
 

 

 

 

 

 

 

 

 

Copyright 

by 

Abbe Jeanne Haser 

2017 

 

 

  



 The Dissertation Committee for Abbe Jeanne Haser Certifies that 

this is the approved version of the following dissertation: 

 

 

 Processing Impact on the Performance of Amorphous Solid 

Dispersions 

 

 

 

 

 
Committee: 
 

Feng Zhang, Supervisor 

Robert O. Williams III 

Hugh Smyth 

James McGinity 

Joe Lubach 

 



 Processing Impact on the Performance of Amorphous Solid 

Dispersions 
 

 

 

 by 

 Abbe Jeanne Haser 

 

 

 

 Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

 Doctor of Philosophy 

 

 

 The University of Texas at Austin 

 December, 2017 

  



 Dedication 

 

To my mom, Paige, who recognized my love of science early on and built the foundation 

for me to pursue a career and advanced degree in it.   

 

To my husband, Drew, who has provided unconditional support throughout this process 

and never doubted me.    

 

 



 v 

 Acknowledgements 

 

The completion of my doctoral degree would not have been possible without 

the support of many people over the last four years. First, I would like to 

acknowledge my husband Drew for supporting my decision to pursue this degree. 

He sacrificed his own ambitions while I completed my work. I could not have 

achieved my goals without his love, support, and encouragement. I owe a huge 

thank you to my parents who have instilled their hard working ethics in me and 

who have always encouraged my interest in science even as a little girl. Thank you 

to my mom who has answered every frantic phone call throughout graduate school 

and to my dad who has reminded me to relax and recognize my achievements. 

Also, a special thank you to the Haser family (Gina, Bill, Kelly, and Rachel). Their 

proximity has made Texas feel like home. And to my best friend Erika, for listening 

and understanding what I was going through without being here. 

I was very fortunate to join the Molecular Pharmaceutics and Drug Delivery 

(MPDD) department as Dr. Feng Zhang’s first graduate student. It was a unique 

experience to learn together. I have learned so much under his mentorship and he 

has provided many opportunities both in my research and professionally. 

Dr. Zhang, thank you for your patience, scientific discussion, and advice. I would 

also like to thank the rest of my committee members. Dr. Robert O. Williams, thank 

you for taking a meeting with me four years ago, taking a chance on me, and 

recommending me to Dr. Feng Zhang. Without you, I wouldn’t be here today. 

Thank you to Dr. Hugh D.C. Smyth for adopting me into your lab culture. A big 

thank you to Dr. James W. McGinity who laid the foundation for research in 



 vi 

extrusion at the University of Texas which played a huge role in my dissertation. 

Finally, last but certainly not least, thank you to Dr. Joe Lubach of Genentech who 

I had the pleasure to spend a summer with during my internship at Genentech. 

I would also like to thank my colleagues in the MPDD department for their 

technical and emotional support and above all, friendship. A special thank you to 

Hannah O’Mary, Silvia Ferrati, Daniel Espinoza, Tania Bahamondez-Canas, 

Zachary Warnken, Dr. Leena Prasad, Dr. Justin Lafountaine, and Dr. Julien 

Maincent for providing support whenever it was needed. To Siyuan Huang, for the 

many hours of scientific discussion and a collaborative spirit that I will never forget. 

To Kamil Wlodarski for his friendship and encouragement that stuck with me. Also 

to Dr. Matt Herpin, Patricia Martins, Tamara Tarbox, Dr. Soraya Hengsawas, 

Kristina Jonsson-Schmunk, Chaeho Moon, Dr. Sachin Thakkar, Dan Ellenberger, 

Solange Valdes, Jasmin Leal, Fan Meng, Nada Kittikunakorn, Willy Sawittree 

Sahakijpijarn, Sophie Delpon de Vaux, Tongzhou Liu, Scott Jermain, Stefanie 

Hufnagel, and Dr. Chris Brough who have all provided their support and friendship.        

Thank you to Chuck Blizzard for his mentorship since the very beginning of 

my career in pharmaceutical science as an intern at Alkermes Inc. and a research 

engineer at Ocular Therapeutix. His belief in me early on gave me the confidence 

to pursue a doctoral degree. Thank you to Charlie Martin and Augie Machado at 

Leistritz and Tony Listro and Larry Acquarelo at Foster Delivery Science for their 

extrusion expertise that brought my research to a different level. I would also like 

to acknowledge Steve Sorey and Angela Spangenberg for their help with NMR.  

Finally, I would like to thank Tu Cao and Joseph Koleng, whom I could not 

have finished my doctoral work without. I am forever grateful for their hard work 

and dedication to my research.     



 vii 

 Processing Impact on the Performance of Amorphous Solid 

Dispersions  

 

Abbe Jeanne Haser, Ph.D. 

The University of Texas at Austin, 2017 

 

Supervisor:  Feng Zhang 

 

The level of understanding of amorphous solid dispersions has grown 

significantly in the last two decades. A number of commercial amorphous solid 

dispersions have been approved and they have become the industry norm for 

overcoming poor water-solubility when an enabling technology is necessary. 

Despite their success, there are still challenges in developing high performing 

amorphous solid dispersions. 

The impact of processing technique on the quality of the resultant 

amorphous solid dispersion is an area that is not well understood. Spray drying 

and melt extrusion are the two dominant manufacturing techniques for preparing 

amorphous solid dispersions. The mechanism for the formation of an amorphous 

solid dispersion from each process is very different. Therefore, the resulting 

material can have different properties which contribute to the overall performance 

of the amorphous solid dispersions. A better understanding of processing impact 

is necessary. 

Another challenge in the development of amorphous solid dispersions is the 

limitation to process high melting point drug substances that also have limited 

organic solvent solubility. For these substances, spray drying cannot be used, and 
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at the high temperatures required to dissolve the drug in the polymer carrier, there 

is significant degradation during melt extrusion. Strategies such as plasticizer, 

supercritical fluids, and polymer selection for melting point suppression have been 

used in the past but have limitations.  

This research focuses on the impact of the processing technique on the 

physical and chemical stability of the resultant amorphous solid dispersions as well 

as the resultant dissolution performance. This work showed that based on its 

mechanism of formation, melt extrusion can have an advantage when preparing a 

high potency amorphous solid dispersion with a fast crystallizing drug. Due to the 

high level of mixing in the extruder and higher temperature, a more homogeneous 

and thermodynamically stable amorphous solid dispersion can be prepared. Spray 

drying, in contrast, can produce a higher drug loading amorphous solid dispersion, 

however, the material is less homogeneous and physically unstable. Additionally, 

through process and formulation understanding, a previously deemed “un-

extrudable” drug substance was successfully processed by melt extrusion. This 

process was also successfully scaled from lab to pilot scale equipment. 

 



 ix 

 Table of Contents 

List of Tables ........................................................................................... xvi 

List of Figures ........................................................................................ xviii 

Chapter 1: Melt Extrusion .......................................................................... 1 

1.1 Abstract ..................................................................................... 1 

1.2 Introduction ................................................................................ 2 

1.3 Equipment Design and Engineering Principles .......................... 3 

1.3.1 Basic Equipment Description ........................................... 5 

1.3.1.1 Feeders ............................................................... 11 

1.3.1.2 Melt Extrusion Processing ................................... 13 

1.3.1.3 Steady-State Processing and Production 
Feedback ............................................................ 13 

1.3.1.4 Processing Regimes for Pharmaceutical 
Melt Extrusion ..................................................... 21 

1.4 Formulation Design for Melt Extruded Dispersions .................. 26 

1.4.1 Preformulation Assessment to Support Hot-Melt 
Extrusion ........................................................................ 27 

1.4.2 Assessing Formulation Performance During Early 
Development .................................................................. 37 

1.4.2.1 Manufacturability ................................................. 38 

1.4.2.2 Solid-State Characterization of Melt-
Extruded Amorphous Dispersions ....................... 39 

1.4.2.3 Stability ............................................................... 42 

1.4.2.4 Bioavailability ...................................................... 44 

1.5 Scale-Up and Process Optimization ........................................ 47 

1.5.1 Process Optimization ..................................................... 47 

1.5.2 Scale-up of Extrusion Operations ................................... 49 

1.5.3 QbD and PAT for Melt Extrusion Processes .................. 51 

1.6 Case Studies ........................................................................... 53 

1.6.1 Amorphous Solid Dispersions ........................................ 53 

1.7 Summary ................................................................................. 63 



 x 

1.8 References .............................................................................. 65 

Chapter 2: New Strategies for Improving the Development and 
Performance of Amorphous Solid Dispersion .......................................... 75 

2.1 Abstract ................................................................................... 75 

2.2 Introduction .............................................................................. 75 

2.3 Predictions to Enable Formulation Decision ............................ 76 

2.3.1 Predictive Modeling for Physical Stability of ASDs ......... 78 

2.4 Manufacturing Considerations ................................................. 81 

2.4.1 Effect of spray drying versus melt extrusion on the 
quality of amorphous solid dispersions .......................... 82 

2.4.2 Minimizing phase separation during spray drying .......... 84 

2.4.3 Minimizing chemical degradation during melt 
extrusion......................................................................... 87 

2.4.3.1 Processing approaches to minimize drug 
degradation during melt extrusion ....................... 88 

2.4.3.2 Formulation approaches to minimize drug 
degradation during melt extrusion ....................... 90 

2.5 Optimizing Behaviors of Amorphous Solid Dispersions in 
Aqueous Media ........................................................................ 91 

2.5.1 Effect of polymer selection ............................................. 93 

2.5.2 Ternary systems consisting of drug and two 
polymers......................................................................... 96 

2.5.3 Ternary systems consisting of drug, polymer and 
surfactant ....................................................................... 97 

2.6 Conclusion ............................................................................... 99 

2.7 References ............................................................................ 101 

Chapter 3: Melt Extrusion vs. Spray Drying: The Effect of Processing 
Methods on Crystalline Content of Naproxen-Povidone Formulations ... 110 

3.1 Abstract ................................................................................. 110 

3.2 Introduction ............................................................................ 111 

3.3 Materials and methods .......................................................... 114 

3.3.1 Materials....................................................................... 114 



 xi 

3.3.2 Spray Drying ................................................................ 115 

3.3.3 Melt Extrusion .............................................................. 115 

3.3.4 Accelerated Storage Conditions ................................... 116 

3.3.5 High Performance Liquid Chromatography (HPLC) ..... 117 

3.3.6 Thermal Analysis .......................................................... 117 

3.3.7 Powder X-Ray Diffraction (PXRD) ................................ 118 

3.3.8 Percentage Crystallinity of Naproxen Solid 
Dispersions .................................................................. 118 

3.3.9 Specific Surface Area (SSA) ........................................ 120 

3.3.10 Attenuated Total Reflectance-Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) .............................. 120 

3.3.11 Solid-state Nuclear Magnetic Resonance (ssNMR) ..... 121 

3.3.12 Viscosity of PVP K25 Ethanol Solution ........................ 121 

3.3.13 Diffusion Coefficient of NPX by Diffusion Ordered 
NMR Spectroscopy (DOSY) ......................................... 122 

3.4 Results ................................................................................... 123 

3.4.1 Manufacturing Processes ............................................. 123 

3.4.2 Level of Degradants Generated During Processing ..... 123 

3.4.3 Thermal Properties of Processed Materials ................. 123 

3.4.4 Crystallinity of NPX-PVP K25 Solid Dispersions 
Characterized by PXRD ............................................... 124 

3.4.4.1 Initial Crystallinity of NPX-PVP K25 Solid 
Dispersions ....................................................... 125 

3.4.4.2 Crystallinity of NPX-PVP K25 Solid 
Dispersions Following Storage at 40 C ............ 125 

3.4.5 H-bond Interaction of NPX-PVP K25 Materials by 
ATR–FTIR .................................................................... 126 

3.4.6 Crystallinity and Phase Separation of NPX-PVP 
K25 Solid Dispersions by ssNMR ................................. 131 

3.4.7 Mobility of NPX in Solution by Viscosity and 
Diffusion Coefficient Determination .............................. 135 

3.4.8 Effect of Specific Surface Area (SSA) on the 
Recrystallization of ASDs ............................................. 136 



 xii 

3.5 Discussion ............................................................................. 136 

3.5.1 Study Design ................................................................ 137 

3.5.2 Miscibility of NPX and PVP K25 ................................... 139 

3.5.3 Effect of Processing on Initial Crystallinity .................... 139 

3.5.4 Crystallinity of ASDs after storage ................................ 143 

3.6 Conclusions ........................................................................... 146 

3.7 Supplemental Figure List ....................................................... 147 

3.8 References ............................................................................ 149 

Chapter 4: An Approach for Chemical Stability during Melt Extrusion 
of a Drug Substance with a High Melting Point ...................................... 153 

4.1 Abstract ................................................................................. 153 

4.2 Introduction ............................................................................ 154 

4.3 Materials and methods .......................................................... 158 

4.3.1 Materials....................................................................... 158 

4.3.2 Hansen Solubility Parameter Calculation ..................... 159 

4.3.3 Melt Extrusion .............................................................. 159 

4.3.3.1 Design Space Study.......................................... 159 

4.3.3.2 Impact of Moisture Study .................................. 160 

4.3.3.3 Impact of Melt Residence Time Study............... 161 

4.3.3.4 Identification of Minimum Specific Energy 
Input to Convert Meloxicam to its 
Amorphous Form .............................................. 162 

4.3.3.5 Basic Microenvironment pH Study .................... 162 

4.3.4 Impurities Analysis ....................................................... 165 

4.3.5 HPLC Analysis ............................................................. 165 

4.3.6 Liquid Chromatography/Mass Spectrometry ................ 166 

4.3.7 Powder X-Ray Diffraction ............................................. 167 

4.3.8 Polarized Light Microscopy .......................................... 167 

4.3.9 Forced Degradation of Meloxicam ............................... 167 

4.4 Results and Discussion ......................................................... 168 

4.4.1 Polymer Carrier Selection ............................................ 168 



 xiii 

4.4.2 Design Space Study ..................................................... 169 

4.4.3 Degradation Pathway of Meloxicam ............................. 173 

4.4.4 Barrel Configuration and Screw Design ....................... 174 

4.4.5 Impact of Moisture and Melt Residence Time on 
Meloxicam Purity .......................................................... 175 

4.4.5.1 Moisture Impact Study ...................................... 175 

4.4.5.2 Melt Residence Time Study .............................. 176 

4.4.6 Minimum Specific Energy Input Identification ............... 178 

4.4.7 Modification of the Microenvironment to Further 
Improve Chemical Stability ........................................... 181 

4.5 Conclusions ........................................................................... 182 

4.6 Supplemental Figure List ....................................................... 184 

4.7 References ............................................................................ 186 

Chapter 5: In situ Salt Formation for Improved Chemical Stability and 
Dissolution Performance of a Meloxicam-Copovidone Amorphous 
Solid Dispersion ..................................................................................... 190 

5.1 Abstract ................................................................................. 190 

5.2 Introduction ............................................................................ 191 

5.3 Materials and methods .......................................................... 195 

5.3.1 Materials....................................................................... 195 

5.3.2 Melt Extrusion .............................................................. 195 

5.3.3 Sample Preparation for Impurities Analysis.................. 196 

5.3.4 HPLC Analysis ............................................................. 197 

5.3.5 Differential scanning calorimetry .................................. 197 

5.3.6 Thermogravimetric Analysis ......................................... 198 

5.3.7 Solid state NMR ........................................................... 198 

5.3.8 Physical Stability Testing.............................................. 199 

5.3.9 Karl Fisher .................................................................... 200 

5.3.10 Powder X-Ray Diffraction ............................................. 200 

5.3.11 Solubility studies .......................................................... 200 

5.3.12 Non-sink pH shift dissolution ........................................ 201 



 xiv 

5.4 Results and Discussion ......................................................... 202 

5.4.1 Mechanism of hydrolytic prevention ............................. 202 

5.4.2 Selection of material to increase the 
microenvironmental pH ................................................ 203 

5.4.3 Meloxicam-Meglumine Interaction in the Solid-state .... 207 

1.4.3.1 Thermal analysis (DSC and TGA) ..................... 207 

1.4.3.2 Solid-state NMR ................................................ 211 

5.4.4 Solution behavior of meloxicam with and without 
meglumine .................................................................... 214 

5.4.4.1 Solubility enhancement by meglumine and 
PVPVA .............................................................. 214 

5.4.4.2 pH shift dissolution ............................................ 217 

5.4.5 Stability after storage ................................................... 219 

5.5 Conclusions ........................................................................... 222 

5.6 References ............................................................................ 223 

Chapter 6: Findings during Melt Extrusion Scale-Up of an 
Amorphous Solid Dispersion Formulation .............................................. 227 

