SOL additives to provide concentration enhancing effects when in the 

combination with another polymer, can create a synergistic supersaturation effect as seen 

with the particle fraction less than 45 µm. The polymer combination provided near 
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similar maximum release of AKBA, in comparison to the identically sized particle 

fraction containing Eudragit L100-55, but maintained supersaturation of AKBA in 

neutral media solution to a greater extent. Thus the effect of different particle size 

fractions on in vitro dissolution performance was evaluated, and the results confirmed 

that particle surface area affect dissolution performance.  

 

3.4.3.4 Solid-State Stability 

 One of the most challenging aspects for the development of amorphous 

pharmaceutical systems is the ability to maintain stability. The stabilization of amorphous 

systems is provided by two basic mechanisms: limitation of molecular mobility within 

the system and the establishment of favorable drug–carrier interactions. Following 

production, both RE and KSD processed materials containing Eudragit L100-55 were 

shown to be amorphous. However because the latter ASDs were rendered amorphous but 

presented particle morphology differences, solid-state stability was of concern to identify 

whether increased surface area compromises long-term stability under ambient 

conditions. KSD and RE samples were packaged and stored under room temperature 

conditions and monitored by XRD to study long-term stability. Diffraction patterns, 

presented in Figure 3.10, identified the absence of crystalline 2θ peaks characteristic to 

raw AKBA in both the KSD compositions following processing and the composition 

stored for 12 months at room temperature. However, the presence of crystallinity, 

signified by crystalline AKBA 2θ peaks at 13.1°, 14.8°, and 19.3°, was revealed in the 

RE processed sample that was stored for 12 months at room temperature while the RE 

processed composition analyzed immediately after processing did not. Thus under room 

temperature conditions, a portion of the Eudragit L100-55 composition processed by RE, 

which was confirmed to be amorphous in structure, reverted to a crystalline structure on 

standing. The latter finding may be due to a surface area or surface morphology 

phenomenon resulting in increased exposure of AKBA seed crystals or residual 

nucleation sites to ambient conditions. The stability comparison of spray-dried and KSD 
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solid dispersions at high temperature and humidity may further identify whether solvent 

processes provide kinetic but not thermodynamic stability.  

 

Figure 3.10 XRD patterns of L100-55 compositions processed by KSD and RE and stored 

KSD and RE compositions  

 

3.4.3.5 Evaluation of Oral Absorption of AKBA in Rats 

 Lead KSD compositions containing AKBA:AQOAT-LF:DSS, AKBA:AQOAT-

MF:DSS, AKBA:L100-55:DSS, and AKBASOL:L100-55:DSS were selected for in vivo 

evaluation in order to examine the hypothesis that optimal KSD compositions provide for 

enhanced, systemic plasma levels of AKBA in comparison to the neat drug substance and 

marketed formulation. The formulations were administered to Sprague-Dawley rats by 

oral gavage at a dose 50 mg/kg. During the study, blood samples were drawn according 

to the collection schedule and analyzed for plasma concentration of AKBA. Plasma 

profiles following oral administration of the various compositions are presented in Figure 

3.11, with calculated pharmacokinetic data shown in Table 3.2. Upon oral administration, 

AKBA was absorbed from all formulations with the highest exposure (based on AUC 
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values) achieved for the AKBA:SOL:L100-55:DSS composition with a mean AUC of 

12.55 µg hr/mL. The next two formulations which provided the second and third highest 

bioavailabilities based on AUC values, 9.32 and 9.58 µg hr/mL, were AKBA:AQOAT-

MF:DSS and AKBA:AQOAT-LF:DSS, respectively. The latter AUC values were not 

statistically significant (p=0.06 (two-tailed)) in comparison to the marketed formulation 

and not statistically significant among each other (p=0.07 (two-tailed)). The similarity in 

these values indicates that comparable AKBA absorption is achieved on average with 

these two formulations. All KSD compositions, excluding the composition containing 

Eudragit L100-55, provided enhancement in bioavailability in comparison to raw AKBA 

and the marketed formulation, which exhibited mean AUC value of 0.71 and 7.5 µg 

hr/mL, respectively. The KSD compositions provided statistically significant 

bioavailability enhancement in comparison to the raw drug, but because the marketed 

formulation exhibited plasma concentrations and variability within the values of the lead 

KSD compositions, statistical significance based on mean AUC values was not validated. 

The extent of AKBA supersaturation following in vitro dissolution testing correlated to in 

vivo absorption but not in the same order of magnitude. Whereas the SOL:L100-55 

formulation provided the third greatest supersaturated dissolution performance, the 

formulation exhibited the highest magnitude of AKBA absorption. Mean Cmax values, 

except for that of the KSD composition containing Eudragit L100-55, were 10 fold higher 

than that of raw AKBA and 3 fold higher than that of the marketed formulation. Thus 

mean Cmax  values were calculated to be statistically significant in comparison to the 

values of the raw drug (p=0.03, two-tailed) and marketed formulation (p=0.04, two-

tailed). Finally the mean t1/2 values of AKBA were typically greater than the values for 

raw AKBA and the marketed formulation. High mean Cmax and mean t1/2 values may 

indicate that the enteric formulations produced a more delayed and sustained absorption 

profile (Liu et al. 2013, Stefanic et al. 2012).  
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Table 3.2 Pharmacokinetic data from the in vivo absorption study with the KSD processed 

amorphous solid dispersion formulations (n=4 per group) 

 

 

Figure 3.11 Plasma AKBA concentration versus time from oral dosing of optimal KSD 

compositions  

Key: 1:8.375:0.625 AKBA:AQOAT-LF:DSS ( ), 1:8.375:0.625 AKBA:AQOAT-MF:DSS ( ), 

1:8.375:0.625 AKBA:L100-55:DSS ( ), 1:1.675:6.7:0.625 AKBA:SOL:L100-55:DSS ( ), 

Marketed Product ( ), raw AKBA ( ).  The dose was administered by oral gavage in the amount 

of 50 mg AKBA/kg per subject (n=4). 

An interesting aspect of the plasma concentration profiles presented in Figure 

3.11 is the peak-trough-peak shape seen with the top three performing formulations in 

which a second peak concentration is seen in the range of 1.5-2 h following the primary 

peak concentration in the approximate range of 0.5-1 h. The repetition of this profile 
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shape for individual animals substantiates the significance of this absorption profile. 

Similar dual peak effects have been reported attributing the finding to enterohepatic 

recirculation of unmetabolized drug (de Waart et al. 2009, Hardin et al. 1988, van Heek 

et al. 2000). The results of this in vivo AKBA absorption analysis appear to confirm the 

hypothesis that optimal KSD compositions provide enhanced bioavailability in 

comparison to the neat drug substance and marketed formulation. Relating the in vitro 

dissolution performance to its in vivo counterpart indicates that AKBA absorption occurs 

primarily in the upper small intestine. Therefore, oral AKBA formulation design should 

be directed by in vitro release in neutral media. Because the SOL:L100-55:DSS, 

AQOAT-MF:DSS, and AQOAT-LF:DSS formulations performed the best in in vitro 

dissolution testing, these formulations provided substantial improvement in AKBA 

absorption over raw AKBA and the marketed formulation. It is interesting to note that 

despite very poor performance in vitro (< LOQ, data not shown), the marketed 

formulation, which is not enteric, provided surprisingly high exposures in rats. Since 

AKBA has been shown to exhibit poor permeability by Caco-2 cell and is not a substrate 

of P-glycoprotein (Kruger et al. 2008, Kruger et al. 2009), AKBA could potentially be 

bound to enzymes in the intestinal epithelium with CYP450 enzymes the likely substrate. 

It is likely that the marketed formulation contains a component to address this limitation 

of AKBA’s oral absorption. Future studies will explore the combination of a 

supersaturating AKBA formulation with the inclusion of a CYP450 inhibitor to maximize 

the oral bioavailability of the compound. 

 

 

3.5 CONCLUSION 

 As demonstrated in this study, rotary evaporation and KinetiSol® Dispersing 

were successfully utilized to process ASD compositions containing anionic polymers and 

surfactants which enhance the solubility and bioavailability of AKBA. Attempts to 

produce ASD systems by hot melt extrusion were unsuccessful owing to the compound’s 

high melting point and thermal sensitivity in the amorphous form. RE and KSD methods 
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were used to produce various ASD compositions with high potency/purity. ASD systems 

produced by both RE and KSD substantially enhanced the dissolution properties of 

AKBA. Owing to ASD particle surface morphology differences, some RE compositions 

were found to provide inferior in vitro performance as compared to KSD. In addition, 

high surface area and rough surface morphology were concluded from SEM and XRD 

analysis to hasten crystalline growth at nucleation sites under storage at ambient 

conditions for RE processed AKBA:L100-55:DSS. The peaks seen in the diffraction 

patterns for the stored samples were not observed in dispersions processed by KSD. 

Particle size of milled ASD powders was also determined to be an important factor 

effecting the in vitro performance of the ASD compositions. Those lead KSD solid 

dispersions were administered to Sprague-Dawley rats at a dose of 50 mg AKBA/kg, and 

the resulting plasma concentrations of AKBA lead to the discovery that the KSD lead 

compositions improved bioavailability in an animal model in comparison to the 

administered marketed formulation and significantly improved bioavailability in 

comparison to raw AKBA.  
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Chapter 4: Investigation of the Interactions of Enteric and Hydrophilic 

Polymers to Enhance Dissolution of Griseofulvin Following Hot Melt 

Extrusion Process 

 

4.1 ABSTRACT 

Binary and ternary solid dispersions containing the poorly water-soluble  

compound, Griseofulvin (GF), enteric polymer (Eudragit
®
 L100-55 or AQOAT-LF), 

and/or vinyl pyrrolidone-based polymer (Plasdone
TM

 K-12 povidone or S-630 

copovidone) were processed by hot melt extrusion (HME) and investigated for 

dissolution enhancement. The HME products were characterized for GF recovery, 

degrees of compositional amorphous character, intermolecular interactions, and non-sink 

dissolution performance. Two plasticizers, triethyl citrate (TEC) and acetyl tributyl citrate 

(ATBC), were incorporated in the HME study design to aid in melt processing, and to 

modify the release of GF in neutral media following a pH change. The binary dispersions 

containing GF and enteric polymer exhibited lower Cmax values and magnitudes of 

supersaturated GF in neutral media solution in comparison to the ternary dispersions. The 

HME products, 1:2:1:0.6 GF:L100-55:S-630:ATBC and 1:2:1:0.6 GF:AQOAT-

LF:ATBC, were determined as the most optimal concentration-enhancing compositions 

due to increased hydrogen bonding of enteric functional groups with carbonyl/acetate 

groups of vinyl pyrrolidone-based polymers, reduced compositional crystallinity, and 

presence of incorporated hydrophobic plasticizer. Ternary HME products containing 

combinations of concentration enhancing polymers can supersaturate and sustain GF to 

greater magnitudes in neutral media solution following the pH transition, and be 

compressed into immediate release tablets exhibiting similar dissolution profiles. 

 

4.2 INTRODUCTION 

 Hot melt extrusion (HME) is a fusion processing technique which has been 

applied to produce immediate (Albers et al. 2009, Koleng and McGinity 1997), sustained 

(Almeida et al. 2011, Crowley et al. 2002, Verhoeven et al. 2009, Zhang and McGinity 
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1999), and controlled release (Bruce et al. 2005, Young et al. 2002) dosage forms 

containing a wide range of thermoplastic carriers. One of the many pharmaceutical 

applications of HME is its use in compounding thermoplastic carriers and poorly water-

soluble compounds to yield solid dispersions. While HME has been utilized to produce 

solid dispersions characterized by enhanced drug release (Feng et al. 2012, Zheng et al. 

2007) and stability (De Brabander et al. 2003, Dong et al. 2008, Qi et al. 2008), 

processing combinations of polymers as solid dispersion carriers by HME has been 

seldom researched. Kalivoda et al. 2012 reported adding polymers exhibiting different 

release characteristics to copovidone resulting in enhanced and modified dissolution 

performance of hot-melt extruded solid dosage forms containing fenofibrate, a poorly 

water-soluble compound. Al-Obaidi et al. 2009 identified spray drying as a viable 

technique to yield ternary solid dispersions (dispersions containing drug substance and 

two polymers). The findings confirmed ternary spray-dried products containing AQOAT-

LF and poly-hydroxypropyl methacrylate (PHPMA) improved stability of amorphous 

griseofulvin, a poorly water-soluble compound but had a minor impact on dissolution. A 

polymeric carrier which provides a high degree of supersaturation of the poorly water-

soluble drug substance is crucial to identify for solid dispersion applications. 

Concentration-enhancing polymers, carriers which maintain supersaturation for 

prolonged durations by reducing precipitation rates in the aqueous media, have been 

investigated and confirmed to aid in inhibiting drug recrystallization for poorly water-

soluble compounds (Miller et al. 2007, Overhoff et al. 2008, Yamashita et al. 2003, Zili 

et al. 2005). To prevent rapid precipitation from occurring, site targeting of 

supersaturation to the small intestine can be an effective method of limiting the 

oversaturation effect of the system following a transition from acidic to neutral pH 

conditions. Thus, enteric polymers, Eudragit L100-55 and AQOAT-LF which have been 

reported to act as concentration enhancing polymers (DiNunzio et al. 2008, Miller et al. 

2008a, Miller et al. 2008b), are ideal carrier candidates for targeting release of poorly 

water-soluble compounds to the small intestine. 
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 The objective of this study is to investigate the properties of extrudates prepared 

by HME that comprise a poorly water-soluble compound and combinations of 

concentration enhancing polymers for bioavailability enhancement of a poorly water-

soluble compound. The combination of enteric and hydrophilic polymers in a HME 

process may yield products which exhibit not only enhanced drug release but modified 

release in comparison to binary systems of drug and polymer. The model compound, 

Griseofulvin (GF), is a poorly water-soluble compound characterized by a reported 

neutral solubility of 11.8 µg/mL and a melting point of 220°C (Zili et al. 2005). The 

chemical structure of GF is depicted in Figure 4.1. Numerous studies have identified 

vinyl pyrrolidone based polymers to be advantageous in formulating solid dispersions of 

poorly water-soluble compounds (Feng et al. 2012, Sathigari et al. 2012, van Drooge et 

al. 2006). The viscosity of the carriers and the glass transition temperature of solid 

dispersions have been shown to significantly influence drug recrystallization kinetics in 

dissolution (Jijun et al. 2011, Matsumoto and Zografi 1999, Sathigari et al. 2012, Taylor 

and Zografi 1997).  The combination of a vinyl pyrrolidone-based polymer and an enteric 

polymer in an extrusion process is proposed to influence drug release and 

physical/chemical properties of the ternary in comparison to binary solid dispersions. 

Plasdone
TM

 K-12 povidone (K-12) and Plasdone
TM

 S-630 copovidone (S-630), with glass 

transition temperatures (Tg) of 120 and 109°C respectively, were investigated as potential 

hydrophilic release modifiers under non-sink dissolution conditions. The two types of 

polymers, enteric and hydrophilic, have potential to form hydrogen bonds which can 

impact the performance of the solid dispersions in comparison with the binary systems. 

Previous studies have shown that K-12 povidone and S-630 copovidone interact 

with numerous organic molecules suggesting that the mechanism of crystallization 

inhibition is related to the extent of interaction between drug and polymer (Sathigari et al. 

2012, Vasanthavada et al. 2005). Povidone and copovidone exhibit specific and/or non-

specific interactions with active pharmaceutical ingredients thus enhancing amorphous 

stability. Of the components studied, only the enteric polymers and TEC contain 

hydrogen bond donor sites.  Because Griseofulvin’s structure has hydrogen bond receptor 
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sites, hydrogen bonding involving the drug will be isolated between GF and enteric 

polymers following HME processing. In this study, FTIR spectroscopy was utilized in an 

attempt to identify the intermolecular interactions of the ternary extrudates. Consideration 

of the structures of K-12 povidone and S-630 copovidone elucidates that the carriers are 

capable of accepting hydrogen bonds stabilized through pyrrolidone, carbonyl, and/or 

acetate groups. By selecting a BCS Class II compound which may only form hydrogen 

bonds with the enteric polymer, properties isolated to the interactions of polymer 

combinations in solution may be better understood. Poorly water-soluble drugs can 

exhibit higher solubility and faster rates of dissolution when in the amorphous state 

(Hancock and Zografi 1997, Leuner and Dressman 2000). By optimizing the amorphous 

content of extrudates following heat processing, the maximum concentration and extent 

of supersaturation of GF may be enhanced in solution. 

Finally, developing and optimizing a formulation design in hot melt extrusion can 

help minimize thermal degradation of pharmaceutical components as degradation is often 

influenced by temperature and total time of exposure. Many active pharmaceutical 

ingredients are susceptible to increased rates of degradation at elevated temperatures. 

Repka et al. 1999, 2003 reported findings of decreased product potencies for films 

containing either clotrimazole or hydrocortisone, two thermally labile drugs, following 

processing by hot melt extrusion at temperatures of 130 and 170°C respectively. In 

addition, polymer degradation has been reported to occur via thermal mechanisms. 

Capone et al. 2007 studied the effect extrusion processing has on thermal degradation as 

well as mechanical degradation of the polymer utilized. As compared to the originally 

received materials, the post-processed polymers all exhibited degradation to an extent at 

different processing conditions. Polymers processed at the highest rates in the extruder 

presented the lowest molecular weight reductions due to shorter residence times in the 

extruder. El’darov et al. 1996 identified three temperature-dependent events which occur 

during extrusion: low temperature scission due to mechanical stress, macromolecular 

growth due to radical additions, and high temperature scission. Plasticizers are frequently 

required as processing aids to reduce the glass transition temperature of the composition 



79 
 

and the melt viscosity of a polymer by increasing the free volume between polymer 

chains. Thus a hot melt extrusion process can be operated at lower temperatures with the 

incorporation of plasticizers in the formulation (Andrews et al. 2008, Repka et al. 1999, 

Schilling et al. 2010). Although plasticizers aid in fusion processing, they can negatively 

influence the stability of solid dispersions (DiNunzio et al. 2010a). As the molecular 

mobility increases, the risk of crystallization also increases.  

The present study focuses on three objectives: to investigate properties of HME 

processed binary and ternary solid dispersions containing GF; to study performance of 

the solid dispersions by in vitro dissolution; and to evaluate in vitro dissolution 

performance of immediate release tablet compositions containing selected HME 

processed solid dispersions.  It was hypothesized that amorphous, ternary solid 

dispersions containing GF, enteric polymer and vinyl pyrrolidone polymers would 

enhance solubility of GF in comparison to all other binary and ternary solid dispersions.       

 

Figure 4.1 Chemical Structure of GF, molecular weight = 352.7 

 

 

4.3 MATERIALS AND METHODS 

 

4.3.1 Materials 

 Griseofulvin was purchased from Hawkins Pharmaceuticals (Minneapolis, MN). 

AQOAT
®
 LF (hypromellose acetate succinate, HPMCAS) was donated by Shin-Etsu 
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Chemical Company (Tokyo, Japan), Eudragit
®
 L100-55 (methacrylic acid-ethyl acrylate 

copolymer, L100-55) was donated by Evonik (Piscataway, NJ), Plasdone
TM

 K-12 

povidone (homopolymer of N-vinyl-2-pyrrolidone) and Plasdone
TM

 S-630 copovidone 

(random copolymer of N-vinyl-2-pyrrolidone and vinyl acetate) were donated by Ashland 

Specialty Ingredients (Wilmington, DE). Weight average molecular weights of AQOAT-

LF, L100-55, K-12 povidone, and S-630 copovidone are 18,000, 320,000, 40,000, and 

47,000 g/mol, respectively. Triethyl citrate (TEC) and acetyl tributyl citrate (ATBC) were 

kindly donated by Vertellus Specialties (Greensboro, NC). High performance liquid 

chromatography (HPLC) grade acetonitrile was purchased from Fisher Scientific 

(Pittsburgh, PA). All other chemicals were of ACS grade or higher.  