6.1 Abstract ................................................................................. 227 

6.2 Introduction ............................................................................ 228 

6.3 Materials and methods .......................................................... 230 

6.3.1 Materials....................................................................... 230 

6.3.2 Melt Extrusion .............................................................. 230 

6.3.2.1 Scale-up ............................................................ 231 

6.3.2.2 Reduced Melt Residence Time ......................... 233 

6.3.2.3 Reduced Meloxicam Particle Size Study........... 234 

6.3.2.4 Meloxicam-Meglumine Extrusion Study ............ 234 

6.3.3 In-line UV Spectroscopy to monitor degradation .......... 235 

6.3.4 Particle Size Analysis ................................................... 235 

6.3.5 Sample Preparation for Impurities Analysis.................. 235 

6.3.6 HPLC Analysis ............................................................. 236 

6.3.7 Powder X-Ray Diffraction ............................................. 236 



 xv 

6.3.8 Polarized Light Microscopy .......................................... 237 

6.4 Results and Discussion ......................................................... 237 

6.4.1 Optimizing SME input for larger extruder and 
different geometry ........................................................ 237 

6.4.2 Reduced Melt Residence Time by Downstream 
Feeding Study .............................................................. 242 

6.4.3 Reduced Meloxicam Particle Size Study ...................... 243 

6.4.4 In-line UV-VIS spectroscopy for extrudate quality 
monitoring in real-time .................................................. 245 

6.4.5 Meloxicam-Meglumine Extrusion Study ....................... 247 

6.4.5.1 Addition of meglumine for 100% purity.............. 248 

6.4.5.2 Addition of meglumine for increased drug 
loading .............................................................. 249 

6.5 Conclusions ........................................................................... 251 

6.6 References ............................................................................ 253 

Appendix: Investigation of Itraconazole-Hypromellose Amorphous 
Solid Dispersions Prepared with Varied Energy Input ............................ 256 

A.1 Hypothesis and research objective ........................................ 256 

A.2 Purpose and Background ...................................................... 256 

A.3 Materials and Methods .......................................................... 257 

A.4 Results and discussion .......................................................... 259 

A.4.1 Initial Characterization .................................................. 259 

A.4.2 Characterization after Storage ..................................... 262 

A.5 Conclusions and future work ................................................. 264 

A.6 References ............................................................................ 265 

Bibliography ........................................................................................... 266 

Vita ......................................................................................................... 291 

 



 xvi 

List of Tables 

Table 1.1: Twin-screw extruder equipment parts, variations, and 

major functions ....................................................................... 6 

Table 1.2: General impact of process parameters on residence time 

of melt-extruded products ..................................................... 17 

Table 1.3: Troup Classification System characterizing the risk of 

dispersion production, adapted from (60). ............................ 34 

Table 1.4: Commonly used polymers for pharmaceutical melt 

extrusion ............................................................................... 36 

Table 1.5: Preclinical oral bioavailability of anacetrapib solid 

dispersions ........................................................................... 63 

Table 1.6: Currently marketed and developed drug products using 

hot-melt extrusion ................................................................. 64 

Table 3.1: ssNMR 1H relaxation data for crystalline NPX, PVP K25, 

and ASDs at the initial time point. ....................................... 134 

Table 4.1: Extrusion Processing Conditions, Extrudate Appearance, 

and Percentage Purity after Extrusion ................................ 163 

Table 5.1: Existing strategies to reduce degradation during melt 

extrusion and their drawbacks ............................................ 191 

Table 5.2: Ratio of meloxicam to basic component, barrel and die 

temperatures, extrudate appearance, and assay by peak 

area after extrusion. All batches contain 10% (w/w) MLX, 

basic component by molar ratio, and PVPVA as 

remainder. .......................................................................... 205 



 xvii 

Table 5.3: Moisture content (%) of ASD formulations before and after 

storage................................................................................ 221 

Table 6.1: Extrusion conditions comparison for Micro-18 and Nano-

16 with same SME .............................................................. 233 

Table 6.2: Extrusion Processing Conditions, Extrudate Appearance, 

and Percentage Purity after Extrusion ................................ 240 

Table 6.3: Processing conditions and results from batches with 10% 

and 20% meloxicam with and without meglumine .............. 249 

 



 xviii 

List of Figures 

Figure 1.1: Types of block sections from a sequential block barrel 

design, moving from Left to Right, solid feed, liquid feed, 

side-feed with vent................................................................ 7 

Figure 1.2: Illustration of critical geometric descriptors of twin-screw 

extruder elements ................................................................. 8 

Figure 1.3: Geometric descriptors for conveying elements ..................... 9 

Figure 1.4: Examples of melt-fracture appearance ............................... 11 

Figure 1.5:  Steady-state control volume for hot-melt-extrusion 

operations ........................................................................... 14 

Figure 1.6: Hypothetical residence time distribution profile plotted as 

discrete value and cumulative curves ................................. 16 

Figure 1.7: Schematic diagram of the different states of a solid 

dispersion ........................................................................... 23 

Figure 1.8 Pathway for prototype solid dispersion development ......... 27 

Figure 1.9: Property mapping of solid dispersions to determine 

maximum attainable theoretical drug loading ..................... 29 

Figure 1.10: Phase diagram of solid dispersion ...................................... 32 

Figure 1.11: Image of amorphous extrudate ........................................... 42 

Figure 1.12: Representative diagram of design space for hot-melt 

extrusion ............................................................................. 49 

Figure 1.13: Diagram of melt-extrusion-process properties .................... 53 

Figure 1.14: Novel screw designs for production of Kaletra® solid 

dispersions ......................................................................... 55 



 xix 

Figure 1.15: Posaconazole oral bioavailability ........................................ 59 

Figure 1.16: Average dissolution curves for batches of suvorexant 

tablets made with varied hardness (n=12) from (114) ........ 61 

Figure 1.17: Average plasma concentration for batches of suvorexant 

tablets made at different hardness values (n=12) from 

(114) ................................................................................... 61 

Figure 2.1: Plot of crystallization time, tc, as a function of scaled 

temperature (Tg/T) in amorphous griseofulvin (mean± 

relative error). The powder was either dry or contained 

0.75% w/w water. Figure reprinted with permissionfrom 

Mehta et al. (29). ................................................................ 79 

Figure 2.2: Optimized barrel configuration and screw design with 

vents to remove moisture in zones 1 and 2 and kneading 

blocks in zone 3 to fully convert meloxicam to its 

amorphous form. Figure reprinted with permission from 

Haser et al. ......................................................................... 89 

Figure 2.3: Conceptual Continuum of Behaviors of Copovidone-

Based ASD Particles during Dissolution in Water. Figure 

reproduced with permission from Harmon et al. ................. 92 

Figure 3.1: Chemical structures of naproxen (NPX) and povidone 

(PVP) K25. ....................................................................... 114 

Figure 3.2: Screw configuration and barrel setup of Leistritz Nano 16 

mm extruder. .................................................................... 116 



 xx 

Figure 3.3: Correlation between the intensity of NPX PXRD peak at 

19.4°2θ angle and the percentage of crystalline NPX in 

the spiked ASD samples. ................................................. 119 

Figure 3.4: PXRD profiles of crystalline NPX, PVP K25, and NPX 

ASDs at (a) initial time point and (b) after eight and two 

weeks storage at 40 °C for 30% and 60% NPX ASDs 

respectively. ..................................................................... 127 

Figure 3.5: Normalized partial ATR–FTIR spectra of (a) melt-

extruded ASDs at various drug loadings, crystalline 

NPX, and PVP K25; (b) 30% and 60% NPX physical 

mixtures, 30% and 60% NPX melt-extruded and spray-

dried ASDs, crystalline naproxen, and PVP K25. ............. 128 

Figure 3.6: (a) Molecular structure of NPX with numbering used in 

peak assignments, (b) 13C ssNMR spectrum of 

crystalline NPX with peak assignments, (c) 13C ssNMR 

spectrum of crystalline NPX with dipolar dephasing 

applied to remove CH and CH2 carbon resonances. ........ 132 

Figure 3.7: Full and partial ssNMR spectra of melt-extruded and 

spray-dried ASDs at initial time. (a) 0-200 ppm, melt-

extruded ASD (b) 165-195 ppm, melt-extruded ASD (c) 

0-200 ppm, spray-dried ASD (d) 165-195 ppm, spray-

dried ASD. ........................................................................ 133 

Figure 3.8: Kinematic viscosity vs. PVP K25 concentration in 

ethanol .............................................................................. 135 



 xxi 

Figure 3.9: mDSC thermograms before (i) and after (ii) storage at 40 

°C: (a) 30% NPX melt-extruded, eight weeks (b) 30% 

NPX spray-dried, eight weeks (c) 60% NPX melt-

extruded, two weeks (d) 60% NPX spray-dried, two 

weeks ............................................................................... 147 

Figure 3.10: Impact of PVP K25 concentration on NPX diffusion 

coefficient (D) as demonstrated by DOSY 1H NMR 

spectra. (a) 20 mg/mL NPX and 40 mg/mL PVP K25 in 

deuterated ethanol and (b) 20 mg/mL NPX and 140 

mg/mL PVP K25 in deuterated ethanol. ........................... 148 

Figure 4.1: Chemical structures of meloxicam, monomer unit of 

Kollidon® VA 64 (PVPVA), and meglumine. ..................... 158 

Figure 4.2: Optimized barrel configuration and screw design with 

vents to remove moisture in Zones 1 and 2 and 

kneading blocks in Zone 3 to fully convert meloxicam to 

its amorphous form. .......................................................... 164 

Figure 4.3: Barrel configurations and screw designs for melt 

residence time study. The shaded area (green) indicates 

thirty degree kneading blocks for activation of meloxicam 165 



 xxii 

Figure 4.4: PXRD diffractograms of (a) meloxicam, PVPVA, 

meloxicam–PVPVA physical mixture, and meloxicam–

PVPVA extrudates processed at 140 °C with 50 rpm, 

100 rpm, and 200 rpm screw speeds;                (b) 

magnified diffractogram of extrudates. Extrudates 

processed at 50 rpm and 100 rpm have crystalline peaks 

attributed to meloxicam and are not completely 

amorphous. ...................................................................... 172 

Figure 4.5: Degradation products of meloxicam during melt 

extrusion after hydrolysis and subsequent 

decarboxylation. ............................................................... 174 

Figure 4.6: Specific mechanical energy input and corresponding 

percentage purity as a function of feed rate. Minimum 

energy input to convert meloxicam to its amorphous form 

and corresponding purity value indicated by black 

circles. .............................................................................. 180 

Figure 4.7: Polarized light microscopy images of extrudates at (a) 

5.0 g/min, (b) 4.5 g/min, and (c) 4.0 g/min. ....................... 180 

Figure 4.8: Forced degradation of meloxicam in 0.1N HCl and 0.1N 

NaOH at 60 °C. ................................................................ 181 

Figure 4.9: Reversing heat flow of meloxicam (MLX), neat PVPVA, 

and physical mixtures of meloxicam-PVPVA; (a) full view 

to capture meloxicam melting endotherm and (b) 

magnified to capture melting and degradation thermal 

events after the glass transition of PVPVA. ...................... 184 



 xxiii 

Figure 4.10: PXRD diffractograms of (a) meloxicam–PVPVA 

extrudates processed at various feed rates and (b) 

physical mixtures of meloxicam–PVPVA. ......................... 185 

Figure 5.1: Chemical structures of meloxicam, a monomer unit of 

Kollidon® VA 64 (PVPVA), and meglumine. ..................... 194 

Figure 5.2: Optimized barrel configuration and screw design with 

vents to remove moisture in Zones 1 and 2 and 

kneading blocks in Zone 3 to fully convert meloxicam to 

its amorphous form. .......................................................... 196 

Figure 5.3: Meloxicam conformation in a) weakly acidic, and b) 

basic environment ............................................................ 203 

Figure 5.4: DSC thermograms of meloxicam (MLX), meglumine 

(MGL), and physical mixtures of MLX and MGL at 

various molar ratios labeled accordingly. .......................... 209 

Figure 5.5: a) thermalgravimetric analysis of MLX, MGL, and MLX 

and MGL at 1:1 ratio and thermalgravimetric analysis 

(solid line) overlaid with DSC analysis (dotted line) of b) 

MLX and c) MLX and MGL at 1:1 ratio. ............................ 210 

Figure 5.6: 13C solid-state NMR data of meloxicam, PVPVA, 10% 

MLX ASD, 10% MLX-MGL ASD, and the 20% MLX-MGL 

ASD. Arrows direct the reader to the corresponding 

zoomed in spectra to capture the low frequency 

resonances. ...................................................................... 213 



 xxiv 

Figure 5.7: 2D 1H-13C HETCOR solid-state NMR spectra of (a) MLX 

and (b) 20 % MLX-MGL ASD. Projections are 1D 13C 

and 1H spectra of each sample, respectively. ................... 214 

Figure 5.8: a) Solubility of MLX at different pH, and b) solubility of 

MLX and a physical blend of MLX and MGL at 1:1 molar 

ratio in the presence of PVPVA at various concentrations 

(w/v). Data points without visible error bars have very 

small standard deviation. .................................................. 217 

Figure 5.9: Non-sink pH shift dissolution of a) MLX free acid; b) 

physical blend of MLX and PVPVA; c) physical blend of 

MLX, MGL, and PVPVA; c) MLX ASD; d) MLX MGL 

ASD. The pH shifted from 1.2 to 5.5 at 45 minutes. ......... 219 

Figure 5.10: PXRD diffractograms of the physical blends of MLX-

PVPVA and MLX-MGL-PVPVA overlaid with the 

diffractograms of the MLX ASD and MLX-MGL ASD 

before and after 1, 3, and 6 months storage at 40 

°C/75%RH. No indication of recrystallization of either 

ASD formulation after storage. ......................................... 221 

Figure 6.1: Screw design and barrel configuration for the ZSE 18 

mm extruder with 40:1 L:D ratio. ...................................... 233 

Figure 6.2: Cross-sectional view of different screw geometries; a) 

bilobal TSE screw elements; b) trilobal TSE screw 

elements. .......................................................................... 238 



 xxv 

Figure 6.3: PXRD diffractograms of copovidone, 10% meloxicam-

copovidone physical blend, extrudate from the optimized 

conditions, and the extrudate from jet milled meloxicam 

with optimized conditions. The optimized condition 

extrudate has a crystalline peak, indicated by the black 

circle, while the jet milled extrudate is completely 

amorphous. ...................................................................... 242 

Figure 6.4: PLM images of the extrudate prepared from jet milled 

meloxicam at a) 100x and b) 200x magnification. ............ 245 

Figure 6.5: In-line UV-VIS transmittance from scaled-up extruder 

conditions of the optimized formulation and from the jet 

milled meloxicam .............................................................. 246 

Figure 6.6: Diagram of in-line transmittance trends observed during 

extrusion including effect of undissolved meloxicam and 

degradation on the UV-VIS transmittance. ....................... 247 

Figure 6.7: PXRD diffractograms of the 10% and 20% meloxicam 

(MLX) extrudate, as well as the extrudates which contain 

meglumine (MGL). PLM images of the 20% MLX 

extrudate and 20% MLX MGL extrudate are included. ..... 251 

Figure A1. Chemical structure and physicochemical properties of 

itraconazole and hypromellose. ........................................ 258 

Figure A2. Screw design and barrel configuration, barrel temperature, 

and screw speed of low, medium, and high energy input 

extrusion conditions. ......................................................... 259 



 xxvi 

Figure A.3: PXRD of (a) low energy, mini HAAKE; (b) medium 

energy; and (c) high energy input ASDs before and after 

3, 8, and 14 days at 60 °C. ............................................... 260 

Figure A.4: DSC data immediately after preparing the amorphous 

solid dispersions. .............................................................. 261 

Figure A.5: Non-sink dissolution of low energy (Mini Haake), 

medium energy (Non-aggressive) and high energy 

(Aggressive) ASDs at pH 1.2. ........................................... 261 

Figure A.6: Non-sink dissolution of low energy (Mini Haake) and 

high energy (Aggressive) ASDs at pH 3.0. ....................... 262 

Figure A.7: DSC data after two weeks storage at 60 °C of the 

amorphous solid dispersions prepared with three energy 

input levels. ...................................................................... 263 

 



 1 

 Chapter 1: Melt Extrusion1 

1.1 ABSTRACT 

Techniques to overcome poor aqueous solubility of active pharmaceutical 

ingredients (APIs) continue to gain interest with a reported 30% of marketed 

compounds classified as BCS II and 10% classified as BCS IV. Approximately 70% 

of new chemical entities under development may be classified as BCS II and 

another 20% as BCS IV (1). Driven by this need to enable therapies of poorly 

soluble compounds through the generation of amorphous solid dispersions, 

pharmaceutical scientists have adapted a number of technologies from other 

industries to provide reliable and robust drug product manufacturing. Melt 

extrusion is an example of such a technology. Originally developed in the plastics 

industry over a century ago, it has been applied to pharmaceutical systems over 

the last three decades to generate some of the most cutting-edge delivery systems 

seen in the industry to date. The well-characterized nature of the process provides 

for ease of scale-up and process optimization, while also affording benefits of 

continuous manufacturing and adaptability to process analytical technology in an 

ever-changing regulatory and fiscal environment where manufacturing efficiencies 

must be maximized to reduce cost and improve product quality. This chapter 

details the basic engineering principles of the melt extrusion process and provides 

a fundamental understanding of formulation development of melt- extruded solid 

dispersions for bioavailability enhancement. Several recent case studies are also 

described to highlight the applicability of the technology to developmental and 

marketed products within the industry. 