 

4.3.2 Methods 

 

4.3.2.1 Solubility Screening 

 A solubility screening was conducted to initially identify carriers and combination 

of carriers which enhanced solubility of GF. Approximately 100 mg of physical mixtures 

containing 25% (w/w) GF and 75% (w/w) polymer or combination of polymers (L100-

55, AQOAT-LF, K-12 povidone, and S-630 copovidone) were incorporated into culture 

tubes and subsequently filled with 10 mL of pH 6.8 phosphate buffer (n=3). The culture 

tubes were sonicated for 30 min and placed on a Lab-Line Orbit Environ-Shaker (Lab-

Line, Melrose Park, IL, USA) at 100 rpm for 72 h maintained at 37°C prior to filtering 

through 0.45 µm PVDF filters (Whatman, Piscatawy, NJ, USA). The filtered samples 

were analyzed by UV-VIS at a wavelength of 292 nm and the excipients were verified to 

lack absorption at this wavelength. 

 

4.3.2.2 Thermal Analysis 

 To investigate the thermal stability of raw materials and identify valid HME 

processing temperature range, thermogrametric analysis (TGA) was completed utilizing a 

Perkin-Elmer Thermogravimetrical Analyzer (Norwalk, CT). Bulk materials were placed 
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under a vacuum for 72 h at room temperature to ensure moisture removal. Samples were 

weighed to 10 ± 1 mg and placed in 70 µL aluminum crucibles which were heated from 

50 to 350°C at a rate of 10°C/min under a constant flow of nitrogen at 65 mL/min. 

Sample mass was monitored as a function of temperature following equilibration.  

 Each polymer, L100-55, AQOAT-LF, K-12 povidone, and S-630 copovidone, and 

5% ATBC or TEC as a plasticizer (based on the polymer weight) were blended with a 

mortar and pestle and mixed with GF at loadings of 10, 25, 33.33, 50, and 66.67% (w/w). 

The mixtures were analyzed by modulated differential scanning calorimetry (MDSC) to 

investigate plasticization efficiency and miscibility of GF with the respective polymers. 

An accurately weighed amount of powder was sealed in an aluminum pan and heated 

using a TA Instrument model 2920 (New Castle, DE). The material was equilibrated at 

30°C and ramped to 200°C at 10°C/min with a modulation of 0.5°C every 40 s. After 

quench cooling to 30°C at a rate of 20°C/min, a second run was performed. The glass 

transition temperature was measured in the second cycle as the midpoint of the step 

transition in the plot of reverse heat-flow versus temperature. 

  

4.3.2.3 Hot Melt Extrusion 

 Powder blends of binary mixtures containing 33.33% GF loading and 66.67% 

enteric polymer and ternary mixtures containing 25% GF loading, 50% enteric polymer, 

and 25% hydrophilic polymer (35 g total) were manually mixed in a low density 

polyethylene bag prior to being processed by hot melt extrusion (HME). Binary and 

ternary mixtures were also processed with the incorporation of 16.67% TEC or ATBC as 

a plasticizer (based on polymer weight), by adding drop-wise to the polymer while 

intermittently mixing in a rotary mixer. A 5/14 mm conical, twin screw HAAKE Minilab 

II Microcompounder (Thermo Electron Corporation, Newington, NH, USA) equipped in 

flush mode without an external die was used to process extrudates by HME. Extrudates 

were cooled at room temperature and immediately milled in an impact mill. The resulting 

powders were passed through a 60-mesh screen to yield particles with size less than 250 

µm prior to characterization. Actual HME processing conditions are outlined in section 3. 



82 
 

4.3.2.4 Direct Compression of Immediate Release Tablets 

 Tablets containing 125 mg of GF and with a total weight of 750 mg, were directly 

compressed on a Manual Tablet Compaction Machine Model, MTCM-1, with 16-mm 

round concave tooling. Section 3 identifies the tablet compositions and relative weight 

based percentages of each material in the tablets comprised of the extrudate powders. 

Avicel PH-101 was added as a diluent/filler. Ac-Di-Sol was incorporated at 3% (w/w of 

tablet weight) as a superdisintegrant to ensure immediate disintegration. The addition of 

0.75% (w/w of tablet weight) magnesium stearate was necessary for die lubrication. Prior 

to direct compression, materials were weighed except for magnesium stearate and mixed 

in a polyethylene bag by a V-blender for approximately 15 min. The portion of 

magnesium stearate was then weighed and mixed in the bag by V-blender for 

approximately 2 min in order to limit hydrophobic coating of the other materials. Tablets 

were compressed to an approximate hardness of either 10 or 20 ± 1 kPa. 

 

4.3.2.5 X-ray Diffraction (XRD) 

 To determine the presence of crystallinity in processed extrudates, XRD testing 

was performed using a Philips Model 1710 X-ray diffractometer (Philips Electronic 

Instruments Inc., Mahwah, NJ). The diffractometer utilized a Cu K radiation source 

operating at a voltage and amperage set to 40 kV and 30 mA, respectively. Samples of 

unprocessed GF, unprocessed polymers, and milled extrudates were placed onto a glass 

sample stage and the diffraction profiles were measured from 5° to 35° using a 2θ step 

size of 0.05° and dwell time of 5 s. 

  

4.3.2.6 Fourier Transform Infrared Spectroscopy (FTIR) 

Unprocessed GF, unprocessed polymers, milled extrudates, and physical mixture 

powders were analyzed by FTIR to determine potential interactions. The samples were 

prepared by weighing approximately 15 mg of the material for analysis, homogenously 

dispersing in dried KBr of about 315 mg in a mortar and pestle, and compressing the 

powder with a compression force of 10 tons using 13 mm round, flat face punch tooling 
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to produce pellet compacts. The sample was placed in the IR light path and the IR spectra 

were recorded using a Thermo Mattson Infinity Gold FTIR with Spectra-Tech Thermal 

ARK module from 400 to 4000 cm
-1

 in absorbance mode equipped with a KBr 

beamsplitter and DTGS detector having a resolution of 1 cm
-1

. 

 

4.3.2.7 Disintegration of Compressed Tablets  

 Tablets were placed in a basket-rack apparatus with disks as described in USP 

XXXVI [701] for disintegration of selected immediate release tablets (n=3). The basket 

with tablets stabilized by disks was immersed in 900 mL of 0.1N HCl medium 

maintained at 37 ± 2°C. Disintegration times of the tablet compositions are tabulated in 

section 3. 

 

4.3.2.8 Griseofulvin Assay Testing 

 Aliquots were taken of the milled powders processed by HME for potency 

analysis to determine GF recovery values. Milled dispersions were accurately weighed so 

as a theoretical amount of 20.0 ± 0.20 mg GF was placed in 100-mL volumetric flasks. A 

mixture of 7:2.5:0.5 acetonitrile:water:tetrahydrofuran, identical to the HPLC mobile 

phase, was added to the volumetric flasks to dissolve the solid content. After samples 

were completely dissolved following sonication for 2 min, volumetric flasks were filled 

to volume, filtered through 13 mm, 0.2 µm PVDF filters (Whatman, Piscataway, NJ) and 

immediately transferred to 1 mL vials (VWR International, West Chester, PA) for HPLC 

analysis. GF assay values were adjusted for the recorded sample weight and compared to 

a known standard containing 20.0 ± 0.20 mg in 100 mL of the diluent described 

previously. 

 

4.3.2.9 Non-Sink Dissolution Analysis 

 Supersaturated dissolution testing was performed in accordance with USP 

XXXIV method A testing procedure for delayed release dosage forms using a VK 7010 

dissolution apparatus (Varian, Inc., Palo Alto, CA, USA) operated at 50 rpm paddle 
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speed. Solid dispersions or tablets were weighed to achieve an equivalent of 125 ± 0.5 

mg GF (~10x neutral equilibrium solubility) and added to the dissolution vessels 

containing 750 mL of 0.1 N HCl media maintained at 37.0 ± 0.5°C. A pH of 

approximately 6.8 was achieved by adding 250 mL of 0.2 M Na3PO4 solution after 2 h. 

During testing, 4 mL samples were removed from the dissolution vessels without 

replacement after 60, 120, 125, 135, 150, 165, 180, 210, 240, 300, 360, 480, and 720 min. 

Samples were immediately filtered using 13 mm, 0.2 µm PVDF filters (Whatman, 

Piscataway, NJ, USA) and diluted in a 1:1 ratio with mobile phase, vortex mixed, and 

transferred into 1 mL vials for HPLC analysis.  

 

4.3.2.10 High Performance Liquid Chromatography  

Dissolution and assay samples were analyzed for GF content using a Waters 

(Waters Corporation, Milford, MA) high performance liquid chromatography (HPLC) 

system consisting of dual Waters 515 Syringe Pumps, a Waters 717 Autosampler and a 

Waters 996 Photo-diode Array detector extracting at a wavelength of 292 nm. The system 

was operated under isocratic conditions and a flow of 1 mL/min with 7:2.5:0.5 

acetonitrile:water:tetrahydrofuran acid mobile phase equipped with a Phenomenex
®
 Luna 

5 µm C-18(2) 100Å, 150 x 4.60 mm (Phenomenex
®
, Torrance, CA, USA) HPLC column. 

Assay samples were injected in 15 µL, whereas dissolution samples collected in the 0.1 N 

HCl media and neutralized media were injected in 15 µL and 60 µL, respectively, during 

testing. The retention time of GF was approximately 5 min. Data were collected and 

analyzed using Empower Version 5.0 software (Waters Corporation, Milford, MA, 

USA). 
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4.4 RESULTS AND DISCUSSION 

 

4.4.1 Solution Screening Study of Polymers and Combination of Polymers 

 Physical mixtures containing two and three components, drug and polymer(s), 

were investigated for solubility enhancement capability. Combinations of enteric and 

Plasdone polymers were studied based on the solubility of crystalline GF in pH 6.8 

buffer. In addition, comparisons of binary and ternary equilibrium solubility values were 

investigated to identify combinational polymer candidates for HME processing. The 

solubility values are shown in Figure 4.2. Equilibrium solubility of GF in pH 6.8 

phosphate buffer was indicated to be 20.92 µg/mL, and with the addition of two enteric 

polymers, L100-55 and AQOAT-LF, concentration of GF in solution increased by 

approximately 5 and 3 folds, respectively. As enteric polymer concentration increased 

from 66.67% to 75% w/w, the GF concentration values increased signifying potential 

enhancement in intermolecular bonding between drug-polymer and/or polymer-polymer 

due to higher ratio of carboxyl groups in solution capable of hydrogen bonding. However 

equilibrium solubility values of binary systems containing AQOAT-LF were lower in 

comparison to those of binary systems containing L100-55. The higher percentage of free 

carboxyl groups present in L100-55 in relation to AQOAT-LF is responsible for the 

difference in measured solubility values. AQOAT-LF has fewer free carboxyl groups and 

a pH value higher than that of Eudragit
®
 L100-55. Because GF solubility values were 

measured following 72 h in pH 6.8 phosphate buffer, differences in dissolving pH values 

among the enterics were not attributed to affect the equilibrium solubility values. Little to 

no change in GF solubility values was identified with the addition of K-12 povidone and 

S-630 copovidone suggesting that either the Plasdones and enteric polymers did not 

interact, or they competed to bind with GF in solution. Similar behavior was exhibited 

with ternary physical mixtures containing the enteric polymer, AQOAT-LF. There is not 

a clear trend among ternary mixtures containing a combination of AQOAT-LF and K-12 

povidone or S-630 copovidone. K-12 povidone and S-630 copovidone exhibited different 

solubility behavior when in the presence of two structurally different enteric polymers. 
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The latter finding suggests that the enteric proton donor sites, which are chemically 

different for each enteric polymer, form bonds in dissimilar mechanistic actions. 

 

Figure 4.2 Solubility screening: Effect of combinations of carriers on the solubility of GF in 

pH 6.8 media   

 

4.4.2 Thermal Analysis 

4.4.2.1 Stability Screening 

 Temperatures at which raw materials begin to decompose were investigated to 

determine an operating range of processing temperatures at which little to no 

decomposition occurs following HME process. Griseofulvin decomposed at elevated 

temperatures evidenced by significant weight loss at temperatures greater than its melting 

point of 220°C, presented in Figure 4.3. Decomposition of AQOAT-LF began at 

approximately 200°C, before the onset of GF decomposition. Plasdone K-12 povidone 

and S-630 copovidone were stable, showing no significant weight changes, other than 

residual moisture evaporation, up to 300°C. Eudragit L100-55 exhibited weight loss 

beginning at 165°C which corresponds to the approximate temperature at which 
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decomposition was reported for L100-55, 170°C (Hughey et al. 2010). Decomposition 

accelerated rapidly when the temperature eclipsed 180°C. Because 180°C proved to be a 

temperature at which significant decomposition of L100-55 occurred, a study design for 

HME will focus on a processing temperature range of 170-180°C.  

 

Figure 4.3 Thermal stability screening of unprocessed GF and polymers; inlaid weight 

values are specified for L100-55 

 

4.4.2.2 Griseofulvin-Polymer Miscibility and Plasticization Efficiency 

 In order to analyze the drug/polymer mixing behavior, physical blends of 

plasticized polymer and GF were subjected to two consecutive thermal runs and the glass 

transition temperatures were measured in the second heating as the midpoints of the step 

transitions in the plots of reverse heat-flow versus temperature. The values were 

compared to theoretical predictions of the glass transition temperature (Tg) for equivalent 

compositions. The Gordon-Taylor (G-T) equation is used to predict Tg for amorphous 

mixtures and for miscible blends of drug and polymer (Eqs. 1 and 2); 
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Tgmix = (w1Tg1 + Kw2Tg2)/(w1 + Kw2)  Equation 4.1 

K ≈ (ρ1Tg1)/ρ2Tg2    Equation 4.2 

 

where Tg1, Tg2, and Tgmix are the glass transition temperatures (in Kelvin) of material 1, 

material 2, and the mixture. The constant, K, is indicated above where ρ1 and ρ2 are the 

true densities of the materials (Eq. 2). The G-T equation can be extended to account for 

the effect of a third component  on Tg. The extended version of the G-T equation for a 

ternary system with solvent-containing dispersion can indicate deviations from ideal G-T 

behavior due to the third component competing with GF for interaction with polymer 

(Eqs. 3-5). 
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Tgmix = (w1Tg1 + K1w2Tg2 + K2w3Tg3)/(w1 + K1w2 + K2w3)   Equation 4.3 

 

with K2 and K3 approximated as (Eqs. 4 and 5); 
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K2 ≈ (ρ1Tg1)/(ρ2Tg2)    Equation 4.4 

K3 ≈ (ρ1Tg1)/(ρ3Tg3)    Equation 4.5 
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where ρ is density, w1 is the lowest Tg material and w3 is the higher Tg material. 

 The Gordon-Taylor equation assumes perfect volume additivity with no specific 

interactions between the components. Deviation from G-T behavior indicates some type 

of interaction in the system. Negative deviation from G-T prediction indicates that the 

level of drug-polymer interaction is less than the drug-drug or polymer-polymer 

interactions (Janssens et al. 2010, Six et al. 2003). Self-association among any component 

results in higher free volume than expected from ideal mixing, leading to higher 

molecular mobility, and lower Tg values. Positive deviations result from interaction 
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between components resulting in lower free volume and higher Tg values (Tobyn et al. 

2009). Blends of GF and plasticized polymer (5% w/w of polymer) were placed in a 

vacuum for 1 week to remove residual moisture. Trends in deviations of G-T ideality are 

presented in Figure 4.4a-e where experimental and predicted glass transition temperatures 

are plotted for blends with various GF loads. Both prediction models of G-T ideality are 

represented by dashed and solid lines, respectively.  

Plasticizer-polymer compatibility is defined as the ability of the plasticizer to 

form a homogenous phase with the polymer without leaching or crystallizing (Yu et al. 

2004). Efficient plasticizers for HME need to lower the Tg of the plasticized polymer 

below the onset temperature of thermal degradation and reduce the melt viscosity of the 

blend to enable material transport. The comparison of Tg reduction in the presence of two 

plasticizers, ATBC and TEC, can be used as a parameter to assess the plasticization 

efficiency (Schilling et al. 2010). In Figure 4.4a, TEC is predicted to plasticize and 

reduce the Tg of L100-55 to a greater extent than in the presence of ATBC as signified 

by the greater differences between the experimentally measured Tg values. The large 

difference in experimental Tg values for blends with different plasticizers suggests that 

TEC provides higher plasticizing efficiency than ATBC in the presence of GF and L100-

55. With the incorporation of ATBC, G-T behavior of the blends followed closer to 

ideality because the experimentally measured Tg values tracked the predicted model. G-T 

ideality is predicted to be strongly affected by TEC as a plasticizer evident by negative 

deviation from the predicted model. Similar plasticizing efficiency rank order as well as 

negative deviation for blends containing TEC was signified in Figure 4.4d for plasticized 

S-630 copovidone. Because the structure of TEC is characterized by one hydrogen bond 

donor site and 7 receptor sites, hydrogen bonding phenomena may occur between TEC 

molecules and/or TEC and polymer due to intermolecular interactions resulting in higher 

free volume and depression of Tg. The structure of ATBC lacks hydrogen bond donor 

sites which may inhibit interactions with any components and maintain G-T ideality as 

represented by the positive deviation from the latter experimentally measured Tg values. 

In Figure 4.4b,c, no significant difference in plasticizing efficiency of AQOAT-LF and 
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K-12 povidone can be determined as the experimental Tg values are similar among 

blends with the different plasticizers. The experimental Tg values were depressed more 

with higher K-12 povidone content which is consistent with G-T behavior for PVP in 

other literature reports (Van den Mooter et al. 2001). The experimentally measured Tg 

values for blends containing AQOAT-LF deviated slightly negative but the type of 

plasticizer did not promote significant differences in component interactions or 

differences in volume additivity from ideality. The presence of a single Tg is commonly 

used as a preliminary indicator of miscibility, since it provides an indication of phase 

mixing but does not provide information about the thermodynamics of mixing. In 

addition, the lack of significant deviation from predicted G-T behavior in experimental 

Tg values of blends containing ATBC plasticized with L100-55 or S-630 copovidone 

suggests L100-55 and S-630 copovidone are less susceptible to phase separating from GF 

in comparison to plasticized AQOAT-LF or K-12 povidone. This phenomena may help 

explain differences in dissolution performance phenomena among ternary solid 

dispersions containing ATBC as plasticizer, discussed further later. 

*Figure 4.4 full caption on next page* 
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Figure 4.4 Comparison of experimental (□, ■) and theoretical values (binary equation, full 

line and ternary equation, dashed line) of Tg calculated with the Gordon-Taylor equation for 

mixtures containing portions of a) Eudragit® L100-55, b) AQOAT-LF, c) K-12 povidone, and d) 

S-630 copovidone . The symbol □ represents experimental Tg values of mixtures containing 

ATBC as plasticizer whereas the symbol ■ represents experimental Tg values of mixtures 

containing TEC as plasticizer 

 

4.4.3 Hot Melt Extrusion (HME) 

 Numerous binary and ternary mixtures were processed by HME, and the batch 

formulations with processing conditions are detailed in Table 4.1. Binary and ternary 

HME products of GF:polymer were processed according to the respective temperatures 

and rotational screw speeds with corresponding GF assay. Initial HME processing studies 

identified the need for pre-plasticization of L100-55 in order to yield a product. Without 

the incorporation of TEC or ATBC at 16% (w/w of polymer), excessive torque loads 

were encountered limiting the output production of L100-55 based extrudates. The GF 

loadings of the binary HME products containing L100-55 were 30% (w/w), and the 

loadings for ternary HME products were 22% (w/w). The difference in loadings between 

the binary and ternary products is due to the incorporation of an extra part of hydrophilic 

polymer: K-12 povidone or S-630 copovidone. Five binary batches containing L100-55 

were processed at different conditions yielding products characterized by varying degrees 

of GF recovery. Two batches were processed at 170°C maintaining screw speeds of 150 

and 300 rpm yielding solid dispersions with 96.68 and 100.10% GF recoveries 

respectively. Batches processed at temperatures greater than 170°C yielded solid 

dispersions characterized by reduced GF recoveries most likely due to the instability of 

L100-55 at elevated temperatures leading to acidic decarboxylation of GF. The other 

three batches were processed at 180°C maintaining screw speeds of 100, 200, and 300 

rpm yielding solid dispersions with much lower GF recovery. Based on the latter 

findings, potency of GF decreased at elevated temperatures and slower screw speeds. 