                                            
1 Published in: Haser A, DiNunzio JC, Martin C, McGinity JW, Zhang F. Melt Extrusion. In: 
Formulating Poorly Water Soluble Drugs 2016 (pp. 383-435). Springer International Publishing. 
Abbe Haser performed the literature review and wrote the chapter. 
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1.2 INTRODUCTION 

Extrusion was developed over a century ago, and was primarily used by the 

food and plastic industries. It was adapted to the pharmaceutical industry in the 

1980’s with numerous patents and research papers published since then in 

addition to the approval of commercial products. Since then the advantages of 

extrusion for preparing pharmaceuticals has become clear. Providing advantages 

of continuous processing and ease of adaptability to in-line analytical technology, 

twin-screw melt extrusion has been extensively utilized in several pharmaceutical 

technologies, including: solid dispersion production, advanced device 

manufacturing, 3D printing of dosage forms, continuous melt granulation, abuse 

deterrence formulations, and the development of controlled release products for 

oral delivery (2-6). Available in multiple variants based on equipment geometry and 

processing temperature, twin-screw melt extrusion has emerged as a viable 

technology in the pharmaceutical industry for the production of solid dispersions 

(7-9). While all of the applications have had a significant impact on pharmaceutical 

development, this chapter is dedicated to a discussion of amorphous solid 

dispersions to address solubility limitations. Covered within this chapter is 

equipment selection, detailed discussion of the fundamental theory of melt 

extrusion, process considerations, critical aspects of formulation design for 

producing stable amorphous solid dispersions, and scale-up strategies. Major 

case studies covering the most recent commercial applications of melt extrusion 

for improving bioavailability through solubility enhancement of poorly water soluble 

compounds are also presented.   
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1.3 EQUIPMENT DESIGN AND ENGINEERING PRINCIPLES 

Twin-screw melt extrusion was developed during the 1930s and has been 

extensively studied for a number of polymer processing operations (10, 11). Today, 

the theory of the technology has been well described and the processing 

equipment extensively developed. Based on decades of research and recent 

application of the technology to the production of pharmaceutical products, one 

major facet of design has become evident: formulation and process go “hand in 

hand” to yield desired critical product attributes. Melt viscosity and solubility of a 

formulation directly influence processability factors such as motor load, pressure, 

and residence time distribution (12, 13). Similarly, screw design, throughput, and 

die geometry may impact solubilization and degradation rates of the formulation 

due to microenvironmental changes within the control volume (14, 15). During 

early development using material-sparing approaches, it is critical to understand 

the interplay of formulation and process variables to allow for rational design. 

Identification of primary factors governing critical product attributes and the ability 

to address issues associated with their control are crucial to establishing a basic 

formulation and process to support developmental activities. In later development, 

full optimization using a quality by design (QbD) methodology requires a true 

understanding of the complex formulation–process interaction in order to establish 

a robust and highly efficient design space to support routine market production. 

Given that early development and later-stage optimization are both driven by the 

interplay between formulation and process, this section describes the fundamental 

engineering aspects of melt extrusion. 
 

Pharmaceutical melt extruders are classified using several fundamental 

characteristics of the equipment, including the number of screws, the direction of 



 4 

rotation of the screws (co-rotating or counter-rotating), the degree of element 

intermeshing, and the screw size as a function of diameter. The number of screws 

determines the application of the equipment for pharmaceutical production. Single-

screw extruders are primarily used to provide more consistent pumping (16, 17). 

Example products prepared by single-screw extrusion include oral filaments, 

catheter tubes, and multi-layer films. Twin-screw extruders are frequently used in 

compounding applications such as amorphous solid dispersions due to their higher 

mixing efficiencies (11, 18). For twin-screw extruders, the direction of rotation and 

type of intermesh play a major role in the equipment efficiency and purpose. 

Extruder screws relative to one another may either be operated in a co-rotating or 

counter-rotating configuration, with co-rotating units having both extruder screws 

rotating in the same direction. This geometry is also associated with opposing 

surface velocities in the intermesh, which is more commonly known as a self-

wiping design. In this system the rotational motion of one screw wipes material 

from the other to further convey material down the length of the barrel. In the case 

of counter-rotating twin screw extruder, elemental designs are available in both an 

intermeshing and non-intermeshing format. Counter-rotating intermeshing designs 

can be associated with the production of heat sensitive materials. This type of 

design provides advantages for the production of heat sensitive materials where a 

tight residence time distribution may be an issue. For the purposes of this chapter, 

equipment discussion will focus primarily on the intermeshing co-rotating twin-

screw extruder. 

While generalized as a single-unit operation, melt extrusion is actually a 

combination of multiple operations, each contributing to the operational 

performance. Fundamentally, melt extrusion is divided into six basic steps (19): 
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1. Feeding of raw materials 
2. Conveying 
3. Melt compounding 
4. Devolatilization 
5. Pumping 
6. Shaping 

1.3.1 Basic Equipment Description 

Most modern twin-screw extruders offer a modular design that allows 

scientists to incorporate these basic operations in any sequence desired and with 

as many repetitions as needed to achieve the desired product attributes. This 

modularity of the process gives rise to a need to address the general description 

of the equipment. A twin-screw extruder consists of several basic components, 

each of which participates in the cumulative manufacture of the drug product. 

These parts are: 

 
1. Gear box and motor 
2. Barrel with heating elements 
3. Shafts 
4. Screw elements 
5. Dies 

The basic equipment parts, their variations, and their role in extrusion have 

been summarized in Table 9.1. For more detailed information the reader is directed 
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Table 1.1: Twin-screw extruder equipment parts, variations, and major functions 

 

Component Hardware Feature Parts & Variations Features/Notes 
1. Gear box 

and motor 
Size of Extruder Screw diameter -12 to 18 mm for development 

-50 mm for commercial 

Rotation Co-rotating -only inter-meshing 
Counter-rotating -intermeshing 

-non-intermeshing 
2. Barrels L:D Ratio Length to screw diameter 

ratio 
-25:1 or 40:1 for compounding 
-longer with devolatilization or side-stuffing 

Configuration Clamshell -open along backbone facilitating sampling & cleaning 
-leakage possible with high pressure 

Sequential blocks -modular, difficult to sample 
- precise temperature control 

Zone Types (Fig 9.1) Solid Feed -located upstream to introduce materials 
Liquid Feed -intro. liq. and semi-solids via inj. nozzle downstream 

-eliminate pre-mixing 
Side feed -intro. solids downstream 

-reduces heat exposure to sensitive materials 
Venting -remove volatile materials (moisture, residual solvents) 

-with or without vacuum 
Closed segment -site for mixing, kneading, shaping 

3. Screw 
Elements 
& Shafts 

Shaft-Element interface  
(torque load transferred to shaft from 
screws) 

Key -least torque capacity 
Spline -more torque capacity 
Asymmetric spline -most torque capacity 

4. Screw 
Elements 

Types Conveying -move material downstream 
-forward, reverse 

Mixing  -localized mixing 
-distribute varied viscosities 
-forward, neutral, reverse 

Kneading -distributive and dispersive mixing 
-limited by drug substance sensitivity 
-offset paddles (30°, 60°, 90°) 
-forward, neutral, reverse 

5. Dies Common Geometries Rod -pelletized and milled 
Film -easily cooled on chill roller 
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All of the major components of the extruder need to be considered when 

designing a robust process. The critical zones that make up the barrel from Table 

1.1 are shown in Figure 1.1. Each section serves specific functionality, allowing for 

multiple-unit operations to be achieved when combined with the desired screw 

design. 

Figure 1.1: Types of block sections from a sequential block barrel design, 
moving from Left to Right, solid feed, liquid feed, side-feed with vent 

Within twin-screw extruders, lobal pools result due to the rotational 

movement of the screw (Figure 1.2). Material follows the perimeter path along the 

cross section of the barrel in the screw channel. Shear reaches a maximum value 

within the overflight and lobal pool regions, while channel regions exhibit a shear 

minimum (11). This unique mixing pattern provides greater efficiencies than single-
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screw extruders and allows for effective compounding on the twin-screw extruder 

platform.  

Figure 1.2: Illustration of critical geometric descriptors of twin-screw extruder 
elements 

Based on the different screw elements featured in Table 1.1 and varying the 

geometries from Figure 1.3, the screw design can be optimized for any process. 

Generally, feed regions contain elements with the longest pitch to maximize 

conveyance from the zone, while transitions to pressured zones will be 

supplemented with a decrease in pitch. Mixing elements are most commonly used 

after the injection of a liquid or semi-solid. Due to the sensitivity of most 

pharmaceutical agents, a maximum of two, four-paddle kneading blocks are 

typically used to enhance distributive and dispersive mixing. 
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Figure 1.3: Geometric descriptors for conveying elements 

The die can also be a factor in maintaining the stability of the material. Many 

pharmaceutical active ingredients and polymers are heat sensitive. Depending on 

the screw design utilized, pressure buildup can be correlated to localized 

temperature increases where the temperature increases by up to 1°C for every 30 

psi generated (22). For common pharmaceutical applications where pressures are 

generally 300–600 psi at the 18-mm scale, this can result in local temperature 

increases of 10–20°C due to viscous dissipation during transit. When processing 

heat-sensitive products, changes to die geometry to minimize pressure buildup 

can reduce impurity formation during production. Pressure generating devices, 
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such as a gear pump, can be mated to the twin screw extruder to help manage 

pressures, and melt temperature. 

Other more general issues with the quality of extruded products are die 

swell, shark skinning, and melt fracture (23). These defects are presented 

schematically in Figure 1.4. Die swell is caused by the entropic restriction placed 

on material through the die that causes polymer molecules to orient parallel to the 

direction of flow (23, 24). Upon exiting, the polymer chains re-orient to the natural 

random coiled structure due to elastic recovery, resulting in swelling of the 

material. Shark skinning is the appearance of surface roughness of the extrudate 

material on exit from the die (25). The magnitude of these defects is directly related 

to both material properties and die geometry. Originating from factors related to 

acceleration of the surface extrudate layer, manipulation of material linear velocity, 

die landing length, die surface coating/polishing and temperature can all be used 

to reduce shark skinning in production (23, 25). 
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Figure 1.4: Examples of melt-fracture appearance 

1.3.1.1 Feeders 

During manufacturing runs, a continuous stream of material must be 

supplied to the extruder when operating at steady state. This is achieved through 

the use of gravimetric or volumetric feeders to meter solid, liquid, or gaseous 

materials into the process section. A gravimetric feeder is identical to a volumetric 

feeder except the feeder is situated on a load cell that is used to modulate the feed 

mechanism to maintain a constant mass flow rate to the extruder. Selection of feed 

screw geometry can play a significant role in process uniformity, reducing the 

avalanching and pulsing behavior of the feed stream (19, 26). Examination of 

avalanching behavior shows that the period of pulsing is a function of the flight 

design. For example, transition from a single-flight to a dual-flight system operated 
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at 60 rpm reduces the pulse period from 1 to 0.3 s. Further monitoring of material 

feed during production with gravimetric feeders is achieved using feedback control 

loop which monitors real-time weight loss while also adjusting screw speed to 

maintain a consistent feed rate. Low bulk density and poorflowing materials can 

present unique feeding challenges even within the gravimetric feeder. Self-wiping 

screw designs and non-intermeshing undercut designs can improve material 

throughputs, while driven agitators can minimize powder bridging during 

manufacture. In the case of liquid feed streams, control can be achieved using 

volumetric or gravimetric systems depending on the feed rates and material 

properties. These systems are generally closed systems that feed directly into the 

process section through the use of liquid injection ports. Systems can be designed 

to perform at ambient or elevated temperatures, which allow the addition of low-

melting-point solids as liquids into the system. Similar to gravimetric solids feeders, 

liquid feeders must be able to provide a consistent and reproducible feed stream 

at steady state, which can be ensured through proper equipment and process 

design. Nozzle restrictions ensure that liquid is fed into the extruder at sufficient 

pressure to prevent clogging (19). Further reduction of feed variability is achieved 

through the use of the gear-type pumping systems which are not subject to 

significant flow-rate variations seen in other pump designs. Smart control systems 

that are able to assess changes to processing and feed conditions can also help 

to compensate for drift which occurs over extended runs, thereby allowing the 

system to maintain steady state. While not extensively used in pharmaceutical 

applications, gas assisted and supercritical fluid injection have been applied to 

pharmaceutical processes (27-30). In the case of amorphous solid dispersions, 

gas assisted injection can be used to increase the surface area and increase 
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release of the drug. In general, the feedstock will be a gas/supercritical liquid and 

will use metering and injection systems where critical pressures help to add 

material into the process. Applications will also be supported by screw design, 

where melt seals will be formed at various points along the barrel to prevent off-

gassing during manufacture. 

1.3.1.2 Melt Extrusion Processing 

Production during melt extrusion is a function of formulation and process, 

each playing a key role with substantial interdependence. As a continuous 

process, melt extrusion can be viewed to have two specific operational modes: 

dynamic and steady state. In the dynamic mode, a mass balance will not be 

achieved leading to accumulation. This stage occurs during start-up or major 

system perturbations and represents only a very small sequence of the overall run. 

The majority of the process will be conducted at steady state where a mass 

balance is achieved and no accumulation occurs. While transient processing is 

difficult to model, steady-state operation of extrusion processes has been well 

described. In addition to the engineering principles, the process may also be 

described from the perspective of the formulation based on the drug-substance 

melting temperature in relation to the processing conditions. This section provides 

fundamental engineering and process concepts as related to pharmaceutical 

production using melt extrusion. 

1.3.1.3 Steady-State Processing and Production Feedback 

During extrusion operations, several fundamental engineering principles 

describe the behavior of the system. As mentioned previously, most twin-screw 

melt extrusion applications are conducted in a “starve-fed” manner where material 

addition into the system is controlled by the feeder (11). In such cases, the feed 
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rate is independent of the extruder screw speed and the rate of material 

conveyance into the extruder is greater than the rate at which material is being 

provided to the system. Establishing a control volume around the process section 

of the extruder, as illustrated in Figure 1.5, allows for the establishment of a mass 

balance that accounts for all possible addition and removal streams from the 

process. When operating at steady state, a mass balance is achieved where the 

mass into the system is equal to that leaving the system. 

 
Figure 1.5:  Steady-state control volume for hot-melt-extrusion operations 

In the majority of applications, 100% fill of the extruder will not be achieved 

across the length of the process section (22). Most screw elements will be starved, 

with only 100% fill achieved in the higher-pressure regions leading to 

kneading/mixing elements and the die. High levels of fill will also be achieved in 

the kneading/mixing sections themselves because of the limited conveyance 

provided by these types of elements. As such, one can also define a fill volume 

within the extruder system and can correlate residence time as a function of mass 

flow rate and volume. It is important to note that residence time is not a discrete 

value but a distribution which can be described in average or cumulative terms for 

any fraction of material. A hypothetical residence time distribution and cumulative 
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plot are shown in Figure 1.6. For pharmaceutical compounding applications, the 

residence time and corresponding distribution determine the ability to achieve the 

desired target product attributes without excessive degradation of the materials. In 

some cases, these attributes will be defined by the mean residence time  t , 

whereas other applications, such as heat-sensitive material processing, may best 

be defined by the time for 99% of the material to leave the extruder (t99%). For early 

development work, one can easily manipulate residence time and distribution by 

changing feed rate and screw speed. Changes to screw design, temperature, and 

formulation can also have a substantial impact on residence time distribution and 

often prove to be useful parameters to control during development (19, 22, 31). A 

summary of these process parameters and the corresponding impact is provided 

in Table 1.2. For example, increasing screw speed provides for moderate 

reductions in t  but can provide more significant reduction of t99% values due to the 

narrowing of the distribution observed. Alterations to temperature and formulation 

directly impact product viscosity during production, altering the fluid dynamics of 

the process. 
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Figure 1.6: Hypothetical residence time distribution profile plotted as discrete 
value and cumulative curves 
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Table 1.2: General impact of process parameters on residence time of melt-

extruded products 

  Effect on residence time 
Parameter Magnitude Variable,  

RTD Effect 
Description 

Process length Minor ↓, ↓ Reducing will generally result in 
shorter mean residence time 

Mass flow rate Major ↑, ↓ Increasing will result in shorter 
mean residence time 

Screw design Major ↓, ↓ Reduced number of 
mixing/kneading section will 
contribute to shorter mean 
residence time 

Screw speed Intermediate ↑, ↓ Increasing will generally mean 
shorter residence and 
narrow residence time 
distribution 

Die opening Minor ↑, ↓ Generally minimal impact. 
Larger orifice will generally 
reduce residence time. Also 
contributes to lower localized 
temperatures. 

Temperature Intermediate ↑, ↓ Increasing will generally lower 
viscosity and reduce 
residence time. Some 
formulations may thin 
excessively limiting flow 

Formulation Intermediate Dependent Formulation determines 
viscosity and which can 
impact residence time and 
distribution 

Beyond understanding the overall residence time within the system, melt 

residence time can play a critical role in product performance. Melt residence time 

is defined as the time during which material exists within the molten state. As 

material enters the system, it displays a specific set of solid-state characteristics 

and has a defined temperature which is generally that of the ambient environment. 