Thus ternary batches containing L100-55 were processed at 170°C and 300 rpm in order 

to limit GF decomposition.  
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The binary HME products containing AQOAT-LF were loaded with 

approximately 33% GF (w/w). Plasticization of the polymer was not required for 

successful processing of batches containing AQOAT-LF. Ternary formulations of 

batches -014 and -016 were loaded with 25% GF (w/w), whereas the ternary formulation 

of batch -015 was loaded with 22% GF (w/w). Batch -015 was distinguished with the 

addition of 16% (w/w) ATBC as a plasticizer which explicates the lower drug loading. In 

addition, the batch was processed to yield a complement product candidate for tablet 

compression opposite the L100-55 product containing ATBC. The latter batch was 

processed by HME for direct comparison to the previously discussed L100-55 product. 

The batches were processed at temperatures of 170 and 180°C maintaining different 

rotational screw speeds. Due to excessive thermal exposure, GF recovery suffered at the 

elevated temperature, 180°C, and slower screw speeds, 100 and 200 rpm. The ternary 

products were incorporated with combinations of AQOAT-LF and K-12 povidone or S-

630 copovidone and are identified by batches -014 to -017 in Table 4.1. Similar to those 

products processed with L100-55, the AQOAT-LF products characterized by full GF 

recovery were processed at 170°C.  

Table 4.1 HME processing conditions. Batch Size: 35 g 
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4.4.3.1 Solid-State Characterization 

 To identify the presence of crystallinity in HME products, XRD was utilized, and 

the diffraction patterns are shown in Figure 4.5a,b. The drug substance, GF, exhibited 

seven crystalline 2θ peaks, at 10.5, 13, 14.5, 16.3, 23.7, 26.3, and 28.3°. As shown in 

Figure 4.5a, unprocessed L100-55 exhibited an amorphous halo diffraction pattern with 

no detectable 2θ peaks. The 1:2:0.4 GF:L100-55:TEC binary HME product containing 

L100-55 was characterized with high intensity crystalline peaks corresponding with the 

2θ peaks of GF. This confirms the latter binary product exhibited crystallinity in the 

solid-state. However the 1:3:0.6 GF:L100-55:TEC extrudate with a lower drug load and 

higher polymer content displayed a diffraction pattern with crystalline peaks very low in 

intensity suggesting greater amorphous character. With the substitution of one part L100-

55 for the addition of K-12 povidone or S-630 copovidone, the diffraction pattern of the 

resulting HME product was characterized by similar intensities at peaks 16.3, 26.3, and 

28.3°. The ternary HME products exhibited comparable degrees of compositional 

crystallinity in comparison to the binary product with the same GF loading. Thus the 1:3 

binary HME product exhibited a comparable diffraction pattern to those of ternary HME 

products containing GF, L100-55, and K-12 povidone or S-630 copovidone. 



94 
 

 

 

Figure 4.5 XRD diffractograms of a) crystalline GF, unprocessed L100-55, and L100-55 

based HME products and b) crystalline GF, unprocessed AQOAT-LF, and AQOAT-LF based 

HME products 
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 As shown in Figure 4.5b, unprocessed AQOAT-LF exhibited an amorphous halo 

diffraction pattern similar to the pattern exhibited by L100-55. Binary HME products, 1:2 

and 1:3 GF:AQOAT-LF, were characterized by 2θ crystalline peaks corresponding with 

those of crystalline GF. However the diffraction pattern of the 1:3 GF:AQOAT-LF HME 

product displayed lower intensities of the crystalline peaks in comparison to the 1:2 

product, which supports similar findings for binary products containing L100-55. Ternary 

HME products containing K-12 povidone revealed diffraction patterns displaying the 

lowest intensities of detectable crystalline peaks in comparison to the ternary product 

containing S-630 copovidone. Thus the ternary products containing GF, AQOAT-LF, and 

K-12 povidone exhibited lower degrees of crystallinity in comparison to the other ternary 

product and similar degrees of crystallinity in comparison to the 1:3 binary product. The 

latter finding contrasts with the previous results observed for ternary products containing 

L100-55, as a polymer combination of L100-55:K-12 with GF exhibited comparable 

degrees of compositional crystallinity. In addition the 1:3 binary HME product containing 

L100-55 exhibited similar amorphous character in comparison to the ternary HME 

products containing GF, AQOAT-LF, and K-12 povidone or S-630 copovidone. Slightly 

higher torque values were maintained for extrusion of AQOAT-LF systems without the 

inclusion of a plasticizer. However, batch -015, as listed in Table 4.1, exhibited process 

torque values similar to torque values maintained during extrusion of ternary systems 

containing L100-55; thus, process parameters were consistent among batches with the 

incorporation of a plasticizer. Melt viscosity measurements of the extrusion processes 

would be needed to identify weather differences in crystalline intensities can be attributed 

to differences in enteric polymer properties. The opposing findings among ternary 

products containing GF may further be elucidated by evaluating amorphous behavior 

among polymer combinations and revealing non-covalent interactions among polymers 

utilizing FTIR. 

 In this study, FTIR was identified as a solid-state characterization technique 

which can reveal intermolecular interactions that facilitate the stabilization of the 

amorphous form of GF within the formed hot melt extrudates. Significant differences 
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between the spectra of the amorphous and crystalline forms of a drug have been clearly 

discussed in previous studies (Jijun et al. 2011, Matsumoto et al. 1999, van Drooge et al. 

2006). Peak width, shape, intensity, and position are known to differ between the 

amorphous/crystalline forms of a drug compound. As shown in Figure 4.6a,b, crystalline 

GF has two peaks; the first peak (1656 cm
-1

) corresponds to the stretching of the carbonyl 

group of cyclohexene, and the second peak (1702 cm
-1

) corresponds to the stretching of 

carbonyl group of the benzofuran.  In addition the spectrum of GF shows a band 

approximately spanning the range of 2825-3000 cm
-1

 corresponding to C-H bonding. The 

decrease of peak intensity observed in the binary solid dispersions containing GF may be 

attributed to lack of long-range order and the resultant increase in the distribution of bond 

lengths and vibrational energies in comparison to the crystalline form of GF. In addition, 

peak intensity is greater for ternary solid dispersions confirming the presence of 

crystalline GF as discussed previously; however peak intensity is relatively lower for the 

ternary products containing S-630 copovidone, which supports the XRD findings.  
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Figure 4.6 Fourier transform infrared spectroscopy (FTIR) spectra of a) crystalline GF, 

unprocessed L100-55, and L100-55 based HME products and b) crystalline GF, unprocessed 

AQOAT-LF, and AQOAT-LF based HME products 

The polymers, L100-55 and AQOAT-LF, are characterized by a carboxyl group 

dimer stretching in the range of 1695-1740 cm
-1 

and carbonyl group stretching at 1740 
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cm
-1

 respectively, which still remain for the binary and ternary HME products, as shown 

in Fig. 6a,b. Non-covalent interactions, such as hydrogen bonding, usually result in 

characteristic peak shift or broadening of functional groups of the polymer and drug in 

infrared spectroscopy experiments (Jijun et al. 2011, Matsumoto et al. 1999, van Drooge 

et al. 2006). Two significant shifts in peaks appeared at approximately 2850 and 2925 

cm
-1

 for the spectra of the ternary products which can be attributed to enhanced hydrogen 

bonding between the enteric polymers and Plasdone polymers. Because GF and Plasdone 

polymers exhibit only proton acceptor sites, no hydrogen bonding can occur between the 

two. However because L100-55 and AQOAT-LF are characterized by proton donor and 

receptor sites, the shifts of the two peaks may be attributed to hydrogen bonding of L100-

55/AQOAT-LF with GF (peak at 2850 cm
-1

) and L100-55/AQOAT-LF with Plasdone 

polymers (2925 cm
-1

). In Fig. 6a, the ternary product, L100-55:S-630:ATBC, exhibited 

spectra with a shift in the carboxyl group dimer to a near single peak at 1730 cm
-1

. The 

shift and unity of the dimer into one peak suggests enhanced numbers of bound carboxyl 

groups in comparison to the spectra regions of other binary and ternary products 

containing L100-55.  

In Figure 4.6b, the binary and ternary products exhibited spectra with a broadened 

carbonyl group region that split into two peaks. The broadening refers to the distribution 

of free and bound carbonyl groups of GF. The stretching of the carbonyl group resulted in 

the division of two peaks; the first (peak at 1702 cm
-1

) corresponds to the free carbonyl 

group and the second to the bound group (1732 cm
-1

). Specifically, the ternary product, 

AQOAT-LF:K-12:ATBC, was characterized by a shouldering and shift of the bound 

carbonyl group suggesting enhanced hydrogen bonding in comparison to the other binary 

and ternary products. Because the spectra of dispersions containing AQOAT-LF show 

that a large proportion of the carbonyl groups are not involved in hydrogen bond 

formation, the polymeric constituents may be phase separated and lack miscibility. 

Additionally because povidone and copovidone are hydrophilic, the presence of water 

molecules can be detected by a broad band approximately 3600-4000 cm
-1

. This confirms 

the broad endotherm evidence observed in the DSC experiments. Ultimately, these results 
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suggest that the incorporation of K-12 povidone or S-630 copovidone in the solid 

dispersion enhanced the hydrogen bonding with the enteric counterpart.
 
 

 

4.4.3.2 In vitro Dissolution Behavior of Milled Extrudate Powders 

 As shown in Figures 4.7 and 4.8, selected extrudate powders, sieved to a particle 

size less than 45 or 250 µm, were studied for supersaturated dissolution performance 

under non-sink conditions. Non-sink dissolution performance was assessed, as shown in 

Figure 4.7, for the following binary and ternary HME products containing L100-55, with 

particle size less than 250 µm: 1:2:0.4 GF:L100-55:TEC, 1:2:1:0.6 GF:L100-55:K-

12:TEC, 1:2:1:0.6 GF:L100-55:S-630:TEC, 1:2:1:0.6 GF:L100-55:S-630:ATBC. The 

concentration of dissolved crystalline GF reached its equilibrium solubility of 12 µg at 6 

h. Initial observations confirmed at least a 5x fold increase in GF concentration 

immediately or soon following the acidic to neutral pH transition in comparison to GF’s 

equilibrium solubility. Minimal release of GF was observed in the acidic phase for the 

first 2 h for all HME products containing L100-55. As this high molecular weight enteric 

polymer is proportioned as the majority of product weight, the latter finding was not 

unexpected. Following the pH change, ternary HME products containing L100-55 with 

TEC as a plasticizer and S-630 copovidone or K-12 povidone supersaturated GF to a 

greater extent in comparison to the binary HME product, 1:2:0.4 GF:L100-55:TEC. The 

ternary product’s superior dissolution performance in comparison to binary product’s 

performance can be attributed to a combination of events: enhanced intermolecular 

interactions among enteric and hydrophilic polymers and the presence of povidone or 

copovidone as precipitation/recrystallization inhibitor.  Specifically the ternary product of 

S-630 copovidone in comparison to the ternary product of K-12 povidone immediately 

following the pH transition exhibited more rapid dissolution (Conc.=111.6 µg/mL vs. 

Conc.=70.67 µg/mL at 125 min) and a higher maximum concentration (Cmax=111.6 

µg/mL at 125 min. vs. Cmax=72.5 µg/mL at 135 min) respectively. The different degrees 

of amorphous character displayed by the former product may potentially explain the 

significant differences observed in non-sink dissolution performance. However despite 
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the rapid dissolution of GF at 125 min, a sharp decrease in GF concentration ensued up to 

5 hours suggesting a recrystallization event of GF in neutral media solution.  

Despite the binary product and ternary product of K-12 povidone exhibiting lower 

GF concentrations in neutral media, GF releases were sustained in the range of 55-70 

µg/mL up to 12 h in solution. As the initial plasticizer investigated in this study was TEC 

which is a hydrophilic plasticizer, the substitution of a hydrophobic plasticizer, ATBC, in 

the ternary product, GF:L100-55:S-630, was hypothesized to sustain GF release in 

neutral media. With the addition of ATBC, the ternary product was characterized by 

hydrophobic molecules between polymer chains. As shown in Figure 4.7, the latter 

ternary product with ATBC sustained GF release to a greater extent in comparison to the 

identical ternary product but with TEC. Thus the supersaturated dissolution profile 

illustrated that the hydrophobic domains presented the ability to inhibit wicking of water 

through the combinational polymer network. In addition to evaluating compositions with 

differences in polymer combinations and plasticizer types, the optimal ternary product, 

1:2:1:0.6 GF:L100-55:S-630:ATBC was sieved to a particle size less than 45 µm. The 

supersaturated dissolution profile displayed a Cmax value of 110.4 µg/mL, which nearly 

matched the Cmax of its counterpart product containing the substitution of TEC. The 

smaller particle sized product exhibited a similar dissolution profile in shape but slightly 

higher GF concentration values in comparison to the larger particle sized product. In 

addition, the smaller particle sized product provided significantly lower standard 

deviations of GF concentrations at time points greater than 3 hr signifying the advantage 

of controlling particle size to a smaller sized fraction. 

As displayed in Figure 4.8, non-sink dissolution performance was investigated for 

the following binary and ternary HME products containing AQOAT-LF, with particle 

size less than 250 µm: 1:2 GF:AQOAT-LF, 1:2:1 GF:AQOAT-LF:S-630, 1:2:1 

GF:AQOAT-LF:K-12, 1:2:1:0.6 GF:L100-55:K-12:ATBC.  Initial observations 

confirmed at least a 6-fold increase in GF concentration following the acidic to neutral 

pH transition in comparison to GF’s equilibrium solubility. Greater GF releases were 

observed for the ternary HME products containing AQOAT-LF in the acidic phase, with 
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the concentrations eclipsing the equilibrium solubility. Similarly discussed earlier, a 

combination of factors may explain the enhanced and sustained dissolution of GF by 

ternary products including enhanced covalent interactions among enteric and hydrophilic 

polymers. The latter GF concentrations in acidic media were much larger than those 

exhibited by the ternary HME products containing L100-55 which can be attributed to 

enhanced imbibition of media due to combinations of lower molecular weight polymers. 

The binary product exhibited minimal GF release in the acidic media which supports the 

similar findings for GF release from binary products containing L100-55. Following the 

pH change, ternary HME products containing AQOAT-LF and K-12 povidone 

supersaturated GF to a greater extent in comparison to the binary HME product, 1:2 

GF:AQOAT-LF, and ternary HME product, 1:2:1 GF:AQOAT-LF:S-630. Specifically in 

opposition to the findings presented for HME products containing L100-55, the ternary 

product of K-12 copovidone exhibited a higher rate of immediate dissolution in 

comparison to the ternary product of S-630 copovidone. The enhancement in 

supersaturated release of GF can be attributed to the lower degrees of compositional 

crystallinity present in the ternary product, GF:AQOAT-LF:K-12. The Cmax of the 

former and latter products were 99.6 µg/mL at 150 min and 80.03 µg/mL at 165 min 

respectively. The release of GF from the binary product was sustained at a concentration 

greater than 50 µg/mL whereas the ternary products sustained GF release at 

concentrations greater than 60 µg/mL up to 12 h.   

To comparatively study dissolution performance of ternary products, the 

hydrophobic plasticizer, ATBC, was added. The ternary product, GF:AQOAT-LF:K-12, 

with the addition of the hydrophobic plasticizer, was hypothesized to sustain GF release 

in neutral media as previously discussed for L100-55-based HME products.  As shown in 

Figure 4.8, the ternary product of K-12 povidone containing ATBC sustained GF release 

to a greater extent in comparison to the ternary product absent of ATBC. To investigate 

dissolution performance of the latter composition characterized by small particle size, the 

optimal ternary product, 1:2:1:0.6 GF:AQOAT-LF:K-12:ATBC was sieved to a particle 

size less than 45 µm. The supersaturated dissolution profile displayed a Cmax value of 
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109.0 µg/mL, which was the highest concentration of GF in neutral media solution 

among the HME products. In addition, GF release was sustained at concentrations greater 

than 75 µg/mL in neutral media up to 12 h. Based on the results observed, ternary 

polymer combinations of enteric and hydrophilic carriers may be characterized as 

concentration enhancing for the poorly water-soluble compound, GF. The ternary 

products may be considered to offer concentration enhancing effects as dissolution rates 

increased and recrystallization of GF was inhibited yielding higher sustained release of 

GF in neutral media. The selection of plasticizer type was also identified as a crucial 

factor in study design as evidenced by differences in GF release influenced by the 

chemical polarity of plasticizer structure. Products with smaller particle size fraction, less 

than 45 µm, proved to supersaturate under non-sink dissolution conditions to a slightly 

greater extent following the pH change while exhibiting significantly lower standard 

deviations of GF concentrations at time points greater than 3 hr in comparison to the 

identical product with a larger particle size fraction. The advantage of reducing the 

particle size of the optimized products was that variability of GF concentration was 

decreased at time points greater than 3 hr. Although slight increases in GF concentration 

were observed and sustained for both enteric-hydrophilic ternary products, lower particle 

sized fractions did not significantly enhance GF concentration in comparison to products 

with particle size less than 250 µm. 

The differences in dissolution performance among the ternary dispersions of 

GF:L100-55:S-630:ATBC and GF:AQOAT-LF:K-12:ATBC may be explained by a 

combination of phenomena including polymeric interactions and steric mechanisms 

resulting in differences in miscibility. As described previously thermal analysis 

determined that different plasticizers can affect component interactions and volume 

additivity as experimental Tg values of blends of GF with plasticized Eudragit L100-55 

or S-630 copovidone were significantly different. The findings suggested GF-polymer 

interactions may be stronger when GF is in the presence of one or both of the latter 

polymers plasticized with ATBC. In addition, the IR spectra of the dispersions containing 

L100-55:S-630 showed greater degrees of hydrogen bonding in comparison to spectra of 
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dispersions containing AQOAT-LF:K-12. As S-630 copovidone is characterized by two 

types of hydrogen bond receptor sites in comparison to K-12 povidone, it is proposed that 

more interactions through hydrogen bonding with the enteric portion, L100-55, create an 

inter-connected network of polymer chains which are lower in free volume and promote 

reduced molecular mobility for GF to recrystallize. The dispersion of AQOAT-LF and K-

12 povidone may exhibit degrees of hydrogen bonding; however, FTIR spectra presented 

peaks associated with unbound carbonyl groups suggesting low degrees of hydrogen 

bonding in comparison to the latter dispersion. Steric hindrance is a mechanism that has 

been used to explain the stabilizing performance of ionic amphiphilic excipients in 

supersaturated solutions (Sathigari et al. 2012, Friesen et al. 2008, Warren et al. 2010). 

DiNunzio et al. reported that the amphiphilic nature of concentration-enhancing polymers 

allows hydrophilic groups to interact with water, while hydrophobic interactions maintain 

stabilization of free drug in solution (DiNunzio et al. 2010b). Thus despite the presence 

of partial crystallinity and decreased hydrogen bonding in the AQOAT-LF ternary 

dispersion, the extensive side chains, hydroxyl and methoxyl functional groups, 

emanating from the backbone of AQOAT-LF polymer structure may promote steric 

hindrance and inhibit GF recrystallization. Thus the latter proposals, suggesting 

differences in drug-polymer interactions, can help explain the similar dissolution 

phenomena among vastly different ternary solid dispersions, GF:L100-55:S-630 and 

GF:AQOAT-LF:K-12. The GF:AQOAT-LF:K-12 product may be characterized by 

partial phase separation or immiscibility of GF:AQOAT-LF and GF:K-12 povidone. The 

combination of the hydrophilic nature of the vinyl pyrollidone polymer and the partial 

ionization of AQOAT-LF may present significant wettability and inhibition of drug-

polymer aggregate growth in solution, respectively, which attributes to the greater extent 

of supersaturation and stabilization efficiency of GF release. The latter discussion is 

incorporated to help explain why two ternary HME products characterized by two 

different enterics and vinyl pyrollidone polymers can exhibit similar GF release.  

Tablets were compressed to two hardness values, 10 and 20 kPa, in order to 

identify whether varying compression forces promotes different disintegration 
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phenomena. The phenomena may result in different sizing yields of submicron granules 

during disintegration which may potentially lead to variances in supersaturation profiles 

of GF.   The tablets were characterized for disintegration time to ensure that the 

compression forces and compositional blends promote disintegration within the acidic 

phase of the first 2 h.  

 

Figure 4.7 Supersaturated dissolution profiles of binary and ternary HME products 

containing Eudragit
®
 L100-55  

Key: 1:2:1:0.6 GF:L100-55:S-630:ATBC, Particle Size < 45µm (□),1:2:1:0.6 GF:L100-55:S-

630:ATBC, Particle Size < 250µm (∆), 1:2:1:0.6 GF:L100-55:S-630:TEC, Particle Size < 250µm 

(◊), 1:2:1:0.6 GF:L100-55:K-12:TEC, Particle Size < 250µm (○), 1:2:0.4 GF:L100-55:TEC (×), 

crystalline GF (no symbol). Each vessel (n = 3) contained 125 mg of AKBA equivalent 

corresponding to 10× neutral equilibrium solubility. Testing was conducted for 2 h in 750mL of 

0.1N HCl media followed by pH adjustment to approximately 6.8 by addition of 0.2M tribasic 

sodium phosphate solution. Dashed vertical line indicates pH change. Dashed horizontal line 

indicates GF equilibrium solubility. 
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Figure 4.8 Supersaturated dissolution profiles of binary and ternary HME products 

containing AQOAT-LF  

Key: 1:2:1:0.6 GF:AQOAT-LF:K-12:ATBC, Particle Size < 45µm (□),1:2:1:0.6 GF:AQOAT-

LF:K-12:ATBC, Particle Size < 250µm (∆), 1:2:1 GF:AQOAT-LF:K-12, Particle Size < 250µm 

(◊), 1:2:1 GF:AQOAT-LF:S-630, Particle Size < 250µm (○), 1:2 GF:AQOAT-LF (×), crystalline 

GF (no symbol). Each vessel (n = 3) contained 125 mg of GF equivalent corresponding to 10× 

neutral equilibrium solubility. Testing was conducted for 2 h in 750mL of 0.1N HCl media 

followed by pH adjustment to approximately 6.8 by addition of 0.2M tribasic sodium phosphate 

solution. Dashed vertical line indicates pH change. Dashed horizontal line indicates GF  

equilibrium solubility. 

 

4.4.3.3 In vitro Dissolution Behavior of Compressed Tablets Containing Extrudate 

Blends Sizing Less than 250 µm 

Selected extrudate blends of particle size less than 250 µm were directly 

compressed into 750 mg tablets with 125 mg of loaded GF. The proportions of materials 

in each set of compressed tablets (n=3) are displayed in Table 4.2. Avicel PH-101 was 

incorporated as a diluent/filler in the compressed tablets, Ac-Di-Sol was incorporated at 

3% (w/w) as a superdisintegrant in order to aid tablet disintegration and promote 

immediate release of GF, and 0.75% (w/w) magnesium stearate was added as a 
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compositional lubricant to prevent tablet punch and die sticking.  Table 4.3 identified that 

all tablets, whether compressed at 10 or 20 kPa, disintegrated within the first 15 min in 

acidic media. Validating that immediate disintegration of the selected tablets occurred 

under non-sink conditions ensures that large volume granules will be limited in number 

prior to being subjected to the pH transition. If large compositional granules are still 

present, they can lead to variations in standard deviations of GF concentrations in neutral 

media as well as promote sites for nucleation or growth which may lead to 

recrystallization events. 

Table 4.2 Compositions of 750 mg tablets containing extrudate blends 

 

Table 4.3 Disintegration of 750 mg tablets, compressed to approximately 10 and 20 kPa 

hardness, in 900 mL 0.1N HCl media (n=3) 

 

As shown in Figure 4.9a,b, dissolution profiles were studied for tablets 

compressed at 10 or 20 kPa. In addition, the extent of supersaturation attributed to each 

tablet composition was compared to that of the milled HME powder. Tablets containing 

L100-55 were characterized by non-sink dissolution profiles as shown in Figure 4.9a. The 

milled ternary extrudate powder with particle size less than 250 µm exhibited the highest 

Cmax of GF in neutral media solution and greater extent of supersaturation in 

comparison to the tablets compressed at 10 and 20 kPa. The latter observation suggested 

that fine particle sizes may initially attribute to the fast dissolution rate and high Cmax of 

GF following the pH transition. A rapid decrease in concentration was noted in the 
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dissolution profile for the milled ternary extrudate powder. The sharp decrease of the 

profile beginning at 2.5 h spanning until 8 h can most likely be attributed to a 

recrystallization feature as resultant fine particles may provide nucleation sites for 

crystalline growth of GF. Although the Cmax of the binary extrudate powder was slightly 

higher than those of the equivalent tablets, those tablet dissolution profiles exhibited 

similar shape and sustained release at similar concentrations over time. Tablets 

containing AQOAT-LF were also characterized by supersaturation of GF but not to the 

extent observed with the milled extrudate powders. Both the binary and ternary milled 

extrudates exhibited significantly enhanced concentrations of GF in neutral media 

solution immediately following the pH transition in comparison to respective tablet 

formulations as shown in Figure 4.9b. The tablet dissolution profiles displayed a 

constant, sustained release over time potentially due to more consistent dissolution of 

similarly sized, dispersed granules whereas the milled extrudate powders, which most 

likely exhibit particles that are smaller in size and maintain high surface area, 

supersaturate at a much faster rate upon contact with the neutral media. Finally as 

expected, all tablets compressed at 10 kPa dissolved and supersaturated to a slightly 

greater extent than those tablets compressed at 20 kPa. With regards to the dissolution 

profiles of the tablets, it was elucidated that the tablets compressed at the lower force, 10 

kPa, disintegrated and supersaturated to a greater extent following the pH transition in 

comparison to tablets compressed at 20 kPa. Thus it was confirmed that HME products 

targeted to the neutral media of the small intestines for bioavailability enhancement may 

be incorporated into directly compressed tablets for immediate release in the acidic phase 

which further supersaturate in neutral media to sustain GF release.   
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Figure 4.9 Supersaturated dissolution profiles of directly compressed tablets containing: a) 

L100-55 and b) AQOAT-LF       

Key:  1:2:1:0.6 GF:Enteric:Hydrophilic:ATBC, Particle Size < 250µm (□), 1:2:1:0.6 

GF:Enteric:Hydrophilic:ATBC, 10 kPa tablets (∆), 1:2:1:0.6 GF:Enteric:Hydrophilic:ATBC, 20 

kPa tablets (×), 1:2 GF:Enteric, Particle Size < 250 µm (+), 1:2 GF:Enteric, 10 kPa tablets (○), 

1:2 GF:Enteric, 20 kPa tablets (◊), and crystalline GF, Particle Siz < 250 µm (−). Each vessel (n = 

*Figure 4.9 caption and key continued on next page* 
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3) contained 125 mg of GF equivalent corresponding to 10× neutral equilibrium solubility. 

Testing was conducted for 2 h in 750mL of 0.1N HCl media followed by pH adjustment to 

approximately 6.8 by addition of 0.2M tribasic sodium phosphate solution. Dashed vertical line 

indicates pH change. Dashed horizontal line indicates GF equilibrium solubility. 

 

 

4.5 CONCLUSION 

Solid dispersions processed by HME which contained GF, enteric polymer (L100-

55 or AQOAT-LF), and/or a vinyl pyrrolidone-based polymer (Plasdone
TM

 K-12 

povidone or S-630 copovidone) were successfully processed to yield full GF recovery, 

varying degrees of compositional amorphous character, enhanced intermolecular 

interactions, and improved non-sink dissolution performance. In addition to hydrogen 

bonding formed between GF and the enteric polymers, enteric and vinyl pyrrolidone 

polymers also interacted with each other via hydrogen bonding. However thermal 

analysis identified differences in Tg values between blends of GF and polymer 

plasticized with different types of plasticizers, TEC and ATBC, resulting in differences 

from Gordon-Taylor ideality in bonding phenomena, volume additivities, and molecular 

mobility. The release performance of GF was enhanced by alternate combinations of 

polymers, and L100-55/S-630 copovidone and AQOAT-LF/K-12 povidone combinations 

provided better dissolution performance enhancement in comparison to other ternary 

products due to a combination of enhanced hydrogen bonding and decreased crystallinity 

within the compositions. The latter HME products were considered to provide 

concentration-enhancing effects as confirmed by the latter findings and the incorporation 

of a hydrophobic plasticizer to modify release. In addition, a smaller particle sized 

fraction proved to slightly enhance GF release initially following the pH change. 

Although release of GF was not significantly influenced by particle size, variability of GF 

release was significantly reduced at time points greater than 3 h with the reduction of the 

particle size distribution. Ternary HME products containing combinations of 

concentration enhancing polymers can supersaturate and sustain GF to greater 

magnitudes in neutral media solution following the pH transition, and additionally be 

compressed into immediate release tablets exhibiting similar release profiles as the milled 



110 
 

extrudate powders. Thus ternary solid dispersions were determined to stabilize GF in an 

enhanced hydrogen bonding lattice network while providing the ability to immediately 

release GF in neutral media due to its presence in a higher amorphous energy state. 
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Chapter 5: Effect of Cyclodextrins on the Physicochemical Properties 

and Dissolution Performance of Solid Dispersions Prepared by Hot Melt 

Extrusion 

 

5.1 ABSTRACT 

Two model drugs, ketoprofen (KT) and hydrocortisone (HCT), were processed 

with Cavamax W7 and Cavasol W7 HP by hot-melt extrusion (HME) to identify whether 

thermal processing of cyclodextrin (CD) with poorly-water soluble drugs generates 

complexation which enhances supersaturated release of drug in non-sink dissolution. 

Phase-solubility behavior of physical mixtures saturated in three separate medium 

exposed significant affinity and complexation efficiency of Cavasol W7 HP with KT in 

both acidic and neutral media and less affinity with HCT in all media. Drug-CD mixtures 

were processed by twin screw melt extrusion to produce amorphous, fully potent solid 

dispersions loaded 50% (w/w). None of the HME processed dispersions containing HCT 

was characterized by full recovery; all products maintained high levels of degradation. 

Cavamax W7 exhibited difficulties in thermal processing due to being revealed as semi-

crystalline in the raw form. The HME product selected for stability testing and non-sink 

dissolution analysis was 1:1 KT:Cavasol W7 HP following confirmation of being one-

phase solid dispersions which exhibited inclusion and non-inclusion complexation of 

drug-cyclodextrin confirmed by MDSC, XRD, and FTIR analyses. Stability testing 

conducted at 30°C/65%RH and 40°C/75%RH revealed 1:1 KT:Cavasol W7 HP samples 

removed at 1, 2, and 3 months to exhibit significant crystal growth/recrystallization and 

moisture absorption. Following non-sink dissolution utilizing a pH transition, profiles 

revealed significant release and stabilization of KT in neutral media for initial, 1, 2, and 3 

month samples despite significant crystalline growth. Thus HME proved to be an 

applicable technology to produce one-phase amorphous solid dispersions containing 

Cavasol W7 HP as an effective hydrophilic carrier to complex poorly water soluble drugs 

and enhance levels of supersaturated release. 
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5.2 INTRODUCTION 

As the number of poorly water soluble drug candidates increases due to advances 

in high-throughput screening, cyclodextrins (CD) and their derivatives have been 

reported to act as functional excipients which enhance oral bioavailability (Ahn et al. 

1997, Bary et al. 2000, Davies et al. 1997). The rate of absorption of the drug from the 

particular dosage form is controlled by the drug solubility and dissolution rate in the 

fluids at the absorption site. When dissolution is the controlling step, absorption is 

designated as dissolution rate limited. The complexation of drug with CD will change the 

drug’s physicochemical properties, such as its solubility and chemical stability. Because 

CDs are cyclic oligosaccharides maintaining a lipophilic central cavity and a hydrophilic 

outer surface, the resulting cone structure typically forms dynamic molecular inclusion 

complexes with drugs by incorporating a lipophilic moiety of the drug molecule into the 

central cavity (Davis and Brewster 2004, Kurkov and Loftsson 2013, Loftsson and 

Duchene 2007). The two most important characteristics of the complexes are their molar 

stoichiometry and stability constants of drug-CD complex (Kurkov and Loftsson 2013, 

Loftsson et al. 2005, Stella and He 2008). The stoichiometry of drug-CD complexes and 

the numerical values of their stability constants can be acquired from phase-solubility 

diagrams or plots of drug solubility versus CD concentration. A more accurate method 

for measuring the solubilizing effect of CD is to determine their complexation efficiency 

or the concentration ratio between CD in a complex and free CD in solution. The 

thermodynamics to form an inclusion complex consist of weak, non-covalent forces such 

as electrostatic interactions, van der Waals interactions, hydrophobic interactions, and 

hydrogen bonding (Brewster and Loftsson 2007, Liu and Guo 2002, Pinjari et al. 2006, 

Rekharsky and Inoue 1998). Phase-solubility studies are performed in aqueous solutions 

saturated with the drug where formation of higher-order complex aggregates is a more 

likely outcome than in diluted unsaturated solutions.  

Theoretical approaches and modelling of drug-CD interactions tend to simplify 

and ignore non-inclusion constructs which have been reported to occur at concentrated 

solutions resulting in aggregation of CD molecules and/or complexes (Kurkov and 
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Loftsson 2013, Sigurdsson et al. 2002). Studies have indicated that these larger complex 

aggregates are effective in solubilizing poorly water soluble drugs through non-inclusion 

complexation or through formation of micelle-like structures (Loftsson et al. 2003a, 

Loftsson et al. 2004a, Messner et al. 2011). CDs not only maintain the functional capacity 

to enhance aqueous solubility, but also maintain the ability to delay drug crystallization 

from supersaturated solutions. In a recent report, Brewster et al. 2008 maintained the 

stabilization of supersaturated itraconazole solutions, generated by the co-solvent 

technique, by hydroxypropyl-β-cyclodextrin for greater than 4 hr (Brewster et al 2008). 

The solubilizing capacity of CDs may decrease the degree of supersaturation and thereby 

alter the precipitation kinetics to yield a metastable solution. In addition, CDs may 

interact with drug molecules in solution or with growth sites on the crystal surface by 

means of non-inclusion hydrogen bonding (Brewster and Loftsson 2007, Brewster et al. 

2008, Loftsson et al. 2004b). Inclusion complexation by internalization into the central 

cavity of the CD structure may increase activation energies by reducing exposure of 

hydrophobic drug moieties to the molecular surface of the structure in order to inhibit 

nucleation events (Rekharsky and Inoue 1998). Thus CD-based stabilization of 

supersaturation is yet to be fully determined based on conclusions of previous literature. 

Specific enzymes are used in the manufacturing process of starch to selectively 

produce many types of CD molecules including α, β, and γ-CD which have all been 

supported to exhibit complexation behavior with drug molecules (Al-Sou’od 2008, 

Pinjari et al. 2006). Substituting hydroxyl groups for hydroxylpropyl groups in the 

commercial synthesis of β-CD has led to the production of hydroxypropyl-β-cyclodextrin 

(HP-β-CD). HP-β-CD is characterized by the degree of substitution or average number of 

hydroxylpropyl groups per each CD molecule which affects the aqueous solubility of the 

CD molecule and the access of the drug to the CD cavity. Thus, the degree of substitution 

for grades of HP-β-CD falls in the typical range of 4.1-5.1. Numerous studies have 

reported the complex formation of poorly water soluble drugs with HP-β-CD to enhance 

the dissolution rate because the substituted hydrophilic moieties on the molecular surface 

increase its apparent aqueous solubility (Li et al. 1998, Magnusdottir et al. 2002, Zheng 
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and Chow 2009). Phase-solubility techniques were used by Peeters et al. to assess 

itraconazole complexation with HP-β-CD revealing that higher order complexation was 

observed at higher concentrations of HP-β-CD; the higher concentrations resulted in 

increases in ITZ solubility with decreasing pH (Peeters et al. 2002).  

Cyclodextrins offer the valuable property similar to concentration enhancing 

polymers of acting as both the glassy carrier in an amorphous solid dispersion as well as 

the formulation component that sustains supersaturation by inhibition of drug 

recrystallization. CDs have converted a crystalline drug into a dispersion of amorphous 

drug in the CD carrier following exposure to dehydration processing methods such as 

lyophilization. Previous literature has identified solvent methods, co-evaporation and 

spray-drying processes, for the production of dispersions containing CDs to enhance 

solubility and/or dissolution performance of the following drugs: ketoprofen (KT) (Ahn 

et al. 1997, Maestrelli et al. 2008, Mura et al. 1999) and hydrocortisone (HCT) (Iervolino 

et al. 2000, Loftsson et al. 2003, Loftsson et al. 2002). Hot-melt extrusion (HME) has 

been widely reported to enhance the oral bioavailability of poorly water soluble drugs 

utilizing thermoplastic polymers, both hydrophilic and enteric carriers. Research has 

seldom investigated the use of CD in HME processing to produce amorphous solid 

dispersions which supersaturated poorly water soluble drugs. Fukuda et al. investigated 

the influence of sulfobutyl ether β-CD on the dissolution performance of HME-processed 

dispersions containing KT and determined that the dissolution rates of the HME products 

were significantly faster than both the physical mixture and HME products prepared with 

β-CD (Fukuda et al. 2006).  The apparent ITZ solubility was increased in 0.1N HCl by 

HME powders containing high fractions of HP-β-CD produced by Rambali et al 

(Rambali et al. 2003). The marketed CD grades Cavamax
®
 W7 (β-CD) and Cavasol W7 

HP (HP-β-CD) were developed as functional pharmaceutical solubilizers with the 

potential to be utilized in HME due to their suitable bulk density (0.5-0.7 g/cm
3
)  and 

thermal stability up to 200°C.  The following study investigates HME as a viable 

processing technology for the production of dispersions containing complexes of model 
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drugs KT or HCT and grades of CDs while also evaluating apparent solubility, 

dissolution performance, and stability. 

 

 

5.3 MATERIALS AND METHODS 

 

5.3.1 Materials 

 Ketoprofen and hydrocortisone were purchased from Hawkins Pharmaceuticals 

(Minneapolis, MN). Cavamax
®
 W7 and Cavasol

®
 W7 HP were donated by Ashland 

Specialty Ingredients (Wilmington, DE). High performance liquid chromatography 

(HPLC) grade acetonitrile and methanol was purchased from Fisher Scientific 

(Pittsburgh, PA). All other chemicals were of ACS grade or higher.  

 

5.3.2 Methods 

5.3.2.1 Determination of Intrinsic and Apparent Solubility  

 The intrinsic solubility of raw KT and HCT, the apparent solubility of physical 

mixtures were determined by measuring the filtered drug content of saturated solution 

samples containing Cavasol W7 HP. In order to extrapolate phase-solubility and stability 

constants for each drug from experimentally measured apparent solubilities, solubility of 

physical mixtures was determined. Approximately 125 mg of raw drug, and 500, 250, 

and 187.50 mg of physical mixtures containing 33.33, 50, and 75% (w/w) of drug and 

66.67, 50, and 25% (w/w) of Cavasol W7 HP respectively (equivalent to 1:2, 1:1, and 3:1 

drug:CD ratios)  were incorporated into culture tubes and subsequently filled with 10 mL 

of 0.1N HCl, deionized water, or pH 6.8 phosphate buffer media (n=3). In order to 

determine the apparent solubility of HME products containing 1:1 drug:CD ratio, 

approximately 250 mg of milled HME powders containing 50% (w/w) of one drug and 

50% (w/w) of Cavasol W7 HP (equivalent to 1:1 drug:CD ratio) were also incorporated 

into culture tubes and filled with equivalent media and volume. The culture tubes were 

sonicated for 30 min and placed on a Lab-Line Orbit Environ-Shaker (Lab-Line, Melrose 



122 
 

Park, IL, USA) at 100 rpm for 72 h maintained at 37°C prior to filtering through 0.2 µm 

PVDF filters (Whatman, Piscataway, NJ, USA). The filtered samples were analyzed for 

drug concentration by high performance liquid chromatography (HPLC) as follows in the 

HPLC methods section.  