During conveyance from the feed zone to downstream regions within the extruder, 

mechanical energy is imparted into the material along with conductive heat transfer 

from the barrel wall. This energy, 80–90% of which originates from the energy 

provided by the screws, drives a temperature increase of the material (32). At 
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some point along the length of the extruder, the material transitions from solid to 

melt resulting in peak observed shear and a well-delineated change of flow 

characteristics. This behavior is generally due to one or more of the components 

melting or achieving a temperature greater than the glass transition temperature. 

At this point, material may be considered a melt and the melt residence time 

begins. It is also at this point that the polymer begins to exhibit properties 

characteristic of a solvent as a result of lower viscosity and greater molecular 

mobility. As the molten dissolution process begins, drug substance will convert 

from crystalline to amorphous, defining the time zero point for the dissolution 

process and signaling the point at which materials begin to become more 

susceptible to degradation due to the absence of crystalline morphology, which 

can inhibit certain decomposition processes. Exposure to the high-energy 

environment also increases rates at which these reactions occur. It is not surprising 

to see that melt residence time plays an important role in the production of high-

melting-point compounds and heat-sensitive compounds. In these cases, 

optimization of barrel temperature can be used to control the size of the melt region 

along the length of the screw. Reducing barrel temperatures in concert with screw 

design and screw speed can increase heat transfer rates from the system and help 

to lower localized temperatures within the process (22). At a critical threshold, 

barrel temperature reduction may become too great and result in an inability to 

process or render target product properties. 

During manufacture, the majority of energy is imparted due to the 

mechanical input provided by the screw, which manifests itself as shear and 

viscous dissipation of frictional energy resulting in temperature increases. Viewing 

the extruder process section as a stationary boundary and the rotating screw as a 
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moving boundary, the shear rate of the molten polymer can be defined as a 

function of geometry and screw speed, as shown in equation (1.1). Further 

understanding of the shear stress applied to the system is obtained as the product 

of shear rate and viscosity, described in equation (1.2). Given that the shear rate 

and shear stress are functions of the clearance geometry, a profile will be obtained 

across the length of the process section as a function of elemental design. Detailed 

knowledge of peak shear and cumulative shear experienced during production is 

necessary for successful process optimization and scale-up. Of further importance 

to the design of the process is the energy input imparted by the mechanical mixing 

process. Termed specific energy input, this is defined as the energy input provided 

by the motor of the system divided by the feed rate and is shown mathematically 

in equation (1.3). Playing an important role in optimization and scale-up, many 

formulation properties are a function of a minimum specific energy input to achieve 

the desired results. Altering feed rate proportionally to screw speed can also allow 

for increases of throughput without major changes to target product properties so 

long as maximum peak shear does not achieve a critical threshold to drive 

degradation of the formulation. 

 Shear Rate =  
 ∙  ∙ 

(  )
                                                Eq.(1.1) 

 

Shear Stress: γ =  τ ∙  η                                   Eq. (1.2) 

 

Specific Energy Input =  
̈

̇
                                         Eq. (1.3) 

 

In the molten region of the process, the materials behave as viscous liquids 

and as a result of motion and flow restrictions pressure fields build up across the 

length of process section (33). Pressure increases occur as a function of screw 
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design, with mixing and kneading elements that provide minimal conveyance and 

having higher fill yielding greater increases. These pressure differentials provide 

specific function, allowing for separation and sealing of different unit operations 

along the length of the screw. The magnitude of pressure observed is also a 

function of formulation. High-melt-viscosity systems will generate larger pressures 

at equivalent mass flow rates compared to lower viscosity formulations. An 

example of this would be a system based on hypromellose acetate succinate 

where flow rates of 1 kg/h through a 2.5-mm die would result in a pressure of ~600 

psi, whereas a similar system using copovidone would only yield ~200 psi when 

processed at 170°C. Pressure buildup also results in a localized temperature 

increase due to viscous dissipation which can impact product attributes of heat-

sensitive materials. The resulting temperature increase due to pressure buildup 

can be approximated at 1°C increase for every 30 psi generated in the system. 

After extrusion, material is discharged from the die and cooled using a 

number of different technologies. In most cases, dispersions are cooled by forced 

air convection to room temperature, which can be an effective technique when 

working with laboratory-scale processes where strand dimensions and linear 

velocities are relatively small. The general process may be expressed by equation 

(1.4), noting that h represents the convective heat transfer coefficient. When 

throughputs reach levels where convective cooling is no longer effective due to 

equipment geometries or product-specific cooling requirements, chill roller 

technology may be a viable solution. Within the chill roller, two or more rolls 

maintained at definable temperatures press the discharged extrudate to a film of 

desired thickness. This process serves to increase surface area while also 

providing direct contact for conductive heat transfer between solids. This is 
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analogous to the convective situation; however, h is replaced by the conductance 

of the roller material (U). Generally, conductance values of roller materials are 

significantly greater than the coefficients provided by convective systems which 

utilize airflow from fans. Further improving heat transfer rates for chill roller 

systems are the substantially greater surface area and reduced thickness of the 

film when compared to the cylindrical extrudate. Additionally, greater control of 

temperature differentials for chill roller systems allows for superior regulation of 

cooling rates which can present unique advantages for post-process treatment 

where roll designs integrate internal flow paths for liquid temperature control which 

help determine the heat transfer capabilities of the system. 

d
Convective Heat Transfer Equation: ( ).

d
  o

Q
hA T T

t
              Eq.(1.4) 

Numerous engineering factors determine the ability to process during melt 

extrusion, with process parameter modifications directly impacting behavior of the 

system and formulation. Development of a robust design space becomes 

imperative and an understanding of processing ranges should be established at 

an early stage to justify the use of melt extrusion as the production technology. 

1.3.1.4 Processing Regimes for Pharmaceutical Melt Extrusion 

Pharmaceutical extrusion is conducted to compound a drug substance into 

a larger carrier matrix to enhance product performance. In general, dispersions 

may be classified into three basic types of material, depending on the distribution 

and physical state of the active ingredient (20, 34, 35). Represented schematically 

in Figure 1.7, these states are crystalline solid dispersion, amorphous solid 

dispersion, and amorphous solid solution. Crystalline solid dispersions present 

multiple phases of material, which include a discrete crystalline phase and uniquely 
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identifiable carrier phase. Using differential scanning calorimetry (DSC), the 

polymer carrier phase will be identified by a glass transition temperature while the 

melting endotherm of the crystalline drug substance will also be observed. 

Amorphous solid dispersions are systems where one or more amorphous drug-

containing phases are identified. Under this definition, systems can include 

formulations ranging from discrete amorphous drug distributed in a carrier phase 

to systems where varying drug concentration gradients in the carrier manifest 

themselves as multiple glass transition temperatures. A specific subgroup of 

amorphous solid dispersions is amorphous solid solution, where the drug 

substance is molecularly and homogeneously dispersed within the carrier phase. 

In such systems, a single glass transition temperature is observed. However, one 

should note that the definition provided may be subject to the limitations of the 

quantitative methods used to assess the distribution. For example, DSC 

methodologies have detection limitations of approximately 30 nm (36). This allows 

for heterogeneity in what is perceived as an amorphous solid solution even when 

distributions of less than 30 nm are present. Analytical technology development in 

the area of dispersion characterization has received substantial attention recently 

and several other technologies have been applied to characterization. Techniques 

such as pair distribution analysis of X-ray diffraction patterns and spectroscopic 

assessment continue to improve resolution of drug distribution within the 

formulation (36, 37). Although nano-scale distributions are different between a 

dispersion (multiple Tg’s) and a solution (single Tg) and a boundary exists between 

the two systems, which is a function of current analytical technology, within the 

scope of this chapter the term amorphous solid dispersion will also include 

amorphous solid solution. For further discussion on detailed analytical 



 23 

methodologies for characterizing amorphous formulations, the reader is referred 

to Section 1.4.2.2. 

 

 

Figure 1.7: Schematic diagram of the different states of a solid dispersion 

Most pharmaceutical systems currently produced using melt extrusion for 

bioavailability-enhancement applications are performed to create an amorphous 

solid dispersion. This system provides the free energy benefits of an amorphous 

form to increase dissolution rates and solubility while also drawing on the 

molecularly disperse nature of the system to maximize specific surface area at a 

molecular level. During manufacture of solid dispersions, material may be 

processed in one of two distinct regimes (20). The first system involves the 

dissolution of the solid drug substance into the liquid-like polymer. The second 

system involves the mixture of two miscible liquids of differing viscosities. The two 

systems can be further divided based on the melting point of the drug substance, 

the extent of melting point depression observed in the presence of polymer, and 

the melt viscosities of the drug substance and polymer (20).  
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According to Brown et al., in the first regime, drug substance is paired with 

a highly viscous or inviscid (less viscous) polymer. Drug substances in this class 

have a high melting point and require energy input to disperse and form a 

homogenous material. The dissolution of the drug can be described in terms of the 

Noyes-Whitney equation given as (1.5) where D is the diffusion coefficient, A the 

surface area of the drug substance, Co is the saturation solubility of the drug 

substance in the polymer, C is the concentration of drug substance in the bulk 

polymer melt, and h is the diffusion boundary thickness. Raising temperatures 

above the glass transition temperature results in greater diffusivity, as described 

in the Stokes–Einstein equation presented in (1.6) where kB is boltzman’s constant, 

T is temperature, η is viscosity, and r is the radius of the drug substance particle. 

Temperature increase also raises the equilibrium solubility of drug in the carrier 

(Co). This behavior results in greater dissolution rates (dM/dt) which can be further 

increased by providing higher levels of shear to the system which drive a decrease 

in boundary layer thickness (h).   
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Based on the Noyes-Whitney equation, increasing the surface area of the 

drug substance and reducing the boundary thickness are critical to producing a 

homogenous system. In order to accomplish this, this regime requires high 

processing temperatures and longer residence times. In order to prevent 

degradation and improve processing conditions, pre-treatment steps can be done. 
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Micronizing the drug substance can help reduce processing conditions if it is 

thermally labile and pre-blending drug with polymer can also improve processing 

performance by maximizing initial drug/polymer contact. 

The second regime is best described by liquid/liquid mixing due to the 

miscibility of the drug and polymer as observed by the melting point depression of 

the drub substance in the presence of polymer or due to a low melting point drug 

substance. In the case of the high melting point drug substances in this regime, 

the drug melts below its melting point due to the presence of polymer and this 

creates two liquids (polymer and drug) of varying viscosities in the extruder. The 

melting point depression allows more moderate processing conditions in 

comparison to systems in the first regime. The challenge with this regime is extent 

of mixing to achieve a well dispersed system. Distributive and dispersive mixing 

are both required to break up the droplets of drug substance and fully dissolve the 

drug substance to form a homogenous system. This challenge is reduced with a 

less viscous polymer. The other case in this regime is the lower melting point drug 

substances which require less thermal energy however still require mixing. These 

systems, both with viscous and inviscid polymers result in liquid/liquid mixing. They 

are the least complex cases to process. Lower processing temperatures due to the 

miscibility and plasticizing effect of the drug substance are required and viscosity 

reduction of the polymer is not essential.  

Manufacture of a crystalline solid dispersion is performed to reduce particle 

size for increased dissolution rate where the free energy benefit of an amorphous 

form is not required. Such a case may arise for compounds having sufficiently low 

lattice energy that dissolution is not hindered by the crystalline structure or in cases 

where a sufficiently stable amorphous form cannot be generated. These systems 
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may also be prepared to provide controlled release functionality to a dosage form. 

The top-down crystalline dispersions, particularly useful for controlled release 

application, are also generated in the solubilization regime; however, the goal is to 

find materials in which the drug has extremely limited solubility (Co ~ 0). Processing 

conditions will also be modified to minimize temperature to lower equilibrium 

solubility and diffusivity, while also providing only sufficient shear to reduce particle 

size to the desired target product property while not imparting excess energy to 

substantially raise localized temperatures or significantly reduce boundary layer 

thickness. By careful identification of nonsolvent materials and optimization of 

processing conditions, it is possible to create crystalline solid dispersions using 

melt extrusion. 

1.4 FORMULATION DESIGN FOR MELT EXTRUDED DISPERSIONS 

Melt-extruded solid dispersions can contain a number of different materials, 

each serving a specific and necessary role in the formulation. Consisting of drug 

substance, stabilizing polymer, plasticizer or surfactant, melt solubilizer, and 

glidant, selection of component need and level is driven by early preformulation 

assessment and tuned during the formulation optimization period based on 

manufacturability, bioavailability, and stability of the dispersion system. Utilizing a 

rational design concept, a rapid prototyping approach for the development of melt 

extruded solid dispersions, outlined in Figure 1.8, can be used to identify lead 

compositions providing desired target properties. Within this path, property 

mapping and molecular modeling concepts are utilized to provide a justification for 

formulation selection leading to prototype development. Prototype formulations 

can then be rapidly screened using small-scale extrusion equipment and evaluated 

for manufacturability, bioavailability enhancement, and stability. This section 
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provides a basic understanding of formulation design for melt extruded solid 

dispersions while also describing the current strategies for performance 

assessment to support early formulation development. 

 

 
Figure 1.8 Pathway for prototype solid dispersion development 

1.4.1 Preformulation Assessment to Support Hot-Melt Extrusion 

Solid dispersion formulation development begins with a detailed 

preformulation evaluation designed to identify the need for an amorphous 

formulation and the viability of melt extrusion as a production platform. Assessment 

of molecular properties, particularly around aqueous solubility, and solid-state 

properties allows one to identify the need for an amorphous form, with solid 

dispersion formulation intervention required for molecules exhibiting low aqueous 

solubility. Generally, if the solubility is insufficient to allow the target dose to 

dissolve in less than 250 ml, the compound may require solubility-enhancement 

technologies to achieve the desired exposure (38). In general, many 

developmental compounds exhibit solubilities several fold below that, clearly 

delineating the need for an amorphous formulation. Compounds exhibiting slow 
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intrinsic dissolution rates or site-specific absorption may also require solubility 

enhancement. Once identified as a specific need for the compound, a range of 

more preferred solubility-enhancement options are available, including salt 

formation, polymorph selection, particle-size reduction, and pH modification. Each 

of these options has been utilized more extensively than amorphous dispersions 

to improve oral bioavailability and also provide advantages of greater physical 

stability and production within conventional pharmaceutical unit operations. 

Further information on these processes is provided in various chapters of this text. 

In cases where these options do not provide sufficient improvements in solubility, 

amorphous dispersions become a viable option. 

Once the need has been identified, the next step for preformulation 

characterization is to assess the viability of producing a stable solid dispersion. 

Evaluation of solubility parameters, melting point, glass transition temperature, 

crystallization tendency, and lipophilicity can be used to quickly assess viability. 

Using these values, it is possible to project the likelihood of success for an 

amorphous formulation. Development of basic property maps, such as that shown 

in Figure 1.9, can predict the likelihood of success for the formulations by quickly 

identifying the maximum attainable drug loading and comparing this to the target 

dose estimated from the amorphous form (39). 



 29 

Figure 1.9: Property mapping of solid dispersions to determine maximum 
attainable theoretical drug loading 

One quick assessment of the ability of the drug substance to form a stable 

glass dispersion is by the Tm/Tg ratio (40-42). Values greater than 1.3 indicate that 

the material is a weak glass and will have a propensity to recrystallize on storage, 

while values less than 1.3 indicate a strong glass. Recently, other assessments 

have been proposed to classify the glass forming ability of drugs. The 

crystallization tendency from an undercooled melt is measured and molecules are 

divided into three separate classes based upon crystallization observed during 

heating/cooling/heating by DSC. Class I molecules are those that recrystallize 

upon cooling and can be divided into two groups, those which can be melt 

quenched to avoid crystallization upon cooling and those that cannot. Class II and 

III molecules are less likely to crystallize. Class II molecules recrystallize upon 

heating while Class III molecules do not exhibit any crystallization (43). This 
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system can be used to quickly assess the glass forming ability and also how crucial 

it will be when choosing a stabilizing polymer for the system.  

Polymers can be evaluated for their ability to stabilize the amorphous form 

of the drug. Extrapolation of proposed solid dispersion glass transition temperature 

using the Gordon–Taylor equation can be used to identify appropriate materials 

and drug loadings capable of facilitating stable product formation while also 

providing an indication of required processing temperatures (44). Further utilization 

of the Gordon–Taylor equation can be conducted to identify glass transition 

temperature at varying plasticizer levels to aid in processing and provide stability 

assessment of theoretical formulations based on the rule of 50. Originally 

developed by Zografi and co-workers using the Williams–Landel–Ferry equation 

and experimentally demonstrated using indomethacin, this model describes a solid 

dispersion in terms of molecular mobility as a function of glass transition 

temperature (45, 46). Theoretically, molecular mobility increases as a function of 

temperature with significant mobility changes observed when the temperature is 

increased through the glass transition point. Zografi’s team identified a dispersion 

Tg 50°C greater than the storage conditions to sufficiently inhibit mobility so as to 

provide an acceptable product shelf life. While this rule has shown validity in many 

cases, there are also numerous exceptions, showing incompatibility when Tg – 

Tstorage > 50°C and acceptable stability when Tg – Tstorage < 50°C (47). Due to the 

inconsistencies, molecular mobility remains an active area of research (48, 49). In 

general, cases of incompatibility in systems having a Tg – Tstorage > 50°C are 

observed with systems having a high drug loading, a compound prone to rapid 

recrystallization or a system with only partial miscibility. For cases where stability 

is observed at differentials below the rule of 50, it is most often due to a specific 
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intermolecular interaction which results in an elevated activation energy for 

recrystallization. Specific examples of such interactions include amine groups 

interacting with carboxylic acid groups of enteric polymers and hydrogen-bond 

donor groups interacting with the carbonyl acceptor group of the vinylpyrrolidone 

polymers. 