 A plot of total drug concentration versus total CD concentration for the formation 

of a 1:1 drug:CD complex reveals a straight line with a slope less than unity and an 

intercept equal to the intrinsic solubility of the drug. The value of the stability constant 

(K1:1), used to compare the affinity of drugs for CDs, was calculated from the slope and 

intrinsic solubility. In aqueous solution, the intrinsic drug solubility is equal to the 

concentration of free drug in solution and only the free drug is in equilibrium with drug in 

the complex. Stability constants were determined for each physical mixture containing 

drug:Cavasol W7 HP in each of the three mediums at the saturated concentrations. 

Complexation efficiency (CE) was calculated from the slope of the phase-solubility plot. 

The latter discussed phase-solubility plot and the values of stability constants and CE 

were plotted and calculated by Microsoft Excel 2010 formatted using the Equations 

revealed in Results section. 

 

5.3.2.2 Hot Melt Extrusion (HME) 

 Powder blends (50 g total) of binary mixtures containing KT or HCT at 25, 33.33, 

40, or 50% (w/w) and CD at 75, 66.67, 60, and 50% (w/w) respective to batch numbers in 

Table 5.1 were manually mixed in a low density polyethylene bag prior to being 

processed by HME. A 5/14 mm conical, twin screw HAAKE Minilab II 

Microcompounder (Thermo Electron Corporation, Newington, NH, USA) equipped in 

flush mode without an external die was used to process extrudates by HME. Extrudates 

were cooled at room temperature and immediately milled in an impact mill. The resulting 

powders were passed through a 60-mesh screen to yield particles with size less than 250 

µm prior to characterization. Actual HME processing conditions are outlined in Table 

5.1. 
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5.3.2.3 X-ray Diffraction (XRD) 

 To determine the presence of crystallinity in dispersions processed by HME, XRD 

testing was performed using an Equinox 100 standalone bench top X-ray diffractometer 

(INEL, Inc., Stratham, NH). Samples of neat KT and HCT, unprocessed polymers, 

physical mixtures and dispersions processed by HME were placed in an aluminum 

crucible and further placed in a rotating sample holder. The sample was analyzed for 300 

seconds using a Cu K radiation source (λ = 1.5418 Å) operating at 42 kV and 0.81 mA. 

 

5.3.2.4 Thermal Analysis 

 Raw KT and HCT, physical rmixtures, and HME products were analyzed by 

modulated differential scanning calorimetry (MDSC) to investigate miscibility of the 

drugs with the respective cyclodextrins and/or polymer additives in order to characterize 

whether crystalline drug is present following processing and if significant phase 

separation is apparent. An accurately weighed amount of 12 ± 1 mg powder was sealed in 

an aluminum pan and heated using a TA Instrument model 2920 (New Castle, DE). The 

material was equilibrated at 30°C and ramped to 220°C at 5°C/min with a modulation of 

0.5°C every 60 s. After quench cooling to 30°C, a second heating cycle was performed 

on raw drug to identify the glass transition temperature of amorphous drug. The glass 

transition temperatures were measured as the midpoints of the step transitions in the plots 

of reverse heat-flow versus temperature. 

  

5.3.2.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Unprocessed KT and HCT, unprocessed and processed CDs, physical mixtures 

and dispersion powders were analyzed by FTIR to determine potential interactions. The 

samples were prepared by weighing approximately 15 mg of the material for analysis, 

homogenously dispersing in dried KBr of about 315 mg in a mortar and pestle, and 

compressing the powder with a compression force of 12 tons using a 13 mm round, flat 

face punch tooling for one minute to produce pellet compacts. The sample was placed in 

the IR light path and the IR spectra were recorded using a Thermo Mattson Infinity Gold 
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FTIR with Spectra-Tech Thermal ARK module from 400 to 4000 cm
-1

 in transmission 

mode equipped with a KBr beamsplitter and DTGS detector having a resolution of 1cm
-1

. 

 

5.3.2.6 Determination of Apparent Solubility for HME Dispersions 

In order to determine the apparent solubility of HME dispersions containing 1:1 

drug:CD ratio, approximately 250 mg of milled HME powders containing 50% (w/w) of 

one drug and 50% (w/w) of Cavasol W7 HP (equivalent to 1:1 drug:CD ratio) were also 

incorporated into culture tubes and filled with equivalent media and volume as described 

previously for apparent solubility of physical mixtures. The culture tubes were sonicated 

and placed on a shaker for 72 h maintained at 37°C prior to filtering following the 

previously described procedure for solubility analysis. The filtered samples were 

analyzed for drug concentration by HPLC.  

 

5.3.2.7 Assay Testing 

 Aliquots were taken of the milled powders processed by HME for potency 

analysis to determine KT and HCT recovery values. Milled dispersions were accurately 

weighed so as a theoretical amount of 20.0 ± 0.20 mg KT or HCT was placed in 100-mL 

volumetric flasks. The HPLC mobile phase for each respective drug was added to the 

volumetric flasks to dissolve the solid content. After samples were completely dissolved 

following sonication for 5 min, volumetric flasks were filled to volume, filtered through 

13 mm, 0.2 µm PVDF filters (Whatman, Piscataway, NJ) and immediately transferred to 

1 mL vials (VWR International, West Chester, PA) for HPLC analysis. Assay values 

were adjusted for the recorded sample weight and compared to the known standard 

containing 20.0 ± 0.20 mg drug in 100 mL of the diluent described previously. 

 

5.3.2.8 Accelerated Stability Study 

 Stability testing was conducted on approximately 12 g of HME powders which 

were placed in aluminum induction sealed 30 cc HDPE bottles. Sealed HDPE bottles 

were placed into two separate closed chambers within a Blue M 0V-718 Electric Oven 
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(Blue Island, IL) maintained at 30°C/65%relative humidity (RH) and 40°C/75%RH. 

Saturated salt solutions maintained the RH at approximately 65 and 75%. At one, two, 

and three month time intervals, the samples were removed for XRD, SEM, LOD, and 

non-sink dissolution analyses. The bottles were re-sealed after each time interval. 

 

5.3.2.9 Scanning Electron Microscopy (SEM) 

Surface morphology and content uniformity of solid dispersion formulations were 

investigated by SEM. Dried powder samples were mounted onto aluminum stages using 

double sided carbon tape. Surface morphology was investigated by SEM using a Quanta 

650 FEG scanning electron microscope (FEI company, Inc., Hillsboro, OR, USA) 

operated at an accelerating voltage of 10 kV.  

 

5.3.2.10 Loss on Drying (LOD) Measurements 

Uptake of moisture is common among dosage forms maintained under stability 

testing at high humidity and increased temperatures. Loss on drying (LOD) was 

conducted to determine the levels of moisture present in HME powders removed 

periodically from stability-testing. A Moisture Analyzer MF-50 was employed to 

measure percentage weight loss of moisture. Approximately 1 g samples of HME 

powders were exposed to standard drying at 100°C ramped to force moisture loss (n=3). 

When the change of moisture content per one minute fell below 0.05%/min, equilibrium 

weight was reached, and the measurement was complete. 

 

5.3.2.11 Non-Sink Dissolution Analysis 

 Supersaturated dissolution testing was performed in accordance with USP 

XXXIV method A testing procedure for delayed release dosage forms using a VK 7010 

dissolution apparatus (Varian, Inc., Palo Alto, CA, USA) operated at 50 rpm paddle 

speed. Solid dispersions were weighed to achieve an equivalent of 250 ± 1.0 mg KT 

(~20x 0.1N HCl media equilibrium solubility) and added to the dissolution vessels 

containing 750 mL of 0.1 N HCl media maintained at 37.0 ± 0.5°C. A pH of 
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approximately 6.8 was achieved by adding 250 mL of 0.2 M Na3PO4 solution after 2 h. 

During testing, 4 mL samples were removed from the dissolution vessels without 

replacement after 30, 60, 120, 125, 135, 150, 165, 180, 210, 240, 300, and 360 min. 

Samples were immediately filtered using 13 mm, 0.2 µm PVDF filters (Whatman, 

Piscataway, NJ, USA) and diluted in a 1:1 ratio with respective mobile phase, vortex 

mixed, and transferred into 1 mL vials for HPLC analysis.  

 

5.3.2.12 High Performance Liquid Chromatography (HPLC) 

Assay and dissolution samples were analyzed for KT or HCT content using a 

Waters (Waters Corporation, Milford, MA) HPLC system consisting of dual Waters 515 

Syringe Pumps, a Waters 717 Autosampler and a Waters 996 Photo-diode Array detector 

extracting at wavelengths of 270, 263, and 220 nm respectively. The system was operated 

under isocratic conditions and a flow of 1 mL/min equipped with a Phenomenex
®

 Luna 5 

µm C-18(2) 100Å, 150 x 4.60 mm (Phenomenex
®
, Torrance, CA, USA) HPLC column 

analyzing mobile phases of 60:40:1 acetonitrile:water:glacial acetic acid to elute 

KT/HCT. Assay samples were injected in 15 µL for KT/HCT; whereas dissolution 

samples collected in the 0.1 N HCl media and neutralized media were injected in 15 µL 

and 60 µL for KT/HCT, respectively during testing. The retention time of KT and HCT 

was approximately 8.5, 12.0, and 5.2 min respectively. Data were collected and analyzed 

using Empower Version 5.0 software (Waters Corporation, Milford, MA, USA).  

 

 

5.4. RESULTS AND DISCUSSION 

5.4.1 Phase-Solubility Profiles 

 Analysis of phase-solubility allows for the determination of the values of stability 

constants and stoichiometry of the equilibrium. Experimentally, an excess of each poorly 

water-soluble drug, KT and HCT, was introduced to a constant volume of 0.1N HCl, 

deionized water, and pH 6.8 phosphate buffer to maintain as high a thermodynamic 
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activity of the drug as possible. The suspensions were filtered after 72 h of shaking 

maintained at 37°C, and the total concentration of the drug was analyzed by HPLC. The 

phase-solubility profile was constructed to assess the effect of CD concentration and 

aqueous medium on the apparent solubility of each drug. The calculation of the stability 

or equilibrium constant (Km:n) is essential because this value provides an index of 

complexation. Typically, the apparent solubility of the drug increases as a function of CD 

concentration. AL-type relationships are first order with respect to the CD. If the slope of 

AL isotherm is greater than unity, higher order complexes are assumed to be involved in 

the solubilization. A 1:1 complex is often assumed if the slope is less than one although 

the occurrence of higher order complexes cannot be excluded. Equilibrium constants can 

be derived from AL-type phase-solubility profiles according to Equations 5.1-5.5 derived 

by Higuchi and Connons (Higuchi and Connons). When one drug molecule forms a 

complex with one CD molecule (1:1 D:CD), the equilibrium constant can be represented 

as:  

n
CD

m
D

nKm
CDnDm  

:
  Equation 5.1 
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                   Equation 5.2 

where m drug molecules (D) associate with n CD molecules to form a complex of m:n 

stoichiometry. The total drug solubility [D]T is presented as: 

     ]/[
0
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T

D           Equation 5.3 

Complexation efficiency (CE) is the concentration ratio between CD in a complex 

and free CD. CE is calculated from the slope of the phase-solubility profile. For 1:1 

D:CD complexes, the CE is calculated as follows: 
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 The D:CD molar ratio in a particular media saturated with the drug can be 

calculated from the CE: 

      
CE

CE
CDD

1
:1:


                 Equation 5.5 

AL-type relationships are first order with respect to the CD but may be higher 

orders with respect to the drug. Values for stability constants, complexation efficiencies, 

and molar ratios were determined from saturating physical mixtures of D:CD at different 

ratios and in different media and plotting concentrations of solubilized drug versus 

concentration of Cavasol W7 HP. Cavasol W7 HP was initially identified as the grade of 

CD which enhanced the solubility to the greatest among KT and HCT (data not shown). 

The ability of different CDs to solubilize a drug is evaluated by comparing the stability 

constants. For a 1:1 D:CD complex, the stability constant (K1:1) can be determined 

assuming that the intrinsic solubility is equal to the y-intercept of the linear phase-

solubility profile. However, hydrophobic interactions of lipophilic poorly water soluble 

drugs commonly lead to the formation of multiple complex structures that are non-

indicative through constructs of linear phase-solubility profiles. If plotted isotherms 

indicate that water soluble complexes were formed with solubilities higher than that of 

drug which did not complex, non-inclusion complexes with additional drug molecules 

may have resulted which are described by Ap-type phase-solubility diagrams. Curvature 

deviates from linearity at high CD concentrations (Loftsson et al. 2002).  

The stability constants (K1:1), complexation efficiencies, and molar ratios, noted 

in Table 5.1, were determined for the physically mixed complexes of KT or HCT and 

Cavasol  W7 HP saturated in 0.1N HCl, deionized water, and pH 6.8 phosphate buffer 

media. Table 5.1 shows that the values of K1:1 for KT:Cavasol complex are high in 0.1N 

HCl and deionized water but is significantly lower in pH 6.8 buffer signifying a loss in 

affinity. The complexation efficiency is the product of the apparent solubility of the 

poorly soluble drug in the complexation media. Although the stability constant of the 

physical mixture KT:Cavasol W7 HP was relatively low in pH 6.8 buffer, the decrease in 

CE was not as significant as that of drug affinity. The drug affinity for Cavasol W7 HP 
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most likely decreased in the media due to higher solubility, but the relatively high CE 

values and constant molar ratios in all media suggests Cavasol W7 HP may enhance the 

apparent solubility of KT independent of pH. A CE approximately of 1.0 was attained in 

all media indicating a D:CD molar ratio of 1:2 meaning that one out of every two 

molecules of Cavasol W7 HP forms a complex with KT.  Finally small differences in 

stability constants and CE across the three different media indicated an approximate 

complexation molar ratio between 1:3 and 1:4 for physical mixes of HCT:Cavasol W7 

HP. Thus complexation relative to pH was independently affected and the average 

complex is formed when one molecule of HCT forms a complex with one out of every 

three to four CD molecules.   

Table 5.1 The effect of different media on stability constant (K1:1) and complexation 

efficiency (CE) of Cavasol W7 HP physically mixed with KT and HCT 

 

 

5.4.2 Hot Melt Extrusion (HME) 

 HME processing was utilized to promote D:CD complexation in order to enhance 

solubility, dissolution performance, and stability. Numerous mixtures of D:CD were 

processed by HME, and the batch formulations with processing conditions are detailed in 

Table 5.2. The HME products containing D:CD were processed according to the 

respective temperatures and rotational screw speeds noted with corresponding drug 

assays. Initial HME processing studies identified the ability to decrease processing 

temperatures as drug loading increased signifying drug plasticization of the mixture 

blends. In addition, Cavamax W7 exhibited difficulties in HME processing with each 

drug. The CD could not be processed with KT at any drug loading because the mixture 

did not successfully exit the extruder due to increasing melt viscosity. For those 

dispersions containing KT and Cavasol W7 HP, processing temperatures greater than the 
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melting point (95°) in combination with high screw speeds resulted in unfavorable 

recovery values and increased degradation content. Mixtures maintained at equivalent 

temperatures but exposed to screw speeds of 250 rpm resulted in decreases in KT 

recovery values and generally higher degradation. However those 1:1 formulations 

produced at temperatures below 110°C and 250 rpm exhibited improved content 

uniformity in comparison to those formulations processed at 100 rpm. At higher 

temperatures, melt softening improved leading to higher melt pressure and greater mixing 

capabilities. The increased shear rates most likely aided dispersive mixing which may 

have limited distributive mixing downstream in the extruder at low screw speeds. A 

lowering in torque or drive load was observed during processing at temperatures greater 

than 100°C suggesting a reduction in melt viscosity and potential improvement in chain 

mobility. Challenges related to content uniformity were not persistent at high 

temperatures while degradation was. Initial findings support increased shear rates 

resulting from increased screw speeds may cause degradation of CDs which negatively 

affect recovery of KT in the presence of temperatures exceeding the melting point of KT. 

The 1:1 KT:Cavasol W7 HP HME product processed at 90°C, 250 rpm yielded full 

recovery characterized by little deviation and a low degradation assay value. The high 

drug loading allowed for sufficient plasticization and decreased processing temperatures 

in order to fully recover KT.  

 Processing speed and temperature were identified as controllable parameters in 

the HME process that could potentially affect KT stability. A 2-level factorial 

experimental design, presented in Table 5.2, was implemented to investigate effect of 

these parameters on drug degradation. A surface plot was constructed of 1:1 KT:Cavasol 

W7 HP HME product potency graphed with respect to temperature and screw speed as 

shown in Figure 5.1. Inspection of the surface plot demonstrated that as screw speed was 

increased, product potency decreased. In addition, temperature is a variable that affects 

product potency at temperatures greater than 95°C. Statistical analysis of the data 

revealed that screw speed was a statistically significant factor (p-value=0.0009) affecting 

KT degradation whereas temperature was not (p-value=0.48). This indicated that the 
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mechanism of KT degradation was related to shear input. The interaction between 

processing screw speed and temperature was also found to be significant (p-

value<0.0001) with respect to drug degradation. This finding indicated that drug and CD 

structures may be more susceptible to shearing forces at higher processing temperatures 

due to increased molecular mobility and decreased melt viscosity. A decrease in torque or 

drive load suggested a reduction in melt viscosity at elevated temperatures. Inspection of 

the surface plot in Figure 5.1 showed that degradation of KT during processing can be 

mitigated by minimizing processing screw speed and temperature. Although KT has not 

been reported to be shear-sensitive, CDs have been reported to suffer degradation from 

high degrees of mechanical shear in the presence of heat (Burckbuchler et al. 2006). Thus 

by-product side chains of CDs cleaved at or near the complexation site under shear 

stresses can negatively impact the structure of KT and potentially lead to formation of 

impurities. Previous literature of HME processing of poorly water soluble drugs has not 

reported CD or drug-related degradation, but the processing screw speeds did not eclipse 

75 rpm (Fukuda et al. 2008, Rambali et al. 2003). Thus no HME study has investigated 

the effect high screw speeds have on potency assay. 

All dispersions processed by HME containing HCT suffered degradation which 

led to impurity product accumulation. HCT has been reported to suffer degradation due to 

heat-sensitivity at high temperatures (DiNunzio et al. 2010a). Despite HCT degradation 

in HME products, XRD, DSC, and FTIR analyses were conducted to elude dispersion 

structure and physicochemical interactions. All three drugs suffered thermal degradation 

to different degrees and by different mechanisms. CDs may be widely affected by 

miscibility with hydrophobic drugs as HME products of KT:Cavasol W7 HP succumbed 

to degradation relative to shear. Miscibility will be evaluated by MDSC and discussed 

further. Only the HME product containing 1:1 KT:Cavasol W7 HP could be successfully 

processed yielding full drug recovery. 
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Table 5.2 HME processing conditions. Batch Size: 50 g 

 

 

 

Figure 5.1 Surface Plot of 1:1 KT:Cavasol W7 HP product potency as a function of 

processing conditions 
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5.4.3 Physicochemical Characterization of Cyclodextrins and HME Solid 

Dispersions 

5.4.3.1 X-ray Diffraction of Cyclodextrin Materials 

 To investigate why Cavasol W7 HP offers advantages in HME processing in 

comparison to Cavamax W7, XRD diffractograms of the raw CD materials revealed 

structural differences. The diffractogram of raw Cavasol W7 HP and HME placebo, 

processed at 220°C, did not identify crystalline, 2θ peaks, whereas, the diffractograms of 

raw Cavamax W7 identified the existence of numerous 2θ peaks elucidating crystalline 

structure of the raw materials shown in Figure 5.2. The challenges incurred during HME 

processing utilizing Cavamax W7 to render solid dispersions could be attributed to the 

crystalline structure of the raw materials. Semi-crystalline CDs require an initial time 

period for the chain mobility to increase under a thermal process resulting in a time 

period related to the transformation of the semi-crystalline structure to amorphous in the 

feeder section before any dispersive mixing can affect the melt. Thus, those mixtures 

which could not be extruded did not achieve a specific melt viscosity most likely due to 

the inability of the process to transform Cavamax W7 into an amorphous form in a time 

manner to exhibit plasticity.  

 

Figure 5.2 XRD diffractograms of cyclodextrin materials and HME placebos 
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5.4.3.2 Thermal Analysis of Cyclodextrins and HME Solid Dispersions 

 As shown in Figure 5.3a, the semi-crystalline structure of Cavamax W7 was 

confirmed by MDSC analysis as a characteristic exothermic peak was identified at 

approximately 120°C in the thermogram of reverse heat flow. Cavasol W7 HP was 

characterized by an extremely high glass transition temperature greater than 240°C and 

did not exhibit an exothermic peak in reverse heat flow as raw Cavamax W7. Thus 

MDSC results validate the XRD findings and further identify the ability to render 

Cavamax W7 amorphous following placebo HME processing. However, the glass 

transition temperature is still extremely high, 185°C, and slightly higher in comparison to 

the glass transition temperature of Cavasol W7 HP following placebo HME processing. 

 The HME products containing KT and HCT, which corresponded to the study 

design identified in Table 5.2, were analyzed by MDSC with reverse heat flow profiles 

presented in Figure 5.3b,c. The higher loaded HME products which were processed at 

lower temperatures exhibited the lowest, single phase glass transition temperatures. As 

drug load decreased, the processing temperature as displayed in the HME study design 

was required to be increased to successfully produce extrudates. Thus the higher glass 

transition temperatures revealed for the 1:3 KT:Cavasol W7 HP and HCT:Cavasol W7 

HP were a result of greater kinetic energy input into the low drug-loaded systems with 

higher amounts of cyclodextrins characterized by high glass transition temperatures. The 

MDSC results confirmed the production of single-phase solid solutions following 

processing by HME as the single glass transition temperatures were in between those of 

both amorphous KT or HCT and Cavasol W7 HP. The thermograms of reverse heat flow 

for lower drug-loaded HME products may be skewed and/or not completely accurate as 

degraded drug in the products, as displayed n Table 5.2, may directly affect the heating 

kinetics for small sample sizes.  
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*Figure 5.3 and caption continued on next page* 
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Figure 5.3 MDSC reverse heat flow profiles for a) cyclodextrins b) HME-processed binary 

compositions containing KT and b) HME-processed binary compositions containing HCT 

 

5.4.2.3 X-ray Diffraction (XRD) of HME Solid Dispersions 

 In order to identify HME powders which may enhance supersaturation of the drug 

in solution, XRD was used to identify amorphous products which typically maintain high 

thermodynamic energies for enhanced solubilization. The diffractograms of HME 

powders produced at 250 rpm and varying temperatures are presented in Figure 5.4a-c. 

Investigation of XRD patterns shown in Figure 5.4a of 1:1, 1:2, and 1:3 KT:Cavasol W7 

HP dispersions processed at 250 rpm and varying temperatures revealed powders 

characterized by amorphous structure, as crystalline 2θ peaks at 18° and 23° relative to 

both raw KT and the physical mixture were absent. The amorphous structure of the solid 

dispersions containing KT was confirmed by XRD which was initially eluded to by 

thermal analysis by MDSC. Although HCT dispersions suffered from degradation 

following processing by HME, the diffractograms of the powders containing Cavasol W7 
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HP were not characterized by any crystalline peaks prevalent in raw HCT and physical 

mixture as presented in Figure 5.4c. However, the powder containing Cavamax W7 

exhibited partial crystallinity as confirmed by XRD. The challenges processing Cavamax 

W7 can be isolated to the partially crystalline structure of raw powder. Because HME 

solid dispersions containing HCT were characterized by significant degradation and 

increased impurity content following processing by HME, none of the solid dispersions 

were further considered in analysis for this study. Potency assay is crucial to product 

development and any discrepancies in dissolution could be attributed to differences in 

recovery values following thermal processing. 

 

*Figure 5.4 and caption continued on next page* 
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Figure 5.4 XRD diffractograms of a) KT and b) HCT with respective physical mixtures and 

solid dispersions containing Cavasol W7 HP processed by HME 

5.4.3.4 Fourier Transform Infrared Spectroscopy (FTIR): HME Dispersions 

 To elucidate the mechanism of complexation, FTIR was utilized to analyze light 

transmittance through KBr pellet compacts containing distributed samples of raw 

materials, physical mixes, and HME dispersions. FTIR spectra of individual components 

in the region between 4000 and 1200 cm
-1

 are shown in Figure 5.5a-c. The FTIR spectra 

of raw KT showed two typical carbonyl bands at 1695 and 1651cm
-1

, assigned to 

carboxyl carbonyl stretching and ketonic carbonyl stretching respectively. The FTIR 

spectra of the HME dispersion revealed a broadening of the two drug peaks, with a shift 

of the carbonyl band to higher frequency (1713 cm
-1

). The shift of the carboxylic 

stretching peak may be attributed to the fracture of KT intermolecular hydrogen bonding 

present in the crystal lattice. The redistribution of hydrogen bonding with the moieties of 

the hydrophobic cavity may increase the activation energy for nucleation in 

supersaturated states. The observed shifts were comparable with previously reported data 

b 
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for thermal processing of KT with various thermoplastic polymers (Blasi et al. 2007, 

Maestrelli et al. 2008, Mura et al. 1999, Tita et al. 2011). The dramatic decrease in 

frequency and broadening of the KT bands at 1450 and 1419 cm
-1

 (correlating to methyl 

group deformation) in the HME dispersion supported the potential interaction between 

the methyl group and moieties on the hydrophobic cavity of Cavasol W7 HP. The 

absence of any frequency shift or change for the band at 1650 cm
-1

, correlating to ketonic 

carbonyl group, suggests that hydrogen bonding or complexation is not occurring among 

this moiety of KT with HP-β-CD. Amorphization of the HME powder in relation to raw 

KT and the physical mixture is reflected in the broadening of the C-H bands due to 

bending in the cyclic C-H plane in the spectra range between 1450 and 1200 cm
-1

. 

 FTIR spectra of raw HCT, unprocessed Cavasol W7 HP, physical mixture, and 

HME dispersion are shown in Fig. 5.5c. Characteristic bands ranging at 3014, 2923, and 

2715 represent stretching of C-H; bands at 1708 and 1635 cm
-1

 represent carbonyl and 

methyl groups. The spectra of the physical mixture present similar characteristic bands 

signifying minor interaction. Disappearance of the bands at 3014 cm
 
and 2715 and minor 

shifts in frequencies at 1635 and 1550 cm
-1

 support the redistribution of hydrogen 

bonding to terminal moieties on CD molecule or inclusion at proposed sites of the methyl 

groups. The broadening of the band at 2923 cm
-1

 supports the amorphization of the HME 

dispersion. While FTIR spectra revealed short terminal chain complexation as a 

predominant mechanism, inclusion complexation at the methyl group site cannot be 

excluded as a proposed mechanism. Review of phase-solubility data in Table 5.1 

identified low values for the stability constant (K1:1) and CE suggesting little affinity of 

HCT for Cavasol W7 HP and poor complexation efficiency. The presence of impurity 

products following processing may have influenced complexation behavior. Because 

HME dispersions containing HCT were characterized by significant degradation and 

increased impurity content following processing by HME, none of the dispersions were 

further considered for further analysis. Full drug recovery is crucial to product 

development following processing. Discrepancies in complexation or dissolution can be 

attributed to degradation or impurity products extant following thermal processing. 
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Figure 5.5 Fourier transform infrared spectroscopy (FTIR) spectra of a) KT and b) HCT 

with respective physical mixtures and solid dispersions of Cavasol W7 HP processed by HME 

b 
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5.4.3.5 Apparent Solubility: HME Solid Dispersions 

 The apparent solubility of 1:1 KT:Cavasol W7 HP system physically mixed and 

processed by HME were measured to yield trends as graphed in Figure 5.6a. An increase 

in solubility of KT trended for physical mixture and HME dispersion across all three 

media presented in Figure 5.6a. Processing by HME resulted in dispersions which 

exhibited higher apparent solubilities of KT in comparison to the physical mixtures and 

raw drug powder in different media. The high apparent solubility in combination with 

Cavasol W7 HP supports the phase-solubility data in Table 5.1. KT exhibited low 

intrinsic solubility but its high stability constant (K1:1) and a CE of approximately 1.0 

presents the finding that one molecule of KT has a strong affinity to complex with two 

molecules of Cavasol W7 HP in aqueous solution regardless of thermal energy input. As 

a result, KT dissolving from Cavasol W7 HP-based particles may supersaturate and 

potentially be stabilized in solution by the mechanism of complexation. The input of 

thermal energy in HME may potentially aid in complexation but also in constructing non-

inclusion complexes with the hydroxypropyl moieties on the glucose units of HP-β-CD. 

As a thermal process, HME provides the capability to produce dispersions containing 

highly stabilized complexes that maintain greater supersaturation levels in comparison to 

physical mixtures.   

 

Figure 5.6 Apparent solubility of KT contained in physical mixtures and HME powders 

relative to intrinsic solubility 
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5.4.4 Stability of HME Solid Dispersions 

The selected 1:1 HME powders were subjected to accelerated stability testing 

where conditions were maintained at 30°C/65%RH and 40°C/75%RH to evaluate the 

performance of Cavasol W7 HP to stabilize KT in the amorphous solid-state. XRD 

analysis was conducted on powder samples removed from storage during intervals in 

accelerated stability testing as presented in Figure 5.7a,b. The diffractograms, depicted in 

Figure 5.7a,b, of powders containing KT exhibited crystalline 2θ peaks that matched 

those of raw drug and physical mixture. The samples placed on stability under both 

conditions exhibited recrystallization from the initially post-processed amorphous 

powder. Reviewing data in Table 5.3 revealed significant loss of moisture for HME 

powder samples removed at 1, 2, and 3 months which were subjected to a constant heat 

profile in a LOD study. The trend followed that the 1:1 KT:Cavasol W7 HP HME 

powder absorbed moisture to a greater weight percent as storage time increased. The 

comparison of samples was made among month intervals of different conditions, and the 

more aggressive storage conditions (40°C/75%RH) resulted in more uptake in water. 

SEM images taken following HME processing of 1:1 KT:Cavasol W7 HP revealed a 

morphology that was smooth and free of surface crystals. Samples removed following 

two months at 30°C/65RH were characterized as having multiple localized clusters of 

crystals on the surface in SEM images supporting the diffractogram analysis. Those 

samples following two months at aggressive conditions revealed a surface with higher 

surface area and a rough topography. Because KT has a low glass transition temperature 

(Tg=-26°C), the drug exhibits high molecular mobility and maintains high 

thermodynamic energy due to being processed into an amorphous state. A low Tg and/or 

low degree of drug-CD interactions lead to insufficient stabilization. KT molecules can 

migrate and form clusters which nucleate during storage acting as initiators for further 

crystallization. Thus crystalline growth under accelerated stability testing is not 

unexpected for a drug substance with such a low Tg. SEM images presented crystalline 

and growth at the particle surface for HME powders containing KT. 
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Table 5.3 Weight Loss on Drying (LOD) 1:1 HME powder following 1, 2, and 3 months 

storage maintained under accelerated stability conditions  

 

 

 

Figure 5.7 XRD diffractograms of HME powders removed from storage containing a) 1:1 

KT:Cavasol W7 HP at 30°C/65%RH and b) 1:1 KT:Cavasol W7 HP at 40°C/75%RH 
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Figure 5.8 SEM images of stored HME products containing 1:1 KT:Cavasol W7 HP 

 

5.4.5 Non-Sink Dissolution Behavior of Milled HME Solid Dispersions 

In addition, dissolution performance was evaluated over time for stored samples 

placed under stability. Non-sink dissolution incorporating a pH transition from acidic to 

neutral media at 2 hr was conducted to identify if levels of drug supersaturation were 

consistent to or deviated from those of initially post-processed HME dispersions or were 

negatively impacted. Analysis of the non-sink dissolution profile presented in Figure 5.9a 

revealed the initially post-processed HME product released less than 100 mg of KT in 

acidic media, but following the pH transition, KT release was sustained at supersaturated 

levels reaching a maximum at 4 hr (3x physical mixture maximum solubility in neutral 

media). An equivalent amount of 500 mg KT was the maximum potential release by the 

dispersion in neutral media; hence, full release of KT at 20x the equilibrium solubility 

was nearly achieved. In comparison, the stored products maintained at 30°C/65%RH 

exhibited faster, higher release in acidic media (approximately 2x acidic solubility of 

initially post-processed dispersion). Following the pH transition, the stored products 

released KT at fast rates supersaturating to a maximum immediately. The maximum 
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amount of KT in solution was slightly lower than the initially post-processed dispersion 

but the profile was characterized by precipitation of KT to an equilibrium amount of 350-

400 mg KT in solution or 70-80% supersaturated release. As depicted in Figure 5.9b, 

similar trends were obtained. The stored samples removed from more aggressive 

environmental conditions exhibited fast initial supersaturated release of KT which was 

slightly lower than the maximum release of samples stored at less aggressive conditions 

when comparing samples relative to month intervals. The equilibrium supersaturated 

release range of 65-70% was reached at about 4 hr similar to other stored samples. Thus 

the effect of crystal growth on KT products maintained under storage did not negatively 

affect the release in acidic media but rather in neutral media. Equilibrium concentrations 

of KT in neutral media were considerably lower at 4 for those stored samples, but initial 

release was quicker following the pH transition.  
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Figure 5.9 Non-sink dissolution profiles of physical mixture containing 1:1 KT:Cavasol W7 

HP (×) and HME powders containing 1:1 KT:Cavasol W7 HP analyzed immediately post-

processing (○) and at 1 month (□), 2 month (◊), and 3 month (∆) post-processing maintained 

under accelerated conditions of a) 30°C/65%RH and b) 40°C/75%RH 
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5.5 CONCLUSION 

 This study has identified HME as a processing technology for the production of 

supersaturatable solid dispersions containing HP-β-CD or Cavasol W7 HP and poorly 

water-soluble drugs. Phase-solubility behavior identified signficiant affinity of KT to 

Cavasol W7 HP in acidic media and poor affinity and complexation of HCT to Cavasol 

W7 HP in all media. FTIR spectra supported the drug-cyclodextrin complexation 

behavior due to significant peak shifts among functional groups consistent in reported 

inclusion sites. The HME study design identified the inability to successfully process γ-

CD or Cavamax W8 due to its pre-processed semi-crystalline structure. In addition, β-CD 

or Cavamax W7 exhibited difficulties as well in processing as the only viable product 

contained HCT. As all HME processed solid dispersions containing HCT exhibited 

significant degradation, one HME product, 1:1 KT:Cavasol W7 HP, was selected for 

stability and dissolution analysis. Accelerated stability testing identified significant 

moisture adsorption in both products while only the KT:Cavasol W7 HP stored samples 

exhibited significant recrystallization. SEM images presented significant crystalline 

growth for the KT products. Non-sink dissolution analysis revealed the ability of both 

systems to supersaturate KT in acidic media. The KT initially processed product 

exhibited sustained supersaturation in neutral media up to 6 hours. The stored KT 

samples revealed greater release in acidic media, but most likely due to recrystallization 

sustained supersaturated levels at lower concentrations than the initially processed HME 

product. Thus HP-β-CD or Cavasol W7 HP was identified as an applicable cyclodextrin 

material for HME processing of poorly water soluble drugs to enhance their level of 

supersaturated release in acidic and neutral media.        
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Chapter 6: The Use of Cyclodextrin-based Solid Dispersions Prepared 

by Hot Melt Extrusion to Improve Dissolution Characteristics of 

Supersaturated Itraconazole 

 

6.1 ABSTRACT 

Itraconazole (ITZ) was processed with Cavamax W7 and Cavasol W7 HP by hot-

melt extrusion (HME) to identify whether thermal processing of cyclodextrin (CD) with 

the BCS Class II drug generates complexation which enhances supersaturated release of 

drug in non-sink dissolution. Phase-solubility behavior of physical mixtures saturated in 

three separate medium exposed significant affinity and complexation efficiency of 

Cavasol W7 HP ITZ only in acidic media.  Drug-CD mixtures were processed by hot-

melt extrusion to produce amorphous, fully potent solid dispersions loaded 50% (w/w). In 

addition, mixtures with incorporated polymeric additives of Klucel
TM

 ELF, AQOAT-LF, 

and Plasdone S-630
TM

 copovidone were processed by hot-melt extrusion to render solid 

dispersions. Cavamax W7 exhibited difficulties in thermal processing due to being 

revealed as semi-crystalline in the raw form. Those HME products selected for stability 

testing and non-sink dissolution analysis were characterized as being one-phase solid 

dispersions which exhibited inclusion and non-inclusion complexation of drug-

cyclodextrin confirmed by MDSC, XRD, and FTIR analyses. 3 months to exhibit 

significant crystal growth/recrystallization and moisture absorption. XRD analysis of 1:1 

ITZ:Cavasol W7 HP stored samples revealed no crystal growth over time at accelerated 

stability conditions, but SEM analysis identified ITZ migration towards the particle 

surface over time with EDX mapping. Those profiles for products containing ITZ 

presented high degrees of supersaturation and stabilization in acidic media, but following 

the pH transition significant precipitation resulted in low equilibrium solubility regardless 

of stability testing conditions. Thus HME proved to be an applicable technology to 

produce one-phase amorphous solid dispersions containing Cavasol W7 HP as an 

effective hydrophilic carrier to complex poorly water soluble drugs and enhance levels of 

supersaturated release. 



154 
 

6.2 INTRODUCTION 

 Itraconazole (ITZ) is an antifungal agent that is a weak base. It is classified as a 

BCS class II compound, and has a strong pH dependent solubility (pKa~3.7) with 

reported solubilities in acidic and neutral media of approximately 4 µg/mL and 1 ng/mL 

respectively (Peeters et al. 2002). Its poor aqueous solubility limits its ability to permeate 

intestinal membranes even though it is a highly lipophilic compound (log P=6.2). Unique 

strategies for delivery of the marketed products have been utilized in order to optimize 

bioavailability and reduce in vivo variability, including cyclodextrin (CD) complexation 

and amorphous solid dispersion technology (Barone et al. 1998, Harden et al. 1988). 

Sporanox is the currently marketed form of ITZ, available as a multiparticulate capsule or 

cyclodextrin complexed oral solution. The capsule product is produced by layering ITZ 

and hydroxypropyl methylcellulose (HPMC) onto sugar spheres using a 

dichloromethane:ethanol co-solvent system (Kapsi and Ayres 2001). While this 

composition is able to provide adequate plasma levels due to rapid drug release in acidic 

media, it has shown significant intersubject and intrasubject variability (Hardin et al. 

1988, Prentice and Glasmacher 2005). The CD solution was formulated in order to 

mitigate the latter discussed challenges. In human trials, the CD oral solution was shown 

to improve the bioavailability and reduce variability by minimizing food effects (Willems 

et al. 2001). Although the oral solution has been able to address issues associated with 

limited and variable bioavailability, interest exists in developing a thermally processed 

product containing cyclodextrin as a concentration enhancing material to supersaturate 

ITZ. Numerous strategies have been investigated to supersaturate ITZ, including 

engineered particle compositions (Hassan et al. 2004, DiNunzio et al. 2008, Vaughan et 

al. 2005), self-emulsifying systems (Hong et al. 2006), and amorphous solid dispersions 

produced by hot-melt extrusion or spray-drying (Janssens et al. 2007, Miller et al. 2008a, 

Miller et al. 2008b, Six et al. 2004, Six et al. 2005).   