Solubility parameters provide a measure of cohesive energy density for a 

material and can be used to assess the interaction potential between different 

formulation additives (50). The contributions of dispersive, polar, and hydrogen-

bonding components of molecular structure are shown in equation (1.7). 

Differential values between components of less than 7.0 MPa1/2 have been 

correlated with miscibility while values greater than 10.0 MPa1/2 indicated 

immiscibility. Applying this simple technique allows for rapid screening of candidate 

dispersion polymers related to the drug-substance properties. Further 

thermodynamic evaluation of miscibility and dispersion stability can also be 

assessed using adaptations of the Flory–Huggins model to generate phase 

diagrams of the solid dispersion at varying temperatures and compositions (51, 

52). Small-scale melting-point depression trials can also be used to accurately 

determine API solubility in the molten polymer as a function of temperature, 

allowing for identification of required processing temperatures and maximum 

theoretically attainable drug loading prior to prototype manufacturing. In these 

studies, physical mixture of drug with small fractions of polymer is prepared and 

analyzed by DSC to identify melting-point depression. By plotting melting-point 

depression, it is possible to determine the Flory–Huggins interaction parameter (χ) 

and develop bimodal and spinodal curves delineating the two-phase region from 

the homogeneous single-phase region. From such phase diagrams, as presented 
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in Figure 1.10, one can identify the required processing temperatures and estimate 

appropriate quench rates required for the development of stable or meta-stable 

solid dispersions. More recently, a method to determine the chemical potential at 

room temperature was developed. Using solution calorimetry to determine the heat 

of mixing, the solubility of a drug in polymer can be calculated (53). 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.10: Phase diagram of solid dispersion 

2 2 2 2SolubilityParameter Equation :δ δ δ δ .  T d p h  (1.7) 

Beyond formulation selection to achieve a stable and orally bioavailable 

formulation, processability of a melt-extruded system is highly dependent on the 

formulation characteristics. Melt viscosity plays an instrumental role in determining 

the motor load and pressure during manufacture (13). Ongoing research in this 

area can help develop accurate extrudable temperature ranges for each polymer. 

In one example, the viscoelastic properties of poly(vinylpyrrolidone), cellulosic, and 
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polymethacrylates/polymethacrylic acid based polymers were evaluated and the 

intersection point between the storage modulus and loss modulus (elastic and 

viscous term respectively) of the polymers was plotted against temperature, and 

the point of intersection, tan δ =1 noted (54, 55). This point represents the transition 

of the material to a more liquid-like state indicating a processable temperature. 

This method has the advantage of providing a more accurate temperature range 

than glass transition alone. In the case of Soluplus® which has a minimum 

extrusion temperature >10 °C above its glass transition, the method found tan δ 

=1 at 83 °C or 13 °C above its glass transition. This method could be extended to 

predict appropriate ranges for drug-polymer systems (56).Viscosity of the system 

is also critical for processes operated in the solubilization regime where lower melt 

viscosities increase diffusivity and dissolution rate of the solid drug particles in the 

molten polymer. By incorporating plasticizers and surfactants into the system, 

processing temperatures may be lowered to improve thermal stability of the system 

and also aid in the manufacture of solid dispersions with high-melting-point 

compounds. These beneficial aspects of processing are often counter-acted by a 

limitation to physical stability. Although incorporation of these additives has been 

shown to compromise physical stability of susceptible amorphous forms, resulting 

in recrystallization on storage, several commercial products contain a surfactant in 

their formulation (57-59). 
 

The two processing regimes presented in section 1.3.2.2. have been further 

classified. The Troup Classification System (TCS) is presented in Table 1.3 and 

divides the risk of dispersion production into six classes based on phase attributes 

that are determined from melting temperature, extent of melting point depression, 

polymer system rheology, and complexity (60). Polymer systems are classified as 
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viscous or not viscous. Class I is the most difficult with Class VI being the least 

complex. Many examples in the literature exist covering the extrusion of classes 

IV-VI systems (61-64), however fewer have been described for the more 

challenging classes I-III (65). 

 
Table 1.3: Troup Classification System characterizing the risk of dispersion 

production, adapted from (60).  

Class 
Melting 

Temp of API 
Melting Point 
Depression 

Polymer 
System Complexity Phase attributes 

I High Negligible Viscous Mixing degradation Solid/viscous liquid 
II High Negligible Inviscid Mixing degradation Solid/inviscid liquid 
III High Significant Viscous Mixing Liquid/liquid 
IV High Significant Inviscid Mixing Liquid/liquid 
V Low N/A Viscous Mixing for extreme 

viscosity ratios 
Liquid/liquid 

VI Low N/A Inviscid Mixing for extreme 
viscosity ratios 

Liquid/liquid 

 

A number of polymeric materials are currently utilized for the production of 

melt extruded solid dispersions and include nonionic and ionic polymers (66). In 

most cases, these materials were designed for other pharmaceutical technologies 

and have been applied to melt extrusion, including enteric polymers, which are 

commonly used for coatings, and binders, which are commonly used for 

granulations and compression. While these materials have shown sufficient 

applicability, new materials specifically designed for melt extrusion are in 

development and have recently begun to reach the market.. Affinisol™ HPMC 

HME developed by The Dow Chemical Company was recently made available as 

an alternative to traditional hypromellose (HPMC) with more desirable properties. 

Cellulosic polymers are typically difficult to extrude due to their high melt viscosity 

and degradation at temperatures where melt viscosity is extrudable. Affinisol™ has 

a lower glass transition temperature range, 117 °C–128 °C than traditional HPMC’s 
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which have a range of 160 °C-210 °C. This is due to different substitution 

architecture of methoxyl and hydroxypropoxyl groups. As a result, it also has a 

significantly lower melt viscosity.  With these properties, melt extrusion can be 

performed at a wider range of temperatures and without plasticizers while 

maintaining the ability to stabilize an API. The success of Affinisol™ has been 

recently published comparing it to conventional extrusion polymers (67). Ashland®, 

Inc. has also been investigating another cellulosic extrusion grade polymer, 

HPMCAS. Due to the hydrophobic interactions between drug and polymer in 

solution, HPMCAS is an excellent crystallization inhibitor, however current 

commercial grades have a glass transition of 120 °C and require extrusion 

temperature above 170 °C (66). Ashland®’s HPMCAS under development has a 

glass transition closer to 100 °C (68). By being specifically designed for melt 

extrusion, these materials provide benefits for processing and bioavailability 

enhancement. A summary of materials commonly used for melt extrusion to 

support bioavailability enhancement is provided in Table 1.4.
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Table 1.4: Commonly used polymers for pharmaceutical melt extrusion 

Polymer Tg (°C) Grades Notes 
Hypromellose 170–180 Methocel® E5 • Non-thermoplastic 

• API must plasticize 

• Excellent nucleation inhibition 

• Difficult to mill 
Modified hypromellose 117-128  Affinisol®  

15cp, 100cp, and 4M 
• Designed for melt extrusion 

• Broad processing window 

• API plasticization not required  

• Excellent nucleation inhibition 
Vinylpyrrolidone 168 Povidone® K30 • API must plasticize 

• Potential for H-bonding 

• Hygroscopic 

• Residual Peroxides 

• Easily milled 
Vinylpyrrolidone-

Vinylacetate 
Copolymer 

106 Kollidon® VA 64 • Easily processed by melt 
extrusion 

• No API plasticization required 

• More hydrophobic than 
vinylpyrrolidone 

• Processed around 130 °C 
Polyethylene glycol, vinyl 

acetate, vinyl 
caprolactam graft  

      co-polymer 

70 Soluplus® • Designed for melt-extruded 
dispersions 

• Easily process by melt extrusion 

• Low Tg can limit stability 

• Not of compendial status 

• Stable up to 180 °C 
Polymethacrylates 130 Eudragit® L100-55 

Eudragit® L100 
• Not easily extruded without 

plasticizer 

• Degradation onset is 155 °C 

• Ionic polymer soluble above pH 
5.5 

Hypromellose Acetate 
Succinate 

120 – 135 AQOAT® - L 
AQOAT® - M 
AQOAT® - H 

• Easily extruded without plasticizer 

• Process temperatures > 140 °C 

• Ionic polymer soluble above pH 
5.5 depending on grade 

• Excellent concentration enhancing 
polymer 

• Stable to 190 °C depending on 
processing conditions 

Amino methacrylate 
copolymer 

56 Eudragit® E PO • Process temperature ∼ 100°C 

• Degradation onset is > 200 °C 

• Low Tg can limit stability 
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Utilizing basic information gathered from drug-substance characterization, 

it is possible to identify potential solid dispersion materials appropriate for use in 

development. Understanding polymer properties coupled with thermodynamic 

modeling of dispersion properties as a function of temperature and drug loading 

will provide a basis for selection of early prototype formulations. In this manner, 

one can significantly reduce the time required in subsequent development to arrive 

at the optimum dispersion while also conserving valuable drug substance. 

1.4.2 Assessing Formulation Performance During Early Development 

Following identification of appropriate materials and target prototype 

formulation as part of the preformulation exercises, small-scale dispersions will 

need to be manufactured to assess three critical performance areas: 

manufacturability, bioavailability, and stability. While generalizations of solid 

dispersion performance with respect to bioavailability and stability can be inferred 

from the behavior of systems prepared using other methodologies, some variations 

of physical properties may exist. Currently, there is no small-scale method capable 

of providing the manufacturing performance assessment seen during melt 

extrusion, although new research in this area continues (69). With the existing 

methods, formulation compositions may be erroneously disregarded because of 

the way they are prepared during screening. For instance, the use of ovens or 

thermogravimetric analysis (TGA) to simulate extrusion leads to exaggerated 

thermal exposure when compared to extrusion residence times. Extending heating 

time can lead to polymer and/or drug degradation (15). Screening methods, like 

cyclical DSC, can also underestimate the miscibility of a system such as with 

HPMC that cannot sufficiently mix upon heating. Attempts have been made to 

improve thermal methods by particle size reduction and systematically varying 
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heating rates (70-72). Rheometers have been used in place of DSC to induce 

shear and assess the system under stress conditions (73). While able to simulate 

stress, they are unable to provide distributive mixing experienced in extruders. Due 

to the restrictions and false predictions accurate development requires the use of 

small-scale extruders to process materials. The miniaturization of the process has 

seen significant development to support pharmaceutical development. Currently, 

systems as small as 3 mm can provide accurate assessments of manufacturing 

performance, allowing for batch sizes of less than 5 g of material. This provides an 

accurate and representative platform for the evaluation of formulation performance 

while conserving a limited early-stage drug supply. Additionally, miniaturization 

and advancement of analytical methodologies allow for small batch sizes to 

provide useful information about solid dispersion stability and bioavailability (74). 

1.4.2.1 Manufacturability 

After careful selection of a polymer carrier and/or other additives, melt 

extrusion is performed and manufacturability assessed. Instrumentation used to 

control the melt extrusion process provides significant insight into the performance 

of the formulation. Key measurements of torque, temperature, and pressure 

provide information on material flow behavior within the process section. Torque 

values are an indicator of the amount of energy that is being imparted into the 

materials being processed. Formulations exhibiting increased levels may have 

high melt viscosities and require the addition of a plasticizer. In addition to 

plasticizers, dissolved gases like CO2 have been used to reduce the temperature 

and/or stress required to form a homogenous melt (75). Injection of supercritical 

CO2 into the extrusion process results in a plasticization effect for polymers with 

high CO2 solubility. The CO2 can be removed following extrusion so the resultant 
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glass transition temperature is not depressed and molecular mobility is not 

increased. This provides additional manufacturing advantages since the resultant 

extrudate is typically porous facilitating post-processing steps such as milling and 

improving compression (76).  

In addition to high torque, elevated melt pressure and temperature may also 

provide information about formulation flow while also identifying if die bore cross-

sectional area is insufficient for the flow rates used in manufacturing. 

Representative information about manufacturing performance can also begin to be 

characterized, which will serve as a basis for later-stage scale-up evaluation. 

Determination of specific energy input and screw design required to achieve target 

product properties establishes the beginnings of an operational design space. 

Similarly, temperature profiles developed at the early stage are translated to larger 

geometrically similar equipment as development progresses. 
 

1.4.2.2 Solid-State Characterization of Melt-Extruded Amorphous 
Dispersions  

Assessment of solid dispersion amorphous nature is conducted using at-

line evaluations and traditional analytical characterization methods. During 

production, amorphous systems frequently form transparent glasses, similar to 

that shown in Figure 1.11, which allows for easy identification of residual 

crystallinity and provides a first-line assessment of product attributes. Polarized 

light microscopy is an excellent qualitative technique which can support at-line 

determination of the properties. Further confirmation of amorphous nature is 

achieved through the use of powder X-ray diffraction, DSC, and Fourier transform 

infrared spectroscopy where characteristic markers associated with the crystalline 

form can be detected. Using DSC, a crystalline dispersion will contain both a glass 
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transition temperature associated with the polymer phase and melting endotherm 

of the drug substance. This type of dispersion will also be visually opaque at line, 

allowing for clear identification of amorphous and crystalline forms. Similarly, 

immiscibility of formulation additives can result in opacity of the system that will 

also manifest itself in detectable multiple phases by mDSC. In extreme cases of 

immiscibility, visual observations of phase separation may occur at line where 

phases of different viscosity are observed to exit the die region. 

While these techniques have general detection limits of ~2–5% crystalline 

material, method development and optimization can be used to refine these and 

other technologies to detection levels of residual crystallinity to less than 0.1% w/w 

(36). Solid-state nuclear magnetic resonance (ssNMR) can be used to achieve 

limits of detection very low when the drug contains an atom of high natural 

abundance and present only in the drug (77). New techniques are being 

investigated including second-harmonic generation (SHG) or second-order 

nonlinear optical imaging of chiral crystals (SONICC), a type of nonlinear optical 

microscopy. The technique works for chiral molecules which is inherent for most 

pharmaceutical compounds. The selectivity for crystalline drug substance has 

allowed measurements with detection on the order of parts per billion (78-80). 

Coupling SONICC with Raman spectroscopy or two-photon fluorescence may 

provide quicker identification and provide better discriminating power (81).     

Aside from residual crystallinity, amorphous-amorphous phase separation 

also needs to be assessed. Amorphous phase separation can be indicative of an 

unstable system. Detecting amorphous-amorphous phase separation can be very 

difficult due to inherently less sharp analytical signatures of amorphous forms. 

Frequently, phase distribution within the dispersion is achieved with modulated 
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differential scanning calorimetry (mDSC), where homogeneity is denoted by a 

single glass transition temperature. This technique has two major limitations. The 

first limitation presents itself when the phase separating materials have glass 

transitions that are too close together. The second limitation arises from falsely 

characterizing a dispersion as homogenous if the measurement itself 

homogenizes the sample. Within the last decade many publications have been 

published identifying amorphous phase separation. Techniques being explored 

are mathematically transformed X-ray data, vibrational spectroscopy, confocal 

Raman spectroscopy, ssNMR, and AFM (36). In one example, two samples both 

characterized by a single glass transition and extruded at varied conditions showed 

stability differences (82). Phase separation of the original extrudate was detected 

by Raman spectroscopy. In the case of transformed X-ray data, an amorphous X-

ray pattern is coupled with pair distribution functions. Newman et al. were capable 

of detecting phase separation of trehalose-dextran and poly(vinylpyrrolidone) that 

was not detected by DSC. In addition to its use in detecting trace crystalline 

materials, ssNMR has recently been employed to detect amorphous phase 

separation (83). Atomic force microscopy (AFM) provides high spatial resolution 

and an ability to exam the molecular surface of extrudates in a non-destructive 

manner (69). Pulsed force AFM coupled with FTIR demonstrated the ability to 

detect phase separation in felodipine/Eudragit® E PO systems (84). Recently, AFM 

was used to detect phase separation in copovidone/vitamin E TPGS solid 

dispersions prepared by melt extrusion (85). The authors concluded that lower 

screw speed resulted in phase separation and 600 RPM was required to form one 

phase.  
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Figure 1.11: Image of amorphous extrudate 

1.4.2.3 Stability 

Further evaluation of the extrudate to predict performance is necessary. 

Stability evaluation of melt extruded solid dispersions is conducted in a similar 

fashion to other types of solid dispersions by placing materials under aggressive 

storage conditions (elevated temperature and humidity) to induce stress on the 

system. They are then evaluated using a battery of qualitative and quantitative 

techniques. From a regulatory perspective, the most aggressive condition the 

material will see during shelf life is storage at 40°C and 75% relative humidity. For 

rapid stability assessment, it is recommended to store dispersions at these 

conditions in an open manner to allow the system to reach moisture equilibrium 

with the environment. Since moisture is a potent plasticizer, allowing the system 

to reach moisture equilibrium with the environment presents a worst-case scenario 

for storage. Further increases of temperature and humidity can provide greater 

stress on the material but may not be representative of the final storage conditions. 
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Samples can then be evaluated for chemical and physical stability. 