CDs have been utilized in applications to improve solution stability of poorly 

water soluble drugs that suffer from pH dependent solubility (Bekers et al. 1991a, Bekers 

et al. 1991b, El-Badry et al. 2009, Zheng and Chow 2009). CDs not only maintain the 
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functional capacity to enhance aqueous solubility, but also maintain the ability to delay 

drug crystallization from supersaturated solutions. In a recent report, Brewster et al. 2008 

maintained the stabilization of supersaturated itraconazole solutions, generated by the co-

solvent technique, by hydroxypropyl-β-cyclodextrin for greater than 4 hr (Brewster et al 

2008). The solubilizing capacity of CDs may decrease the degree of supersaturation and 

thereby alter the precipitation kinetics to yield a metastable solution. Previous literature 

has identified solvent methods, co-evaporation and spray-drying processes, for the 

production of dispersions containing CDs to enhance solubility and/or dissolution 

performance of itraconazole (ITZ) (Alsarra et al. 2010, Brewster et al. 2007, Brewster et 

al. 2008, Shehatta et al. 2004). With the addition of polymer carriers to binary mixtures 

of drug:CD, stabilization of drug release specifically under supersaturation may be 

maintained. This supersaturation is most likely attained due to enhanced solubilization 

resulting from enhanced drug:carrier interactions. Polymeric additives have been shown 

to modify release. One of the only reported articles involving the application of 

cyclodextrins in HME was presented by Rambali et al. Those HME products containing 

high HPMC fraction (>33% w/w) resulted in solid dispersions with high glass transition 

temperatures (Rambali et al. 2003). The inhibition of molecular mobility with the 

increase in system Tg may help to hinder solution precipitation of ITZ. Cirri et al. 

revealed a synergistic effect between CD and phospholipid in enhancing the dissolution 

properties of ketoprofen. The combination of surfactant properties of phospholipids, the 

wetting and solubilizing power of CDs, and/or potential formation of higher order 

complexes were described as the association mechanisms for improved dissolution 

performance (Cirri et al. 2009). Finally Siguroardottir and Lofttson revealed that 

polyvinylpyrrolidone, PVP, increased complexation with hydrocortisone which increased 

solubility of the drug in the aqueous solutions (Siguroardottir and Lofttson 1995). Thus 

numerous hydrophilic and phospholipid agents have been utilized as additives with 

cyclodextrins to generate solid dispersions exhibiting synergistic effects and improved 

solubility. 
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The purpose of this study was to investigate the effect CDs and combination of 

CDs and polymer additives have on the dissolution rate of ITZ following processing by 

HME. To study the effects of CD complexation with ITZ, amorphous compositions were 

manufactured using HME and characterized for their solid state properties by XRD, 

mDSC, and FTIR. Selected formulations were exposed to accelerated stability testing to 

identify if crystal growth and/or moisture adsorption directly affected dissolution 

performance under non-sink dissolution testing in comparison to the initially processed 

formulations. Stored samples in stability testing were removed and analyzed by moisture 

loss on drying, SEM, and EDX mapping of element distribution. Non-sink dissolution 

was conducted utilizing a pH change to identify release profiles of initially processed 

HME product in comparison to those maintained under accelerated stability. Polymeric 

additives, Klucel
TM

 ELF, AQOAT-LF, and Plasdone
TM

 S-630 were incorporated as a 

third component in the extrusion process to evaluate the dissolution performance and 

compare that of the binary solid dispersion product processed by HME. 

 

 

6.3 MATERIALS AND METHODS 

 

6.3.1 Materials 

 Itraconazole was purchased from Letco Medical (Decatur, AL). Cavamax
®
 W7 

and Cavasol
®
 W7 HP were donated by Ashland Specialty Ingredients (Wilmington, DE). 

AQOAT
®
 LF and MF (hypromellose acetate succinate, HPMCAS) were donated by 

Shin-Etsu Chemical Company (Tokyo, Japan). Klucel
TM

 ELF (hydroxypropyl cellulose, 

HPC) and Plasdone
TM

 S-630 copovidone (random copolymer of N-vinyl-2-pyrrolidone 

and vinyl acetate, S-630) were donated by Ashland Specialty Ingredients (Wilmington, 

DE). High performance liquid chromatography (HPLC) grade acetonitrile and methanol 

was purchased from Fisher Scientific (Pittsburgh, PA). All other chemicals were of ACS 

grade or higher.  
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6.3.2 Methods 

 

6.3.2.1 Determination of Intrinsic and Apparent Solubility  

 The intrinsic solubility of raw ITZ and the apparent solubility of physical 

mixtures were determined by measuring the filtered drug content of saturated solution 

samples containing Cavasol W7 HP. In order to extrapolate phase-solubility and stability 

constants for each drug from experimentally measured apparent solubilities, solubility of 

physical mixtures was determined. Approximately 125 mg of raw drug, and 500, 250, 

and 187.50 mg of physical mixtures containing 33.33, 50, and 75% (w/w) of drug and 

66.67, 50, and 25% (w/w) of Cavasol W7 HP respectively (equivalent to 1:2, 1:1, and 3:1 

drug:CD ratios)  were incorporated into culture tubes and subsequently filled with 10 mL 

of 0.1N HCl, deionized water, or pH 6.8 phosphate buffer media (n=3). In order to 

determine the apparent solubility of HME products containing 1:1 drug:CD ratio, 

approximately 250 mg of milled HME powders containing 50% (w/w) of one drug and 

50% (w/w) of Cavasol W7 HP (equivalent to 1:1 drug:CD ratio) were also incorporated 

into culture tubes and filled with equivalent media and volume. The culture tubes were 

sonicated for 30 min and placed on a Lab-Line Orbit Environ-Shaker (Lab-Line, Melrose 

Park, IL, USA) at 100 rpm for 72 h maintained at 37°C prior to filtering through 0.2 µm 

PVDF filters (Whatman, Piscataway, NJ, USA). The filtered samples were analyzed for 

drug concentration by high performance liquid chromatography (HPLC) as follows in the 

HPLC methods section.  

 A plot of total drug concentration versus total CD concentration for the formation 

of a 1:1 drug:CD complex reveals a straight line with a slope less than unity and an 

intercept equal to the intrinsic solubility of the drug. The value of the stability constant 

(K1:1), used to compare the affinity of drugs for CDs, was calculated from the slope and 

intrinsic solubility. In aqueous solution, the intrinsic drug solubility is equal to the 

concentration of free drug in solution and only the free drug is in equilibrium with drug in 

the complex. Stability constants were determined for each physical mixture containing 

drug:Cavasol W7 HP in each of the three mediums at the saturated concentrations. 
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Complexation efficiency (CE) was calculated from the slope of the phase-solubility plot. 

The latter discussed phase-solubility plot and the values of stability constants and CE 

were plotted and calculated by Microsoft Excel 2010 formatted using the Equations 

revealed in Results section. 

 

6.3.2.2 Hot Melt Extrusion (HME) 

 Powder blends (50 g total) of binary mixtures containing ITZ at 25, 33.33, 40, or 

50% (w/w) and CD at 75, 66.67, 60, and 50% (w/w) respective to batch numbers in Table 

5.1 were manually mixed in a low density polyethylene bag prior to being processed by 

HME. Optional polymer additives were incorporated in formulations with 50% ITZ loads 

by reducing the CD content 25% to yield a physical mixture ratio of 1:0.5:0.5 

ITZ:Cavasol W7 HP:additive (w/w) prior to HME processing. A 5/14 mm conical, twin 

screw HAAKE Minilab II Microcompounder (Thermo Electron Corporation, Newington, 

NH, USA) equipped in flush mode without an external die was used to process extrudates 

by HME. Extrudates were cooled at room temperature and immediately milled in an 

impact mill. The resulting powders were passed through a 60-mesh screen to yield 

particles with size less than 250 µm prior to characterization. Actual HME processing 

conditions are outlined in Table 5.1. 

 

6.3.2.3 X-ray Diffraction (XRD) 

 To determine the presence of crystallinity in dispersions processed by HME, XRD 

testing was performed using an Equinox 100 standalone bench top X-ray diffractometer 

(INEL, Inc., Stratham, NH). Samples of neat ITZ, unprocessed polymers, physical 

mixtures and dispersions processed by HME were placed in an aluminum crucible and 

further placed in a rotating sample holder. The sample was analyzed for 300 seconds 

using a Cu K radiation source (λ = 1.5418 Å) operating at 42 kV and 0.81 mA. 
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6.3.2.4 Thermal Analysis 

 Raw ITZ, physical rmixtures, and HME products were analyzed by modulated 

differential scanning calorimetry (MDSC) to investigate miscibility of ITZ with the 

respective cyclodextrins and/or polymer additives in order to characterize whether 

crystalline ITZ is present following processing and if significant phase separation is 

apparent. An accurately weighed amount of 12 ± 1 mg powder was sealed in an 

aluminum pan and heated using a TA Instrument model 2920 (New Castle, DE). The 

material was equilibrated at 30°C and ramped to 220°C at 5°C/min with a modulation of 

0.5°C every 60 s. After quench cooling to 30°C, a second heating cycle was performed 

on raw ITZ to identify the glass transition temperature of amorphous ITZ. The glass 

transition temperatures were measured as the midpoints of the step transitions in the plots 

of reverse heat-flow versus temperature. 

  

6.3.2.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Unprocessed ITZ, unprocessed and processed CDs, physical mixtures and 

dispersion powders were analyzed by FTIR to determine potential interactions. The 

samples were prepared by weighing approximately 15 mg of the material for analysis, 

homogenously dispersing in dried KBr of about 315 mg in a mortar and pestle, and 

compressing the powder with a compression force of 12 tons using a 13 mm round, flat 

face punch tooling for one minute to produce pellet compacts. The sample was placed in 

the IR light path and the IR spectra were recorded using a Thermo Mattson Infinity Gold 

FTIR with Spectra-Tech Thermal ARK module from 400 to 4000 cm
-1

 in transmission 

mode equipped with a KBr beamsplitter and DTGS detector having a resolution of 1cm
-1

. 

 

6.3.2.6 Determination of Apparent Solubility for HME Dispersions 

In order to determine the apparent solubility of HME dispersions containing 1:1 

drug:CD ratio, approximately 250 mg of milled HME powders containing 50% (w/w) of 

one drug and 50% (w/w) of Cavasol W7 HP (equivalent to 1:1 drug:CD ratio) were also 

incorporated into culture tubes and filled with equivalent media and volume as described 
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previously for apparent solubility of physical mixtures. The culture tubes were sonicated 

and placed on a shaker for 72 h maintained at 37°C prior to filtering following the 

previously described procedure for solubility analysis. The filtered samples were 

analyzed for drug concentration by HPLC.  

 

6.3.2.7 Assay Testing 

 Aliquots were taken of the milled powders processed by HME for potency 

analysis to determine ITZ recovery values. Milled dispersions were accurately weighed 

so as a theoretical amount of 20.0 ± 0.20 mg ITZ was placed in 100-mL volumetric 

flasks. The HPLC mobile phase for each respective drug was added to the volumetric 

flasks to dissolve the solid content. After samples were completely dissolved following 

sonication for 5 min, volumetric flasks were filled to volume, filtered through 13 mm, 0.2 

µm PVDF filters (Whatman, Piscataway, NJ) and immediately transferred to 1 mL vials 

(VWR International, West Chester, PA) for HPLC analysis. Assay values were adjusted 

for the recorded sample weight and compared to the known standard containing 20.0 ± 

0.20 mg drug in 100 mL of the diluent described previously. 

 

6.3.2.8 Accelerated Stability Study 

 Stability testing was conducted on approximately 6 g of HME powders which 

were placed in aluminum induction sealed 30 cc HDPE bottles. Sealed HDPE bottles 

were placed into two separate closed chambers within a Blue M 0V-718 Electric Oven 

(Blue Island, IL) maintained at 30°C/65%relative humidity (RH) and 40°C/75%RH. 

Saturated salt solutions maintained the RH at approximately 65 and 75%. At one, two, 

and three month time intervals, the samples were removed for XRD, SEM, LOD, and 

non-sink dissolution analyses. The bottles were re-sealed after each time interval. 

 

6.3.2.9 Scanning Electron Microscopy (SEM) 

Surface morphology and content uniformity of solid dispersion formulations were 

investigated by SEM. Dried powder samples were mounted onto aluminum stages using 
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double sided carbon tape. Surface morphology was investigated by SEM using a Quanta 

650 FEG scanning electron microscope (FEI company, Inc., Hillsboro, OR, USA) 

operated at an accelerating voltage of 10 kV. Molecular distribution of ITZ was 

monitored using EDX Mapping of chlorine characteristic to ITZ chemical structure (red 

dots inlaid in SEM images). EDX Mapping was primarily used to determine the 

distribution or content uniformity of ITZ.  

 

6.3.2.10 Loss on Drying (LOD) Measurements 

Uptake of moisture is common among dosage forms maintained under stability 

testing at high humidity and increased temperatures. Loss on drying (LOD) was 

conducted to determine the levels of moisture present in HME powders removed 

periodically from stability-testing. A Moisture Analyzer MF-50 was employed to 

measure percentage weight loss of moisture. Approximately 1 g samples of HME 

powders were exposed to standard drying at 100°C ramped to force moisture loss (n=3). 

When the change of moisture content per one minute fell below 0.05%/min, equilibrium 

weight was reached, and the measurement was complete. 

 

6.3.2.11 Non-Sink Dissolution Analysis 

 Supersaturated dissolution testing was performed in accordance with USP 

XXXIV method A testing procedure for delayed release dosage forms using a VK 7010 

dissolution apparatus (Varian, Inc., Palo Alto, CA, USA) operated at 50 rpm paddle 

speed. Solid dispersions were weighed to achieve an equivalent of 60 ± 0.5 mg ITZ (~20x 

0.1N HCl media equilibrium solubility) and added to the dissolution vessels containing 

750 mL of 0.1 N HCl media maintained at 37.0 ± 0.5°C. A pH of approximately 6.8 was 

achieved by adding 250 mL of 0.2 M Na3PO4 solution after 2 h. During testing, 4 mL 

samples were removed from the dissolution vessels without replacement after 30, 60, 

120, 125, 135, 150, 165, 180, 210, 240, 300, and 360 min. Samples were immediately 

filtered using 13 mm, 0.2 µm PVDF filters (Whatman, Piscataway, NJ, USA) and diluted 
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in a 1:1 ratio with respective mobile phase, vortex mixed, and transferred into 1 mL vials 

for HPLC analysis.  

 

6.3.2.12 High Performance Liquid Chromatography (HPLC) 

Assay and dissolution samples were analyzed for ITZ content using a Waters 

(Waters Corporation, Milford, MA) HPLC system consisting of dual Waters 515 Syringe 

Pumps, a Waters 717 Autosampler and a Waters 996 Photo-diode Array detector 

extracting at wavelengths of 263 nm. The system was operated under isocratic conditions 

and a flow of 1 mL/min equipped with a Phenomenex
®
 Luna 5 µm C-18(2) 100Å, 150 x 

4.60 mm (Phenomenex
®

, Torrance, CA, USA) HPLC column analyzing mobile phase of 

60:40:0.05 acetonitrile:water:diethanolamine to elute ITZ. Assay samples were injected 

in 50 µL for ITZ; whereas dissolution samples collected in the 0.1 N HCl media and 

neutralized media were injected in 50 and 200 µL for ITZ, respectively during testing. 

The retention time of ITZ was approximately 12.0 min respectively. Data were collected 

and analyzed using Empower Version 5.0 software (Waters Corporation, Milford, MA, 

USA).  

 

6.4. RESULTS AND DISCUSSION 

6.4.1 Phase-Solubility Profiles 

 Analysis of phase-solubility allows for the determination of the values of stability 

constants and stoichiometry of the equilibrium. Experimentally, an excess of ITZ was 

introduced to a constant volume of 0.1N HCl, deionized water, and pH 6.8 phosphate 

buffer to maintain as high a thermodynamic activity of the drug as possible. The 

suspensions were filtered after 72 h of shaking maintained at 37°C, and the total 

concentration of the drug was analyzed by HPLC. The phase-solubility profile was 

constructed to assess the effect of CD concentration and aqueous medium on the apparent 

solubility of each drug. The calculation of the stability or equilibrium constant (Km:n) is 

essential because this value provides an index of complexation. Typically, the apparent 

solubility of the drug increases as a function of CD concentration. AL-type relationships 
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are first order with respect to the CD. If the slope of AL isotherm is greater than unity, 

higher order complexes are assumed to be involved in the solubilization. A 1:1 complex 

is often assumed if the slope is less than one although the occurrence of higher order 

complexes cannot be excluded. Equilibrium constants can be derived from AL-type 

phase-solubility profiles.  

AL-type relationships are first order with respect to the CD but may be higher 

orders with respect to the drug. Values for stability constants, complexation efficiencies, 

and molar ratios were determined from saturating physical mixtures of D:CD at different 

ratios and in different media and plotting concentrations of solubilized drug versus 

concentration of Cavasol W7 HP. Cavasol W7 HP was initially identified as the grade of 

CD which enhanced ITZ solubility (data not shown). The ability of different CDs to 

solubilize a drug is evaluated by comparing the stability constants. For a 1:1 D:CD 

complex, the stability constant (K1:1) can be determined assuming that the intrinsic 

solubility is equal to the y-intercept of the linear phase-solubility profile. However, 

hydrophobic interactions of lipophilic poorly water soluble drugs commonly lead to the 

formation of multiple complex structures that are non-indicative through constructs of 

linear phase-solubility profiles The stability constants (K1:1), complexation efficiencies, 

and molar ratios, noted in Table 6.1, were determined for the physically mixed complexes 

of ITZ and Cavasol W7 HP saturated in 0.1N HCl, deionized water, and pH 6.8 

phosphate buffer media. Table 6.1 shows that the stability constants for ITZ were all 

greater in comparison to other drug stability constants. A CE of 0.58 suggests the 

formation of ITZ:Cavasol W7 HP complexes in a 1:2.7 molar ratio. However a decrease 

in CE (0.09) and molar ratios (1:11.83 and 1:12.61) in neutral media were observed 

signifying low degrees of ITZ:Cavasol W7 HP complexation.  

Table 6.1 The effect of media on K1:1 and CE of Cavasol W7 HP complexes with ITZ 

 

 



164 
 

6.4.2 Hot Melt Extrusion (HME) 

 HME processing was utilized to promote D:CD complexation in order to enhance 

solubility, dissolution performance, and stability. Numerous mixtures of D:CD and 

D:CD:additive were processed by HME, and the batch formulations with processing 

conditions are detailed in Table 6.2. The HME products containing D:CD and 

D:CD:additive were processed according to the respective temperatures and rotational 

screw speeds noted with corresponding drug assays. Initial HME processing studies 

identified the ability to decrease processing temperatures as ITZ loading increased 

signifying drug plasticization of the mixture blends. In addition, Cavamax W7 exhibited 

difficulties in HME processing with ITZ. Those dispersions processed by HME 

containing ITZ and Cavamax W7 or Cavasol W7 HP could be extruded at higher ITZ 

loadings (40 and 50% (w/w)) but not successfully extruded at lower loadings (25 and 

33.33% (w/w)) due to low melt viscosity of the systems resulting in the dispersion shear 

thinning into a liquid upon exit of the extruder. The 1:1.5 ITZ:Cavasol W7 HP HME 

product exhibited decreased ITZ recovery while the assay analysis of the 1:1 

ITZ:Cavamax W7 and ITZ:Cavasol W7 HP dispersions produced by HME at 165° and 

160°, 250 rpm revealed full ITZ recovery; the latter two HME products were selected for 

further analysis.  