Chemical stability of the dispersion can be performed using conventional analytical 

techniques such as high-performance liquid chromatography, with the specific 

method highly dependent on the properties of the drug substance. Physical 

stability is assessed by a combination of qualitative and quantitative methods 

aimed at identifying recrystallization. Commonly used techniques include those 

mentioned above for initial quality evaluation along with qualitative methods such 

as polarized light microscopy (PLM) and scanning electron microscopy (SEM) to 

visually identify the presence of crystalline materials (86). Owing to increased 

entropic freedom at the surface, molecular mobility at the interfacial regions is 

greater than that in the bulk, facilitating recrystallization on the exterior of solid 

dispersion particles (82, 87). Exposure to elevated moisture and temperature helps 

to plasticize the interface and further increase molecular mobility, allowing SEM to 

be used for identification of recrystallization on storage. Similarly, PLM can be used 

to identify crystallized material in the solid dispersion particles. Both methods 

generally tend to be more sensitive than quantitative techniques; however, they 

cannot be used to identify the extent of recrystallization. For this, methods 

mentioned in section 1.4.2.2 are utilized. Storage placement of samples under 

different moisture controls allows for decoupling of moisture and temperature 

effects responsible for recrystallization while also providing the ability to 

extrapolate performance. If moisture absorption is identified as a failure 

mechanism associated with dispersion stability, it may be possible to limit 

recrystallization with moisture-resistant dosage form development or product 

packaging. Temperature-associated failures become more difficult to address; 

however, in rare cases, they could be mitigated through stringent and restrictive 
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storage requirements for the drug product, such as maintaining the material under 

refrigeration. 

1.4.2.4 Bioavailability 

Amorphous solid dispersions prepared by melt extrusion are undertaken to 

enable drug delivery through improved solubility and bioavailability. During 

development, in vitro characterization of performance is necessary to identify lead 

formulations but conventional techniques are often insufficient to describe the 

dissolution behavior of an amorphous form. Resulting from the amorphous nature, 

formulations exposed to an aqueous environment will rapidly dissolve and drive a 

supersaturated concentration (88, 89). Nucleation and growth will begin to occur, 

causing precipitation which drives the system to thermodynamic equilibrium. As a 

result of this behavior, a number of different colloidal species will be present in 

solution, many of which will exist below 200 nm, thus limiting the ability of 

conventional analytical technologies to identify species in solution.  

Within current dissolution theory of amorphous formulations, free-drug 

concentration is believed to be the primary contributor to oral bioavailability 

enhancement. Free drug is defined as individual drug molecules dissolved in 

solution without significant complexation to other multi-molecular aggregates. 

Other species present in solution include drug–polymer nano-structures, nano-

aggregates, free polymer, dissolving solid dispersion, bile salt micelles, and larger 

precipitated aggregates. Each of these species contributes to a pseudo-

equilibrium with free drug in solution, during which time free drug is absorbed while 

the system approaches thermodynamic equilibrium. Formulating solid dispersions 

requires identification of materials capable of maximizing the free-drug 

concentration, while, also extending the duration, elevated concentrations are 
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maintained. If supersaturation occurs too rapidly, the particles may nucleate and 

recrystallize. Surfactants have been used in many of the commercial formulations 

(57-59, 90). Surfactants can influence dissolution rate and ultimately bioavailability 

(20). Materials capable of providing such an effect are termed concentration-

enhancing excipients, the majority of which are ionic amphiphilic macromolecules 

which are ionized at intestinal pH (39). From a functional perspective, the large 

molecular weight provides steric hindrance to recrystallization while the ionized 

state prevents aggregation and growth of particles, leading to prolonged durations 

of supersaturation (39, 88, 91). The amphiphilic nature of the material allows 

hydrophilic groups to interact with water, while hydrophobic interactions maintain 

stabilization of the free drug in solution (91). 

Once the solubility issue has been overcome, permeability is the next factor 

to address. While a formulation can perform well during in vitro dissolution, it may 

be limited by its permeability. Systems other than amorphous solid dispersions 

such as cyclodextrin complexes or cosolvent systems have shown to suffer from 

low permeability due to the decreased fraction of free-drug in the gastrointestinal 

tract (92, 93). Amorphous solid dispersions have an advantage over these systems 

(94). Miller et al. showed that amorphous solid dispersions enable increased 

apparent solubility without sacrificing intestinal membrane permeability.  

Due to the small size domain of the different species in solution and the 

varying degrees they contribute to bioavailability, analytical technologies used for 

characterization must be capable of separating free-drug from the other species. 

Current free-drug characterization technologies rely on passive diffusion through 

an isolating membrane to assess concentration levels. Dialysis methods and 

adaptations of the parallel artificial membrane permeability assay (PAMPA) have 
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been successfully implemented. These techniques utilize membrane cutoffs to 

ensure that higher-molecular-weight material is non-permeable into the receptor 

component, while low-molecular-weight drug molecules are capable of diffusing 

through the system. More accurate than many of the centrifuge and filtration 

counterparts, permeability through the membrane is used to determine free-drug 

concentration in the donor compartment. While diffusion techniques provide the 

most accurate assessment, frequently it may be acceptable to use alternate 

techniques as surrogates by measuring total drug in solution, which also includes 

many of the colloidal species. In comparison to conventional sink dissolution 

testing, these methods can be more reliable predictors of in vivo performance. 

Another option for screening bioavailability enhancement of melt extruded 

dispersions is the use of preclinical animal models, although physiological 

differences compared to man may limit predictability. These issues can become 

even more challenging for BCS II/IV compounds, where volumes, pH, transit times, 

and membrane permeability may not provide an accurate prediction of formulation 

performance in man. While a detailed discussion of animal models is outside the 

scope of this chapter, it is important to highlight the potential issues of predicting 

oral bioavailability of poorly soluble formulations with preclinical models. One 

example of this variability by species is membrane permeability. In relation to man, 

primate models tend to provide more similar permeabilities than canines. As a 

result, oral bioavailability may be overpredicted in dogs due to higher permeability. 

This behavior may become even more exaggerated in amorphous formulations of 

BCS II and IV compounds.  
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1.5 SCALE-UP AND PROCESS OPTIMIZATION 

The development of melt extruded formulations requires the design of 

compositions that facilitates processing, provides appropriate stability, and also 

enables the therapy by yielding greater bioavailability. Formulation additives must 

provide functionality to processing and solubility enhancement. Formulation 

development will begin with a sound preformulation screening and subsequent 

prototype production to identify final compositions through a combination of in vitro 

and in vivo screening. Further optimization ultimately leads to the selection of a 

final formulation that will support commercial manufacturing. This section 

describes the current scale-up and process optimization strategies for melt 

extrusion processes within the framework of quality by design (QBD). 

1.5.1 Process Optimization  

The initiation of process optimization is largely scale independent and 

driven by the properties of the system being developed. For systems showing 

process sensitivity, such as heat-sensitive materials, there will generally be a need 

for optimization at an earlier stage than that required for a more robust product.  

Early-stage process optimization will be conducted either to address issues 

with drug product attributes or to improve production efficiencies. During this time, 

key-controlled process-independent variables of barrel temperature, feed rate, 

screw speed, and screw design will be modulated to assess the impact to target 

product attributes. Since these variables represent underlying dependent 

properties of the system which are key to functionality of the process, such as melt 

viscosity, fill, and shear rate, significant interactions may be observed requiring a 

knowledge-based approach to development and the use of a statistical design of 

experiments to better elucidate the operational space which is represented 
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schematically in Figure 1.12. Factorial designs capable of being expanded to 

response surface studies can provide a sound methodology for identifying primary 

control variables as well as optimizing their responses around minimization of 

impurities and maximization of feed rate. During this stage, drug product attributes 

related to both the drug substance and the carrier materials will be evaluated. 

Changes to production properties have been demonstrated to have a substantial 

effect on excipient properties as well. One also notes that residence time is 

coupled with feed rate which will drive a general reduction of chemical impurities 

as throughput increases. For amorphous dispersions produced in the solubilization 

regime, the reduction of residence time may be brought to a critical point where 

residual crystalline material exceeds the allowable limits of the process or the 

homogeneity of the dispersion is not achieved. For systems developed in the 

miscibility regime, they will primarily suffer from distribution limitations. This 

illustrates the critical balance that must be achieved during optimization to achieve 

design product rates and product properties. When production rates cannot be 

maximized to the desired throughputs while yielding the required product 

attributes, scale-up will be triggered to support continued development. 
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Figure 1.12: Representative diagram of design space for hot-melt extrusion 

1.5.2 Scale-up of Extrusion Operations  

The need and rate of scale-up will largely be driven by drug product demand 

to support clinical trials, noting that the continuous nature of extrusion does not 

provide a batch size limitation but rather a product throughput limitation. While the 

authors have provided several other references for detailed melt extrusion 

optimization and scale-up procedures (19, 22, 95, 96), this section summarizes the 

key aspects of the development for pharmaceutical applications. 

Scale-up is typically encountered during phase III and product launch as 

production rates grow beyond 10 kg/h. Other than the equipment itself, changes 

to how the material is fed and the number of unit operations during extrusion may 

be different. For instance, powder blends may be fed separately without blending. 

Polymer may be dried during extrusion adding devolatlization steps and 
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subsequent barrel zones or length to the process. Due to lower barrel surface area 

in larger extruders, venting, devolatilization, heat transfer, and distributive mixing 

become more difficult. Also, due to an increase in shear rate from a faster rotational 

speed, product temperature increases are observed (20). 

Basic scale-up of the extrusion equipment is achieved using geometrically 

similar extruder designs between scales. Geometric similarity is achieved by 

providing the same number of divisions per kilogram of material to ensure 

representative distributive mixing while also maintaining the shear stress rate per 

kilogram of material to match the dispersive properties of the system. Several key 

scale factors are throughput, specific energy input, and free volume. Free volume 

is the space between the screws and the barrel. One strategy applied to scale-up 

equipment is to maintain the mass throughput-to-free volume ratio. Using this 

strategy the specific mechanical energy, product temperature at extruder exit, fill 

volume, residence time distribution, and mixing rotations will remain unchanged 

(20, 97). As such, mass flow rates within the system will scale as the cube of the 

diameter ratio of the extruder, shown in equation (1.8).  Maintenance of specific 

mechanical energy between scales will yield comparable dispersions between 

scales, provided geometrical similarity of the equipment is maintained. Further 

optimization of the process upon scale-up can be achieved by increasing feed rate 

and screw speed proportionally to maintain specific energy input, although care 

must be taken to ensure that peak shear rates at higher screw speeds do not 

adversely impact product attributes. For more detailed information and additional 

scale-up strategies, the reader is directed (20). 
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In support of early development, basic process optimization around key 

controllable independent process variables can be used to deliver target product 

properties of the solid dispersion. Balancing throughput and energy input 

considerations can be used to provide a knowledge-based approach to 

development, while a DOE-based approach can yield greater information about 

the interaction of process parameters. Furthermore, scale changes can be 

accommodated using a series of relatively simple principles, provided geometric 

similarity is maintained. While these rules will help to work within the design space, 

they do not ensure a fully optimized production process, which can only be 

achieved through the implementation of a more rigorous QbD approach, 

implementing process analytical technology (PAT). 

1.5.3 QbD and PAT for Melt Extrusion Processes 

Early development approaches provide useful fundamental strategies for 

addressing process limitations; however, the complex interaction of dependent 

properties which govern the extrusion process requires rigorous approaches to 

fully optimize the manufacturing process to maximize the production value. 

Examination of the process shows that a number of factors contribute to the final 

product attributes, each of which requires in-depth consideration and unique 

approaches to assess their impact. Represented schematically in Figure 1.13, 

these properties can be classified into three general types (formulation, equipment, 

and process) which contribute to the behavior of key dependent variables within 

the system. For successful optimization, the ability to decouple and describe key 

process-dependent variables from the process independent controls to accurately 

describe behavior of the system is necessary. The complexity of the task and the 

amount of data generated during such an undertaking also make the application 
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of PAT a necessity to support the optimization. Application of in-line PAT 

technology allows for accurate real-time monitoring of chemical compositions 

which can be provided by multiple independent feed streams. Real-time 

oscillations associated with system perturbations can be accurately monitored and 

modeled to ensure that sufficient dampening is provided by the system to account 

for natural process variations. Step change modifications to feed rates of different 

components can be used to identify process response factors, while pulsed 

component inputs can be used to determine residence time distributions. 

Computational and mathematical modeling of the system based on reaction 

kinetics models of CSTRs and PFRs can then be used to interpolate performance 

within the ranges of the studied design space. Continued application of PAT in 

routine production also assists in the identification and isolation of out-of-

specification material, which results from unanticipated system perturbations. In 

the future, this may also lead to the real-time release of material from in-line 

measurements during production. For a more comprehensive review of 

applications of QBD and PAT to melt-extrusion process development, the reader 

is referred to (19). 
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Figure 1.13: Diagram of melt-extrusion-process properties 

1.6 CASE STUDIES 

Many drug discovery pipelines contain a majority of compounds with limited 

solubility that require formulation intervention to improve delivery. Over the last 

decade, many new products have been developed utilizing solid dispersion 

technology to improve bioavailability. This section details several of the most 

recent developmental and marketed products using hot-melt extrusion to enable 

therapeutic performance. 

1.6.1 Amorphous Solid Dispersions 

The last decade has seen the approval of multiple commercial products 

made by extrusion. Abbvie and Merck & Co have both had approvals and continue 

to develop poorly soluble compounds with extrusion. Abbvie acquired Meltrex® 

extrusion technology from Soliqs in 2001 and adapted it to commercialize multiple 

amorphous solid dispersions (98). Merck & Co. has also utilized melt extrusion to 

address the poorly water soluble compounds in its pipeline including approval of 
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an insomnia treatment and multiple compounds in development most notably the 

next generation cholesteryl ester transfer protein inhibitor (8). 

AbbVie 

AbbVie applied the Meltrex® technology to their human immunodeficiency 

virus (HIV) drugs Norvir® and Kaletra®. HIV affects nearly 0.6% of the world’s 

population. Many of these therapies are classified as BCS IV compounds due to 

extensive metabolism and poor aqueous solubility (57). Intervention addressing 

both of these limitations is necessary when addressing oral bioavailability of BCS 

IV compounds.  

AbbVie’s single HIV compound, ritonavir, exhibits low aqueous solubility 

and a tendency to crystallize. Two polymorphic forms were identified; form II was 

the higher-energy form and provided a solubility benefit but also presented a 

potential for conversion to the lower-energy form over time. Norvir® was originally 

developed as a liquid-filled capsule formulation containing ritonavir form II. The 

product received approval and was marketed for a short period of time before form 

conversion of the unstable drug substance was observed (99). Due to the 

conversion, bioavailability of the product was reduced which required a product 

recall and ultimate reformulation. Meltrex® technology was used to achieve a 

stable amorphous solid dispersion in the reformulation. It consists of ritonavir, 

Kollidon® VA 64, and a surfactant (57). The release mechanism is extended type, 

which presents the drug as a nanoparticle dispersion capable of maintaining 

supersaturation and increasing oral bioavailability (100-102). Through the use of 

this technology, issues of form conversion have been eliminated while also 

providing patients with a more robust dosage form which does not require 

refrigeration to maintain stability. 
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Similar to Norvir®, first-generation Kaletra® was formulated as a soft-

gelatin capsule which required frequent multiple-unit administration and 

refrigerated storage temperature to maintain stability. Kaletra®, a combination 

product containing lopinavir and ritonavir, addresses the metabolic conversion of 

the target moiety with the inclusion of a secondary component to inhibit or saturate 

conversion pathways in vivo. This strategy, commonly referred to as a “booster,” 

allowed for improved lopinavir levels with the incorporation of ritonavir as a booster 

(7). Despite the clinical advantages, ritonavir exhibited heat sensitivity which 

challenged dispersion production by melt extrusion. Applying patented screw 

elements and designs, shown in Figure 1.14, to minimize localized temperature 

buildup and residence time, it was possible to reduce impurities (103). The final 

dosage form consists of 4% ritonavir, 17% lopinavir, 78% Kollidon® VA 64, 7% 

Span 20 as a surfactant, and 1% colloidal silica (58). Through careful consideration 

of the solid-state properties, engineering aspects of melt processing, and also 

bioavailability considerations, it was possible to design a solid oral dosage form 

capable of providing the benefits of soft-gelatin capsule systems with improved 

stability aspects and size properties to enhance patient compliance. Kaletra® 

represents a successful melt-extruded dosage form to address solubility 

limitations. 

 
 

Figure 1.14: Novel screw designs for production of Kaletra® solid dispersions 
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AbbVie’s Meltrex® technology was also used in the development of Onmel®, 

a second generation itraconazole dosage form. Marketed as Sporanox®, the initial 

dispersion is prepared by an organic solvent drug layering process of itraconazole 

and hypromellose (HPMC) onto sugar spheres (104). The material is then surface 

coated with a protective layer of polyethylene glycol, dried, and metered into 

gelatin capsules to provide a finished dosage form. Although able to provide 

improved oral bioavailability, the product still exhibited variable absorption and 

substantial food effect, requiring patients to eat a meal before taking the capsules. 

Instead, in Onmel®, itraconazole is extruded with HPMC (40% itraconazole, 60% 

HPMC) to produce a stable amorphous solid dispersion that eliminated the food 

effect (105). Plasma levels in fasted healthy volunteers were measured after 

administering Sporonox® capsules and the melt-extruded formulation, Onmel®. 

The AUC of the extruded formulation was 2.3 times greater than the Sporonox® 

capsules (105).  

In 2014, another therapy in the antiviral category was approved by the FDA, 

made by AbbVie. The race to find a cure for hepatitis C virus (HCV) began in the 

1990’s and has recently been a much debated topic following the approval of 

multiple HCV drugs with >94% cure rate (106). Like HIV, complete and efficient 

removal of the virus requires multiple inhibitors. AbbVie has developed an oral 

tablet that contains all three drugs, ombitasvir, paritaprevir, and ritonavir (107). 

These drugs are all practically insoluble in water limiting their absorption and 

bioavailability (59, 90). Early in development, ombitasvir and paritaprevir were 

manufactured using spray drying (108). However, a solvent free process was 

preferred so melt extrusion was employed. An in vivo study was performed to 

compare the relative bioavailabilities of ombitasvir and paritaprevir prepared by 
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both processing techniques, and a higher Cmax and AUC was observed from the 

extruded formulation for both drugs (108). Each active is extruded individually to 

form three separate solid dispersions that are combined into a single dosage form 

(59, 90). This manufacturing technique allows for the challenges of each active to 

be addressed independently. Additionally, melt extrusion eliminated the need for 

secondary drying and other post processing steps required for solvent-based 

techniques. The final formulation of each extrudate contains Kollidon® VA 64 and 

a surfactant, in addition to the amorphous form of the active (59, 90).  

AbbVie has another candidate made by extrusion progressing in their 

pipeline (66, 109). The oncology compound, venetoclax, is in phase III with an 

expected approval by 2017 (110).  A major hallmark of cancer is the evasion of 

apoptosis (111). One of the primary ways that cancer cells evade apoptosis is by 

up-regulation of anti-apoptotic proteins of the Bcl-2 family. The small molecule in 

development has shown to successfully suppress Bcl-2 proteins, preventing 

tumors from evading apoptosis. The aqueous solubility and bioavailability of the 

small molecule is very low therefore, a solubility enhancing technology was 

necessary to improve oral bioavailability and achieve a therapeutically effective 

dose (109). In order to overcome these challenges, venetoclax, is extruded with 

Kollidon® VA 64 and surfactant (109). Variables considered during development 

were surfactant level, drug load, extrusion temperature, and appearance of the 

extrudate. Dispersabilities of the compound from formulations prepared with varied 

surfactants and levels were screened by dispensing 25 mg equivalent of granules 

in 75 mL of 0.1 N HCl at 37 °C. Samples were taken at predetermined time points 

and analyzed by HPLC. Vitamin E TPGS at 7% was capable of fully dispersing the 

API at 10% loading while the same level of Tween80 was capable of fully 
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dispersing 12% API. A temperature of 150 °C was required to produce a clear 

extrudate at 7% surfactant level. The lead formulation (12% API, 80% Kollidon® 

VA 64, 7% Tween 80, and 1% Aerosil) was tested in a canine model against a 

reference lipid formulation. Plasma concentrations obtained from the solid 

dispersion surpassed the lipid formulation by 61% (AUC0-∞ of 205.7 and 127.6 

μg·h/mL respectively). In a Phase 1 study a 2-fold higher than predicted AUC of 

58 μg·h/mL was observed proving the ability of melt extrusion to enhance the 

bioavailability of venetoclax. Venetoclax is an excellent example of melt extrusion 

being used in a new therapeutic area highlighting its versatility and continued need 

(109).   
 

Merck 

Merck is another large pharmaceutical company that uses melt extrusion to 

improve bioavailability and commercialize poorly water soluble compounds. Their 

first product of this type approved was Noxafil®. Noxafil® consists of posaconazole, 

a weakly basic triazole antifungal that exhibits pH-dependent solubility. Without 

intervention, the drug dissolves in acid conditions but rapidly precipitates in the 

upper small intestine. Using a conventional suspension formulation (first 

generation Noxafil®), the formulation exhibits highly variable bioavailability with a 

substantial food effect. In addition to the solubility issues, posaconazole also 

exhibits significant degradation at temperatures above 160 °C, creating a 

challenge for extrusion (112). However, a formulation was designed in which the 

molten polymer (HPMCAS) solubilizes posaconazole below its melting point. This 

eutectic behavior allows for production of the material at reduced temperatures to 

improve the stability of the drug. The resulting formulation exhibits enteric 

protection of the formulation thus preventing recrystallization in the small intestine. 
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Results showed limited dissolution occurred in the acidic environment. Following 

pH change, substantial dissolution and supersaturation occur which provide more 

efficient targeting of the small intestine. The melt-extruded formulation was 

compared to the suspension at a 100 mg dose in a crossover study in healthy 

volunteers examining fed-state and fasted-state plasma profiles. The results, 

presented in Figure 1.15 show substantial oral bioavailability improvements with 

reduced food effect.  

 

 
 

 
Figure 1.15: Posaconazole oral bioavailability 

Following the approval of Noxafil®, Belsomra®, a treatment for patients 

suffering from insomnia was approved. Belsomra® was commercialized based on 

extrusion of the active suvorexant, which is a BCS II drug due to its poor solubility 

in water. In order to achieve supersaturation and increase bioavailability of 
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suvorexant, Merck scientists used a pH independent polymer, Kollidon® VA 64 to 

reduce a delayed Tmax (food effect) seen with pH dependent polymers (113). In 

addition to food effects, during development it became apparent that tablet 

compression had a significant impact on the disintegration time of suvorexant 

tablets thus affecting dissolution and potentially absorption (114). During a Phase 

I study, tablets prepared at four different hardness levels (0.8, 22.1, 32.0, and 38.1 

kPa) were evaluated and a correlation between dissolution and disintegration with 

pharmacokinetics was obtained (Multiple Level C IVIVC). Figure 1.16 shows the 

average dissolution curves of the tested batches used in the study. The data shows 

clear differentiation in the tablets despite all but Batch E being fully dissolved by 

60 min in line with their immediate release properties. Harder tablets had slower  

dissolution. Disintegration of the tablets took from 5 to 30 minutes, increasing with 

increasing tablet hardness, contributing to the differences in dissolution.  

The plasma concentration profiles over time for the four test batches are 

presented in Figure 1.17. The AUC0-∞ was approximately the same for all batches  

however, the observed geometric mean Cmax for the higher hardness batches (D 

and E) were ~13-14% less than the Phase III formulation (C) with the lowest 

hardness batch (A) having the highest Cmax.  
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Figure 1.16: Average dissolution curves for batches of suvorexant tablets made 
with varied hardness (n=12) from (114) 

 

 
Figure 1.17: Average plasma concentration for batches of suvorexant tablets 

made at different hardness values (n=12) from (114) 
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In addition, Anacetrapib, a cholesteryl ester transfer protein inhibitor (CETP) 

with poor aqueous solubility is being developed using extrusion (115). The 

competitive market in this therapeutic area has been reduced with Pfizer backing 

out after adverse events including heart failure and increased rates of angina were 

observed during a long-term ILLUMINATE trial. Hoffman-La Roche also 

terminated their CETP program when Phase III trials failed to show clinically 

meaningful efficacy. CETP’s are challenging to deliver because of their lipophilicity 

and chemical instability of the amorphous form in solid state. Merck has proven 

the success of anacetrapib in a preclinical study using Rhesus monkeys. 

Developmental formulations were prepared using spray drying and melt extrusion 

(116). Melt-extruded formulations consisted of Kollidon® VA 64 and surfactants at 

levels up to 15%. Dosage forms were evaluated in comparison to crystalline drug-

substance formulations and spray-dried dispersion formulations made with 

HPMCAS. Summary data from the preclinical evaluations are provided in Table 

1.5 (116). Melt-extruded solid dispersions using Kollidon® VA 64 and Vitamin E 

TPGS provided superior bioavailability and reduced variability compared to the 

spray-dried dispersion product, while increasing oral bioavailability by almost 

threefold when compared to the crystalline formulation. The program is reportedly 

in a 30,000 patient Phase III study expected to conclude in early 2017. If approved, 

anacetrapib would represent another product relying on melt extrusion to enhance 

drug product performance (117). 
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Table 1.5: Preclinical oral bioavailability of anacetrapib solid dispersions 

Metric Crystalline capsule SDD capsule HME tablet 
Drug loading in dosage form 5.0% 8.8% 12.0% 
Stabilizing polymer None HPMCAS-LF Copovidone 
Surfactant 5% SDS None 6% Vitamin E 

TPGS 
Cmax (mM) 0.04 ± 0.03 0.12 ± 0.08 0.13 ± 001 
Tmax (h) 18.7 ± 9.2 6.7 ± 2.3 6.7 ± 1.2 
AUC0-24 (mM∙h) 0.67 ± 0.032 1.99 ± 1.10 2.29 ± 0.21 

1.7 SUMMARY 

Over the last quarter century, tremendous transition has been observed in 

the pharmaceutical industry resulting from technological advancements yielding 

more compounds with less solubility, a need for innovative and integrated drug 

products to provide true intellectual property protection while also experiencing 

global austerity to drive the implementation of cost-effective manufacturing 

platforms. Fortunately, melt extrusion has emerged as an innovative solution within 

the industry that is supplemented by over a century of technological achievements 

in other theaters. While perceived by many to be a recent development for 

pharmaceuticals, the first marketed melt extruded drug product using melt 

extrusion reached the market in 1981 with subsequent products developed 

periodically over the last thirty years. As summarized in Table 1.6, the number of 

programs publically disclosed have increased substantially as a result of the 

different industry pressures and certainly many more programs are currently 

undisclosed within development. One also notes that these programs span a range 

of applications which includes the use of melt extrusion to replace conventional 

technologies to advanced drug delivery systems. Regulatory initiatives and cost 

constraints will also utilize the continuous nature of the process to help shape drug 

delivery in the twenty-first century.
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Table 1.6: Currently marketed and developed drug products using hot-melt 
extrusion 

Product Indication HME purpose Company 
Approval 

Stage 
Lacrisert 
(HPC Rod) 

Dry eye 
syndrome 

Shaped system Merck Marketed 

Zoladex 
(Goserelin Acetate 

Implant) 
Prostate cancer Shaped system AstraZeneca Marketed 

Implanon 
(Etonogestrel) 

Contraceptive Shaped system Merck Marketed 

NuvaRing® 
(Etonogestrel, Ethinyl 

Estradiol) 
Contraceptive Shaped system Merck Marketed 

Orzurdex® 
(Dexamethasone) Macular edema Shaped system Allergan Marketed 

Dapivirine, Maraviroc, 
BMS793, CMPD167 Anti-viral Shaped system Particle sciences Development 

Palladone™ 
(Hydromorphone HCl) Pain 

Controlled 
release 

Purdue pharma 
Withdrawn 
(dose 

dumping) 
Nucynta 
(Tapentadol) 

Pain 
Controlled 
release 

Depomed Inc. Marketed 

Opana ER 
(Oxymorphone HCl) Pain 

Controlled 
release 

Endo 
Pharmaceuticals 

Marketed 

Eucreas® 
(Vildagliptin,  Metformin 

HCl) 
Diabetes Melt granulation Novartis Marketed 

Zithromax® 

(Azythromycin) Anti-biotic 
Melt congeal 
(Taste masking) 

Pfizer Marketed 

Gris-PEG 
(Griseofulvin) Anti-fungal 

Crystalline 
dispersion 

Pedinol 
Pharmacal 

Marketed 

Rezulin 
(Troglitazone) Diabetes 

Amorphous 
dispersion 

Wyeth 
Withdrawn 
(API toxicity) 

Norvir® 
(Ritonavir) Anti-viral (HIV) 

Amorphous 
dispersion 

AbbVie Marketed 

Kaletra® 
(Ritonavir/Lopinavir) Anti-viral (HIV) 

Amorphous 
dispersion 

AbbVie Marketed 

Viekira pak 
(Ombitasvir, 
paritaprevir, ritonavir, 

dasabuvir) 

Anti-viral (HCV) 
Amorphous 
dispersion 

AbbVie Marketed 

Belsomra 
 (suvorexant) 

Insomnia 
treatment 

Amorphous 
dispersion 

Merck Marketed 

Noxafil® 

 (Posaconazole) Anti-fungal 
Amorphous 
dispersion 

Merck Marketed 

Onmel®  
(Itraconazole) 

Anti-fungal 
Amorphous 
Dispersion 

Merz North 
American, Inc. 

Marketed 

Anancetrapib Cardiovascular 
disease 

Amorphous 
dispersion 

Merck Development 

Venetoclax Oncology 
Amorphous 
dispersion 

AbbVie Development 
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 Chapter 2: New Strategies for Improving the Development 
and Performance of Amorphous Solid Dispersion 

2.1 ABSTRACT 

The understanding of amorphous solid dispersions has grown significantly 

in the past decade. The number of approved commercial amorphous solid 

dispersion products speaks to that understanding. While amorphous formulation is 

considered an enabling technology, it has become the norm for formulating poorly-

soluble compounds. Despite all of this, improvements can still be made to enable 

early development formulation decisions, to develop a rationale for selecting a 

manufacturing process, to overcome the degradation and phase separation during 

processing, to achieve physical stability during storage, and to optimize dissolution 

behavior. The purpose of this literature review is to present new strategies for 

improving the development and performance of ASDs. The strategies are 

presented from three different aspects; 1) prediction to enable formulation 

decision, 2) manufacturing considerations for physically and chemically stable 

ASDs, and 3) formulation strategies to enhance dissolution behavior. Recent case 

studies along with benefits and limitations will be presented for each aspect. 

2.2 INTRODUCTION 

Compounds with poor aqueous solubility persist in development pipelines. 

In order to enhance bioavailability, dissolution in the gastrointestinal (GI) tract for 

these compounds must be enhanced. A number of strategies have been 

investigated in the past few decades to overcome solubility challenges including 

the use of salts or co-crystals (1), lipid vehicles (2, 3), cyclodextrins (4), particle 

size reduction techniques (5, 6), and amorphous solid dispersions (ASDs) (7-9). 
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Among these technologies, ASDs have had the most promise to date with 

commercial successes including Orkambi®, Belsomra®, and Zortress® to name a 

few (10, 11). While ASDs remain an enabling technology, they have become the 

standard for poorly-soluble drug substances. ASDs afford the advantage of a high 

energy thermodynamic state in comparison to the crystalline form of drug. ASDs 

can result in an apparent solubility that is orders of magnitude higher than that of 

the crystalline form. Unlike cyclodextrins or lipid vehicles, the increase in apparent 

solubility does not result in reduced permeability (12) because there is a higher 

concentration of free drug associated with ASDs during the dissolution. However, 

the solubility benefits achieved with ASDs do come at a cost. Amorphous solids 

and supersaturated solutions are thermodynamically metastable and have a 

tendency to recrystallize. Recrystallization can occur during manufacturing, 

storage, or dissolution (13, 14). While the past decade has brought about an in-

depth understanding of these systems, effort persists to find methods to improve 

the development and performance of ASDs. Readers are encouraged to read 

excellent reviews written in past years focusing on technologies to stabilize 

amorphous drug forms (15-18). The purpose of this review is to highlight the effort 

towards increased efficiency in the development of ASDs. We present emerging 

techniques to eliminate the need for screening to identify ideal formulations, to 

understand manufacturing impact on ASDs, to overcome challenges in melt 

extrusion, and to better understand dissolution behavior. 

2.3 PREDICTIONS TO ENABLE FORMULATION DECISION 

Physical stability is a major concern for amorphous materials. Due to the 

instability of amorphous materials, drugs in ASDs tend to revert back to their 
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crystalline forms. Nucleation followed by crystal growth has been studied in ASDs 

extensively (19-21). Strategies that have been shown to overcome physical 

stability include good miscibility between drugs and polymer carriers (20, 22), 

increasing the glass transition (Tg) temperature of ASDs by polymeric carriers (23, 

24), and enhancing drug-polymer interactions (25).   

Previous work has identified key factors that improve physical stability, 

however, the current method for identifying stable systems is time consuming, and 

relies on polymer screening and stability studies to identify the optimal polymer 

carrier and drug loading (10). As an alternative to experimental screening, 

predicting physical stability with limited experimental data offers development 

advantages. The first predictive models used in ASD development predicted the 

drug-polymer miscibility (26), which has demonstrated an importance for physical 

stability. The Flory-Huggins model, which was adapted from solvent-polymer 

miscibility to be employed for drug-polymer miscibility, uses the interaction 

parameter between drug and polymer along with molar volume and volume fraction 

to predict the free energy of mixing. With this information, the drug-polymer 

miscibility at various drug loadings and temperatures can be approximated. This 

model has been effective in predicting physical stability, but, the interaction 

parameter used in Flory-Huggins model can be challenging to determine. 