 In addition, Table 6.2 includes the corresponding processing parameters which 

were maintained to produce ternary HME dispersions containing Klucel (HPC), 

AQOAT-LF (HPMC-AS), and S-630 (copovidone). The processing parameters correlate 

to those which produced the most optimal binary HME composition (1:1 ITZ:Cavasol 

W7 HP). These compositions were successfully processed at the respective parameters 

after the initial binary HME study design was completed and the characterization of the 

optimal binary product was confirmed and supported with analysis discussed later in the 

results. The ternary products revealed full ITZ potency following HME processing. 
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Table 6.2 HME processing conditions. Batch Size = 50g 

 

 

6.4.3 Physicochemical Characterization of cyclodextrins and HME solid dispersions 

6.4.3.1 Thermal Analysis of HME Solid Dispersions 

 Following thermal analysis of HME processed compositions containing ITZ, 

reverse heat profiles were obtained as shown in Figure 6.1a,b. The MDSC thermograms, 

depicted in Figure 6.1a, revealed the presence of amorphous ITZ in binary HME 

compositions (1:1 ITZ:Cavasol W7 HP and 1:1 ITZ:Cavamax W7) as the glass transition 

temperature of amorphous ITZ, determined from a second heating of raw ITZ, matched 

those transitions of the HME compositions at approximately 57°C. However, the binary 

composition of 1:1 ITZ:Cavamax W7 revealed a much larger melting endotherm at 

approximately 165°C matching the crystalline ITZ endotherm following an intial MDSC 

heating cycle. This elucidated that the latter binary HME composition was a two-phase 

solid dispersion characterized by greater phase separation in comparison to the 1:1 

ITZ:Cavasol W7 HP HME product. Thus the finding can be attributed to difficulty in 

rendering compositions containing Cavamax W7 fully amorphous as the semi-crystalline 

structure requires greater kinetic energy to yield amorphous structure. Thus at the 

processing parameters, the resulting product can not be characterized as a solid solution 

and most likely requires higher processing temperatures and the necessity for longer 

residence time to ensure thorough transition from semi-crystalline to amorphous. 

However fully potent HME products at 50% ITZ loading could not be successfully 

processed without degrading ITZ. Decreasing the drug load provided the ability to 

successfully produce 1:1 ITZ:Cavamax W7 binary compositions by HME at a higher 
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processing temperature of 185°C. This negatively affected ITZ recovery and was not 

further investigated. Thus the reverse heat profiles identified the inability to fully render 

Cavamax W7 compositions into single phase, fully potent products containing ITZ. 

Although the 1:1 ITZ:Cavasol W7 HP product was characterized by a slight endothermic 

melting peak corresponding to ITZ, the compositional comparison confirmed low 

percentages of crystalline character and greater miscibility. 

 Reverse heat profiles are shown in Figure 6.1b for ternary HME products 

containing 50% ITZ load, Cavasol W7 HP, and additives of Klucel, AQOAT-LF, or S-

630 copovidone. It was difficult to identify single glass transition temperatures for the 

ternary HME products in the reverse heat flow thermograms, but the absence of 

crystalline ITZ endotherms, and the identification of glass transition temperatures 

approximately ranging 56-62°C confirmed the formation of amorphous ITZ, greater 

miscibility between the components, and the potential formation of single phase products. 

These findings will be further studied by analyzing X-ray diffractograms and FTIR 

spectra following analysis of binary compositions in order to modify release following an 

acidic to neutral pH transition.     
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Figure 6.1 MDSC reverse heat flow profiles for a) HME-processed binary compositions and 

b) HME-processed ternary compositions containing ITZ 
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6.4.3.2 X-ray Diffraction (XRD) of HME Solid Dispersions 

 In order to identify HME powders which may enhance supersaturation of the drug 

in solution, XRD was used to identify amorphous products which typically maintain high 

thermodynamic energies for enhanced solubilization. The diffractograms of HME 

powders produced at 250 rpm and varying temperatures are presented in Figure 6.2. The 

diffractograms of 1:1 ITZ:Cavasol W7 HP and ITZ:Cavamax W7 revealed amorphous 

and partially crystalline structures respectively. Crystalline peaks present at 13° and 18.5° 

2θ were still present in the HME product containing Cavamax W7. Because this system 

could only be extruded at 100 rpm, shear rates could not be increased sufficiently to yield 

a viable HME product. Thus because its thermogram analyzed by MDSC revealed an 

endothermic ITZ melting peak and its XRD pattern presented partial crystallinity, the 

powder was not considered for further stability or dissolution analysis. The absence of 

ITZ melting peaks in the thermogram and characteristic crystalline peaks by XRD 

attributed to the selection of the HME product ITZ:Cavasol W7 HP processed at 160°C, 

250 rpm for further stability and dissolution analysis. All ternary systems containing a 

third component of polymer additive were characterized by amorphous diffractograms.  

 

Figure 6.2 XRD diffractograms of ITZ with respective physical mixtures and solid 

dispersions containing Cavasol W7 HP or Cavamax W7 processed by HME 
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6.4.3.3 Fourier Transform Infrared Spectroscopy (FTIR): HME Dispersions 

 To elucidate the mechanism of complexation, FTIR was utilized to analyze light 

transmittance through KBr pellet compacts containing distributed samples of raw 

materials, physical mixes, and HME dispersions. The FTIR spectra of pure ITZ, pure HP-

β-CD, physical mixture, and HME dispersion of ITZ:Cavasol W7 HP are presented in 

Figure 6.3. The bands of raw ITZ are 3125 and 3068 cm
-1

 due to absorption of the NH2 

groups, 2970-2760 cm
-1 

due to aliphatic CH2, and 1700 cm
-1

 due to C=O stretching. The 

bands at 1510 and 1448 cm
-1

 are due to C-H deformation in the aromatic rings, and a 

band observed at 1385 cm
-1

 is due to C-H of the methyl group. These characteristic bands 

are consistent with previous reports (Nesseem et al. 2001, Yang et al. 2010). In the 

physical mixture spectra, the bands corresponding to C=O and aromatic C-H were still 

present. In contrast, the spectra of the HME dispersion demonstrated diminishing 

frequency and broadening of characteristic ITZ bands observed for the physical mixture 

spectra. Among the most notable decreases and broadening of frequencies occurred at 

3125 and 3068 cm
-1

 (NH2), 2970-2760 cm
-1

 (CH2), 1613 cm
-1

 (C=N), 1585–1510 cm
-1

 

(aromatic C–H) and 1380 cm
-1

 (C–H of the methyl group). Due to the deformation of 

numerous moiety groups in ITZ as analyzed from FTIR, the functional groups could have 

been deformed to potentially form an inclusion complex based on hydrogen bonding. As 

the triazolone ring and 2-butyl groups have been proposed sites of inclusion, the masked 

functional groups previously identified in the FTIR spectrum corresponded to triazole 

and 2-butyl groups. FTIR, as a technique, might not provide the absolute resolution to 

elucidate the mechanism of inclusion complexation; however, the close agreement of the 

FTIR band disappearance with the reported sites of complexation provided evidence of 

the predominant presence of inclusion complexes. 
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Figure 6.3 Fourier transform infrared spectroscopy (FTIR) spectra of ITZ with respective 

physical mixtures and solid dispersions of Cavasol W7 HP processed by HME 

 

6.4.3.4 Apparent Solubility: HME Solid Dispersions 

 The apparent solubility of 1:1 ITZ:Cavasol W7 HP systems physically mixed and 

processed by HME were measured to yield trends as graphed in Figure 6.4. In the case of 

ITZ, significant enhancement in solubility was acquired by processing ITZ:Cavasol W7 

HP by HME in comparison to raw ITZ and physical mix. In comparison to KT systems, 

the input of thermal energy in HME may potentially aid in complexation but also in 

constructing non-inclusion complexes with the hydroxypropyl moieties on the glucose 

units of HP-β-CD. Specifically in 0.1N HCl, the greatest ITZ concentration was obtained 

(approximately 7500 µg/mL), but the solubility in neutral media was much lower (>50% 

decrease in ITZ concentration). One of two theories most likely prevails: the affinity of 

ITZ for Cavasol W7 HP was strong but complexation couldn’t be stabilized, or the 
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affinity of ITZ for Cavasol W7 HP was not as strong in neutral media. Correlation of the 

stability constant (K1:1) and CE in neutral media revealed that a high stability constant 

was obtained but the CE was significantly low as confirmed by a calculated molar ratio 

of approximately 1:12 D:CD. The stability constant may be influenced by non-inclusion 

solubilization and/or solubilization by higher order complex aggregates at high 

concentrations of Cavasol W7 HP. Discrepancies have been reported with regards to 

whether ITZ exhibits AL or Ap type phase-solubility in relation to saturated 

concentrations of HP-β-CD (Loftsson et al. 2004b, Peeters et al. 2002, Miyake et al. 

1999). Thus the mechanism to support a high stability constant (K1:1) correlated with a 

low CE for ITZ:Cavasol W7 HP in neutral media cannot be clarified due to incongruities 

in literature. The apparent solubility of ITZ while still greater than 2000 µg/mL in neutral 

media may be instable under supersaturated states.  

 

Figure 6.4 Apparent solubility of ITZ contained in physical mixtures and HME powders 

relative to intrinsic solubility 
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6.4.4 Stability of HME Solid Dispersions 

The selected 1:1 HME powders were subjected to accelerated stability testing 

where conditions were maintained at 30°C/65%RH and 40°C/75%RH to evaluate the 

performance of Cavasol W7 HP to stabilize ITZ in the amorphous solid-state. Table 6.3 

notes moisture adsorption for the 1:1 ITZ:Cavasol W7 HP HME stored samples removed 

from storage conditions at 1, 2, and 3 months. Progressively higher levels of moisture 

were absorbed over time as determined by LOD measurements. In addition, comparing 

months of separate storage conditions, the more aggressive stability conditions promoted 

the higher uptake in moisture. XRD analysis was conducted on powder samples removed 

from storage during intervals in accelerated stability testing as presented in Figure 6.5a,b. 

None of the diffractograms presented HME products characterized by 2θ crystalline 

peaks. SEM images, shown in Figure 6.6, were taken following HME processing of 1:1 

ITZ:Cavasol W7 HP and revealed smooth particle surface morphology. EDX mapping 

identified distributed ITZ molecules (red) in the particle to support uniformity in content. 

The image of the sample removed after two months at 30°C/65RH is characterized as 

having a slightly rougher topography most likely not crystalline as XRD confirmed 

amorphization. EDX mapping marked ITZ molecules prevalent at the edges of the 

particle in the image suggesting migration to the surface. This is more clearly evident in 

the SEM image for the aggressive conditions where higher concentrations of red dots 

were captured at the edges of the porous particle. SEM images porous growth at the 

particle surface for HME powders containing ITZ. EDX mapping of chlorine atoms 

characteristic of ITZ revealed migration of drug molecules to the surface possibly due to 

an electrostatic potential with water. Moisture uptake at the surface potentially created a 

network of microporous tunnels which aided the migration of ITZ to the surface.    

Table 6.3 Weight Loss on Drying (LOD) 1:1 HME powder following 1, 2, and 3 months 

storage maintained under accelerated stability conditions 
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Figure 6.5 XRD diffractograms of HME powders removed from storage at 1, 2, and 3 

months containing a) 1:1 ITZ:Cavasol W7 HP at 30°C/65%RH and b) 1:1 ITZ:Cavasol W7 HP at 

40°C/75%RH 
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Figure 6.6 SEM images of 2 month stored HME product containing 1:1 ITZ:Cavasol W7 

HP (EDX mapping of chlorine in ITZ marked by red dots) 

 

6.4.5 Non-Sink Dissolution Behavior of Milled HME Solid Dispersions 

In addition, dissolution performance was evaluated over time for stored samples 

placed under stability. Non-sink dissolution incorporating a pH transition from acidic to 

neutral media at 2 hr was conducted to identify if levels of drug supersaturation were 

consistent to or deviated from those of initially post-processed HME dispersions or were 

negatively impacted. Analysis of the non-sink dissolution profile presented in Figure 6.7a 

revealed the initially post-processed HME product containing ITZ released up to 

approximately 40 mg in acidic media, but following the pH transition, release decreased 

to less than 15 mg ITZ in neutral media (~12x physical mixture solubility). An equivalent 

amount of 80 mg ITZ was the maximum potential release by the dispersion in acidic 

media. Maximum release in acidic and neutral media was close to 50 and 25%, 

respectively, of the equivalent dosed powder weight under non-sink conditions. The 

concentration progressively decreased in neutral media until reaching an equilibrium 
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concentration at 4 hr. The significant precipitation as correlated to the drastic drop in ITZ 

concentration under non-sink dissolution has been widely reported (DiNunzio et al. 2008, 

DiNunzio et al. 2010b, Miller et al. 2008a, Miller et al. 2008b). Because ITZ suffers an 

extremely low neutral solubility due to being a weak base with a pKa of 3.7, it is a 

challenge to stabilize supersaturation of ITZ following a pH transition. Hughey et al. 

reported the ability to extend supersaturation of ITZ in neutral media to a high degree 

with dispersions containing 90% Methocel E50LV, a viscous hydrophilic carrier (Hughey 

et al. 2012). The stored samples maintained at 30°C/65%RH released ITZ in acidic media 

at or lower in concentration at 30 min in comparison to the initially processed HME 

dispersion. The release of ITZ at other time intervals was similar to the level of 

concentration obtained with the initially processed product. However, following the pH 

transition, the stored samples at 1, 2, and 3 month exhibited greater degrees of 

precipitation resulting in significant decreases in ITZ concentration. As presented in 

Figure 6.7b, the HME products stored at 40°C/75%RH, revealed higher ITZ release 

initially in acidic media. The 1 and 2 month samples maintained higher concentrations of 

ITZ in acidic media up to 2 hr signifying high degrees of supersaturation. The 3 month 

sample exhibited fast release at 30 min but concentration dropped in half at 2 hr. Similar 

to the other stored samples in the less aggressive conditions, ITZ concentration was only 

slightly greater than the solubility of the physical mixture in neutral media and exhibited 

similar precipitation events discussed for other stability samples. The absorption of 

moisture may aid the release of ITZ in acidic media when ITZ is complexed with Cavasol 

W7 HP. Migration of ITZ to the particle surface was confirmed by SEM analysis for 2 

month stored sample, and this may be attributed to the release from particles at a faster 

rate. Thus moisture absorption during storing may create an electrostatic potential for 

migration of ITZ to imbibition sites at particle surface resulting in faster release in acidic 

media. Thus Cavasol W7 HP can be an effective complexation carrier to supersaturate 

ITZ in acidic media, but not adequate to provide high degrees of stabilized complexation 

to enhance supersaturation in neutral media.   
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As presented in Figure 6.8, ternary solid dispersions containing 25% Cavasol W7 

HP and 25% polymer additive were compared to the binary solid dispersion product, 1:1 

ITZ:Cavasol W7 HP. Only two of the three ternary solid dispersion products provided 

significant differences in release rates and supersaturation levels in comparison to the 

binary product. The ternary product, 1:0.5:0.5 ITZ:Cavasol W7 HP:AQOAT-LF, was 

identified as releasing significantly more ITZ following the pH transition. Further drop in 

supersaturated levels was noted following the maximum release initially following the 

pH change. Thus precipitation effects were reduced, but still significant enough to drop 

equilibrium solubility. Precipitation was inhibited to a greater degree with an AQOAT-

LF additive. The ternary product, 1:0.5:0.5 ITZ:Cavasol W7 HP:Klucel-ELF, exhibited 

significant supersaturated release in acidic media releasing greater than 55 mg ITZ in 

solution, much greater than any other formulation. Because of the hydrophilicity Klucel-

ELF, significant release in acid is not surprising to see; however significant precipitation 

of ITZ resulted again following the pH transition. Thus Klucel-ELF acted as an additive 

that can supersaturate ITZ:Cavasol W7 HP systems in acidic media; whereas, AQOAT-

LF which maintains an enteric carrier controlled supersaturated release until dissolution 

in neutral media.   



177 
 

 

 

Figure 6.7 Non-sink dissolution profiles of physical mixture containing 1:1 ITZ:Cavasol W7 

HP (×) and HME powders containing 1:1 ITZ:Cavasol W7 HP analyzed immediately post-

*Figure 6.7 caption and key continued on next page* 
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processing (○) and at 1 month (□), 2 month (◊), and 3 month (∆) post-processing maintained 

under accelerated conditions of a) 30°C/65%RH and b) 40°C/75%RH 

Each vessel (n = 3) contained 60 mg of ITZ equivalent corresponding to 20× acidic equilibrium 

solubility. Testing was conducted for 2 h in 750mL of 0.1N HCl media followed by pH 

adjustment to approximately 6.8 by addition of 0.2M tribasic sodium phosphate solution. Dashed 

vertical line indicates pH change. 

 

Figure 6.8 Non-sink dissolution profiles of physical mixture containing 1:1 ITZ:Cavasol W7 

HP (×) and HME powders containing 1:1 ITZ:Cavasol W7 HP analyzed immediately post-

processing (○), 1:0.5:0.5 ITZ:CavasolW7HP:AQOAT-LF (□), 1:0.5:0.5 

ITZ:CavasolW7HP:KlucelELF (◊), and 1:0.5:0.5 ITZ:CavasolW7HP:S-630 (∆) 

Each vessel (n = 3) contained 60 mg of ITZ equivalent corresponding to 20× acidic equilibrium 

solubility. Testing was conducted for 2 h in 750mL of 0.1N HCl media followed by pH 

adjustment to approximately 6.8 by addition of 0.2M tribasic sodium phosphate solution. Dashed 

vertical line indicates pH change. 
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6.5 CONCLUSION 

 Itraconazole (ITZ) was processed with Cavamax W7 and Cavasol W7 HP by hot-melt 

extrusion (HME) to identify whether thermal processing of cyclodextrin (CD) with poorly-water 

soluble drugs generates complexation which enhances supersaturated release of drug in non-sink 

dissolution. Phase-solubility behavior of physical mixtures saturated in three separate medium 

exposed significant affinity and complexation efficiency of Cavasol W7 HP with ITZ only in 

acidic media.   Drug-CD mixtures were processed by twin screw melt extrusion to produce an 

amorphous, fully potent solid dispersion loaded 50% (w/w) (ITZ:Cavasol W7 HP). Cavamax W7 

exhibited difficulties in thermal processing due to being revealed as semi-crystalline in the raw 

form. The HME product selected for stability testing and non-sink dissolution analysis was 1:1 

ITZ:Cavasol W7 HP following confirmation of being one-phase solid dispersions which 

exhibited inclusion and non-inclusion complexation of drug-cyclodextrin confirmed by MDSC, 

XRD, and FTIR analyses. XRD analysis of 1:1 ITZ:Cavasol W7 HP stored samples revealed no 

crystal growth over time at accelerated stability conditions, but SEM analysis identified ITZ 

migration towards the particle surface over time with EDX mapping. Those profiles for products 

containing ITZ presented high degrees of supersaturation and stabilization in acidic media, but 

following the pH transition significant precipitation resulted in low equilibrium solubility 

regardless of stability testing conditions. Binary products with polymer additives incorporated 

prior to HME processing resulted in products exhibiting varying release profiles. Because they  

were rendered amorphous, the dissolving carrier pH influenced maximum levels of 

supersaturation and stabilization of those levels. Both Klucel ELF and AQOAT-LF provided 

contrasting concentration enhancing effects, Klucel ELF product released supersaturated levels of 

ITZ in acidic media and AQOAT-LF product released supersaturated levels of ITZ in neutral 

media. However significant precipitation was not overcome in any of the systems, the AQOAT-

LF additive stabilized the dispersion in neutral media solution to a greater degree in comparison 

to the binary product containing only Cavasol W7 HP.  
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Chapter 7: Concluding Remarks 

 

7.1 DISSERTATION CONCLUSION 

The formulation of poorly water-soluble drug substances into solid dispersion 

systems is often challenging due to physicochemical properties of the drug substance. 

However, by utilizing novel carriers and formulation carrier design in thermal processing, 

it is possible to formulate many of these compounds. As demonstrated in this dissertation, 

thermal processing techniques allowed for the production of amorphous solid dispersions 

utilizing numerous different carriers and combinations thereof to improve dissolution 

performance. It was found that thermoplastic polymers and cyclodextrins may all exhibit 

concentration enhancing effects after careful formulation design. This dissertation has 

emphasized the importance of polymer and formulation component selection to identify 

those which can be thermally processed into ASDs and provide improved dissolution 

performance. The purpose of the research outlined in this dissertation was to successfully 

formulate drug substances and polymers that are known to present difficulties to the 

pharmaceutical scientist. This work has shown the effectiveness of both formulation and 

processing technologies to improve the dissolution performance of poorly water-soluble 

drug substances. 
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