Therefore, the predicted miscibility is not always indicative of physical stability. 

Moreover, the model cannot quantitatively predict the shelf-life of an ASD. 

Other predictive models are currently being developed. Many studies are 

currently investigating methods of predicting long-term stability in ASD systems to 

enhance the early development and polymer selection process. Models that can 
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assist with the rationale behind formulation decisions are necessary for 

improvement to early-stage development of ASDs. 

2.3.1 Predictive Modeling for Physical Stability of ASDs 

While ASDs have proven to be superior to other techniques for delivering 

the amorphous form of drug, there is still a concern about physical stability. Many 

of these ASD systems are stable during characterization but their long term 

stability, which is needed for shelf life, is unknown. Predicting the long-term stability 

remains an area of interest for the development of ASDs.  

Suryanarayanan’s lab out of the University of Minnesota has done extensive 

work investigating the α-relaxation time, measured by dielectric spectroscopy 

(DES), as an indicator of physical stability during storage. Mehta et al. developed 

a method for predicting long term physical stability by using the correlation 

between α-relaxation and induction time of crystallization (27, 28). The technique 

uses moisture to accelerate the time to crystallization (tc). Moisture is known to 

compromise physical stability of ASDs by plasticizing the material (reducing the 

Tg) and increasing molecular mobility. In their study, the acceleration of 

crystallization in the presence of moisture maintained a rank order to that of real-

time crystallization (29). In order to correlate back to real-time, the new Tg’s in the 

presence of moisture are scaled by the temperature of interest T (Tg/T) and plotted 

against their respective relaxation times as shown in Figure 2.1. The coupling 

coefficient represented as the slope of the line remains the same under 

accelerated and real time conditions allowing for accurate prediction from 

accelerated data to real time. The equation for the model is as follows,  

 
log(𝑡 ) = 𝑀 log(𝜏) + 𝐴,                                              Eq. 2.1 
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where M is the coupling coefficient, and where A is a constant related to the free 

energy term, gives a reasonable prediction for the time to crystallization of 

felodipine in polyvinylpyrrolidone (PVP). Fung et al. also validated the same 

predictive model using plasticizer instead of moisture, to accelerate the time to 

crystallization (30). In both cases, the coupling coefficient was found to be 

independent of the accelerator (moisture or plasticizer), allowing for a reasonable 

prediction of physical stability of an ASD system stored at stressed conditions. 

Figure 2.1: Plot of crystallization time, tc, as a function of scaled temperature 
(Tg/T) in amorphous griseofulvin (mean± relative error). The powder 
was either dry or contained 0.75% w/w water. Figure reprinted with 
permissionfrom Mehta et al. (29). 

This model has been used to study various factors’ impact on the physical 

stability of ASDs. One kinetic factor that has been used to explain the stability of 

ASDs is the drug-polymer interaction and its ability to reduce molecular mobility. 

Mistry et al. investigated the impact of different polymers on the coupling coefficient 

(M) in the model described by Mehta et al. (31). They found that the presence of 

polymer and the strength of interaction between ketoconazole and three different 
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polymers did not impact the coupling coefficient (slope) despite impacting the time 

to crystallization. The same phenomenon was also observed in previous studies 

with itraconazole (32) and nifedipine (33, 34). Therefore, the coupling coefficient 

identified for amorphous drug alone can be used to predict the time to 

crystallization of drugs in the presence of polymer. Applying this technique, Mistry 

et al. successfully predicted the correct precipitation inhibition order for 

ketoconazole with three different polymers. This type of accelerated study could 

save time during the development of an ASD and allow for confidence in the 

polymer carrier selection. 

In addition to these primarily kinetic models, other models containing both 

thermodynamic and kinetic information have also been developed to predict 

physical stability of ASD systems (35-38). Recently, a statistical model was built 

using calculated/predicted and measured parameters including melting and Tg 

temperatures, enthalpy of fusion, configurational free energy, relaxation time, 

number of hydrogen bond donors, lipophilicity, and the ratio of carbon to 

heteroatoms (39). The linear regression model evaluated 25 diverse compounds 

and resulted in an 82% accuracy when compared to the experimental onset of 

crystallization data. By including the measured parameters, the accuracy of the 

model was improved by 2-fold.     

Thus far, both types of models still require some experimental data. 

Although the lengthy duration of a real-time polymer-screening stability study was 

not needed, generating data for amorphous drug substance can be a challenge 

due to its instability. Additionally, the model introduced by Mistry et al. has only 

been used to predict the time to crystallization of a formulation with a limited 

amount of polymer. The model needs to be verified with higher polymer 
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concentrations that are representative of typical ASD formulations. Despite these 

limitations, the recent volume in publications regarding predictive techniques for 

long term physical stability is promising. Eventually, with known physicochemical 

properties of a drug substance, and with the aid of thermodynamic information, we 

may be able to predict ideal formulations with limited experimental data. 

2.4 MANUFACTURING CONSIDERATIONS 

In addition to predictive techniques for the development of high performance 

ASDs, manufacturing impact has also arisen as a key factor for producing a 

physically and chemically stable ASD. Spray drying and melt extrusion, the two 

most common manufacturing techniques, are mechanistically very different 

although both are used to prepare commercial ASDs. During spray drying, drug 

and polymer are dissolved in a common solvent. The feed solution is atomized into 

tiny droplets that are rapidly dried in a hot air stream. Many factors affect the 

resultant material including solvent selection (40), concentration of drug and 

polymer in the feed solution (41), and the drying rate (42). During extrusion, drug 

and polymer are introduced to a heated barrel where they are conveyed along 

rotating screws consisting of mixing and melting zones. Often, drug is dissolved 

into the polymer carrier during melt extrusion and the temperature and 

concentration window for this process may be limited. During melt extrusion, 

mixing efficiency is high resulting in strong drug-polymer interaction. While both 

manufacturing processes are capable of producing ASDs, the resultant material 

may differ in performance due to the difference in homogeneity, residual solvent 

or hygroscopicity, particle size, density, and downstream processability of 

materials. 
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2.4.1 Effect of spray drying versus melt extrusion on the quality of 
amorphous solid dispersions 

Lab-scale ASD manufacturing techniques such as ball milling (43), solvent 

evaporation (44), freeze drying (45), and melt agglomeration (46) have been 

compared in the past. These studies have shown marked differences in their ability 

to create homogeneous and physically stable ASDs. Spray drying and melt 

extrusion are superior manufacturing techniques given their ability for scale up and 

as indicated by their commercial success. However, the difference in resultant 

ASDs from these two manufacturing techniques has only recently been 

investigated (47).  

A major challenge in comparing the materials processed by both techniques 

are the physical properties of the materials. Spray drying produces a low bulk-

density, high specific surface area material while melt extrusion produces high 

bulk-density granules with low specific surface area. Using polarized light 

microscopy (PLM), powder X-ray diffraction (PXRD), Fourier-transform infrared 

spectroscopy (FT-IR), and Raman spectroscopy as well as powder 

characterization such as compactability, disintegration, and dissolution, Agrawal 

et al. found some similarities between ASDs prepared using spray drying and melt 

extrusion (48). Despite the abundance of similarities, differences in surface area, 

morphology, density, and flow were found between spray-dried and melt-extruded 

ASDs of a compound X and copovidone (PVPVA).  These physical differences 

lead to a difference in physical stability with the melt extruded material performing 

better than the equivalent ASD prepared by spray drying. High surface area 

increases the rate of moisture absorption which can plasticize or increase drug 

mobility, resulting in faster recrystallization. Haser et al. also found that melt-
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extruded naproxen-povidone ASD was more stable during storage. The 

advantages were attributed, in part, to the difference in specific surface area (49). 

However, the same physical properties that leave spray-dried ASDs at a physical 

stability disadvantage can also have an advantage when it comes to dissolution 

performance. Because of their small particle size and high specific surface area, 

spray-dried powders have demonstrated faster dissolution (50).   

Aside from differences in physical property, differences in the mechanism 

for the formation of the ASD such as the level of mixing, can contribute to their 

performance differences. A comparison of spray drying and melt extrusion of a 

felodipine ASD was examined in two different studies (50, 51). In both studies, 

ASDs were prepared with different polymers (either PVP, hypromellose acetate 

succinate (HPMCAS), and/or Soluplus®) at different drug loadings. They both 

concluded that spray drying allowed for a higher drug loading while still remaining 

completely amorphous immediately after processing. During spray drying, the 

materials are dissolved and will remain amorphous during processing, even above 

the thermodynamic miscibility of the drug and polymer, so long as the drying rate 

is rapid and the polymer can kinetically inhibit drug crystallization. It is more 

challenging to prepare an ASD above its miscibility limit at the processing 

temperature during melt extrusion because the drug must be dissolved from the 

crystalline particles into polymer melt. At these elevated temperatures, drug is 

thermodynamically miscible with the polymer. When the formulation exits the die 

and is cooled to ambient temperature, the formulation relies on the polymer to 

kinetically inhibit the crystallization of the solubilized drug.  Based on the intimate 

mixing of the extrusion process, Tian et al. reported strong drug-polymer 

interaction in melt-extruded ASDs whereas both strong drug-polymer and strong 
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drug-drug interactions ASDs as indicated by larger drug domains and less 

homogeneity were reported with spray-dried ASD (50). Mahmah et al. also 

concluded that melt extrusion had an advantage over spray drying (51). At high 

felodipine loading and with HPMCAS (the polymer with the weakest interaction 

with model drug), better physical stability was observed with melt-extruded 

material. The spray-dried ASDs were relying on the interactions between drug and 

polymer to stabilize the ASD. Extrusion was able to stabilize the ASD by not only 

drug-polymer interaction but also by uniform distribution of drug in polymer. Both 

studies concluded differences in ASD performance resulted from different 

processing techniques. 

The work presented here indicates that aside from the factors considered 

when first processing a drug such as solvent solubility and thermal stability, the 

resultant performance of the ASD should also be kept in mind when selecting the 

manufacturing technique. As the understanding in this area grows, the expectation 

is that a rationale can be developed to choose the optimal manufacturing method 

for specific ASD system.  

2.4.2 Minimizing phase separation during spray drying 

Despite some potential advantages of using melt extrusion over spray 

drying as presented in Section 3.1, spray drying remains the most common 

processing technique for ASDs. The major concerns with spray drying are residual 

solvent and homogeneity of the resultant ASD. Residual solvent is minimized with 

processing conditions and can be further removed with secondary drying. The 

homogeneity of the material is controlled primarily by processing conditions. The 

key processing parameters are drying gas flow rate, drying gas inlet temperature, 



 85 

drying gas outlet temperature, and solution feed rate. A commonly used 

dimensionless number that relates the effects of varied processing conditions, the 

Peclet number, is defined as: 

 

𝑃𝑒 =                                                          Eq. 2.2 

where k is the evaporation rate and Di is the diffusion rate of the solute. These two 

rates, controlled by processing parameters and inherent properties of the organic 

solvent, drug, and polymer, dictate the morphology of the spray dried particle and 

the distribution of the drug in the particle. Therefore, the organic solvent selection 

in addition to the inlet and outlet temperatures is a key variable in the resultant 

ASD. In addition to organic solvent, the feed solution consists of drug and polymer. 

During drying, the material crosses different phase boundaries including the 

gelation of the polymer, the solubility limit of the drug in the organic solvent, and a 

point where the glass transition of the material is the same as the outlet 

temperature of the spray dryer. Due to the mechanism of formation, mentioned in 

Section 3.1, ASDs can be spray dried well above their thermodynamic miscibility 

with polymer. Under these conditions, they are relying on kinetic not 

thermodynamic stabilization. In order to ensure that the drug does not recrystallize, 

the organic solvent needs to be removed rapidly such that the polymer gels and 

the glass transition temperature of the material is higher than the outlet 

temperature. However, there is a balance between fast drying and diffusion rates 

of materials that is necessary to ensure a homogenous spray dried particle. One 

study confirmed that high inlet temperature or fast evaporation lead to a phase 

separated spray dried ASD that recrystallized during storage (52).   



 86 

During drying, a number of scenarios can occur. A concentration gradient 

of polymer and drug can arise from differences in molecular weight and in solubility 

in the organic solvent. When both materials are freely soluble in organic solvent, a 

polymer skin can form during drying due to the differential diffusion rates between 

drug and polymer (53). This concentrated surface effect of the particle can be 

reduced if the drying time is increased to allow for more mobility of the materials. 

However, having a polymer skin may be advantageous for physical stability. If one 

component, drug or polymer, have poor solubility in the organic solvent, the low 

solubility component is expected to concentrate on the surface due to the slow 

diffusion coefficient of the precipitated material (54). Paudel et al. characterized 

ASDs prepared from naproxen, povidone, and binary solvent mixtures of acetone, 

methanol, and dichloromethane (40). Due to differences in evaporation rate, 

polymer conformation, and naproxen conformation depending on the solvent 

mixture, the ASDs had different homogeneity and resultant physical stability. They 

concluded that it was advantageous to use anti-solvent for the polymer to produce 

the most physically stable ASDs as it enhanced drug-polymer interactions resulting 

in more homogeneous particles.   

Surface concentration gradients are challenging to detect with typical bulk 

characterization techniques such as differential scanning calorimetry, powder X-

ray diffraction, and solid-state nuclear magnetic resonance. Instead surface 

characterization techniques such as Time-of-Flight Secondary-Ion-Mass-

Spectrometry (TOF SIMS) (55) , attenuated total reflectance (ATR) (52), X-ray 

photoelectron spectroscopy (XPS) (53) need to be used in order to characterize 

the surface. Due to sophisticated surface characterization techniques and a better 

understanding of spray dried ASDs, process parameters can be altered to optimize 
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the quality of the resultant ASD. Careful selection of organic solvent and 

processing conditions is necessary to achieve a high quality spray dried ASD. 

2.4.3 Minimizing chemical degradation during melt extrusion 

Typically, spray drying is suited for a thermally labile compound with good 

solubility in volatile organic solvents while melt extrusion is suited for low-melting 

compounds with poor solubility in volatile organic solvents. However, compounds 

have emerged that have both poor solvent solubility and high melting points, thus 

making them poor candidates for spray drying and presenting challenges for melt 

extrusion. As a result, there is a need for formulation and processing strategies to 

overcome the thermal degradation of drug substances during melt extrusion.  

The most common drug degradation pathways are oxidation and hydrolysis 

(56, 57). Chemical degradation is accelerated during melt extrusion as the result 

of elevated temperature (58), the presence of oxygen or moisture (59, 60), and 

local pH environments (61). Elevated temperature, which is crucial to enable the 

extrusion process, can significantly accelerate the degradation kinetics of drug 

substances. Additionally, solubilized drug substance, due to its molecular mobility, 

is more susceptible to degradation than its crystalline counterpart. Strategies to 

increase stability during extrusion including plasticization (62, 63), supercritical 

fluid injection (64), and melting point suppression by polymer choice (65-67). 

Processing such as Kinetisol® (68, 69) have been investigated as an alternative 

thermal processing to prepare ASDs of thermally labile drugs. This following 

section covers the more recent strategies for overcoming chemical degradation 

during melt extrusion. 
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2.4.3.1 Processing approaches to minimize drug degradation during 
melt extrusion 

Despite the growing use of melt extrusion in the manufacturing of ASDs and 

for other applications in the pharmaceutical industry such as granulation, very few 

systematic studies have been performed to address the number one concern of 

extrusion, chemical degradation. Extrusion processing conditions can be altered 

to provide favorable conditions for drugs and polymer carriers. Key processing 

parameters include barrel temperature, feed rate, screw speed, and screw 

design/barrel configuration (the reader is directed to (11) for general information 

about pharmaceutical melt extrusion). The major parameters can all be altered to 

vary the specific mechanical energy (SME) input (70) which is described by 

Equations 3 and 4: 

 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊 · ℎ𝑟/𝑘𝑔) =  

  ( )

  ( / )
                                  Eq. 2.3 

 
𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑘𝑊) = 𝑚𝑜𝑡𝑜𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑊) ∗ 𝑡𝑜𝑟𝑞𝑢𝑒 (%) ∗

 

 
∗ 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦    Eq. 2.4 

 

Screw speed and feed rate are directly related to SME while screw 

design/barrel configuration and barrel temperature are incorporated as part of the 

output percentage torque. Optimizing the SME to introduce enough energy to 

convert a drug substance to its amorphous form without excess energy input has 

recently demonstrated success in significantly reducing degradation during 

processing of a meloxicam-copovidone (60) and a gliclazide-Affinisol™ HPMC 

(59) ASD system. Hydrolysis was identified as the major degradation pathway for 

both drug substances. As a result, the screw design and barrel configurations were 

designed to drive off moisture prior to drug solubilization in polymer matrix 

(Figure 2.2). Other process considerations such as pre-drying the polymer in the 
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case of meloxicam-copovidone and minimal melt residence time in the both cases 

were implemented. On the small-scale extruder 25:1 L:D (screw length to 

diameter) ratio extruder, reduced melt residence time was achieved by converting 

the drug substances to their amorphous form immediately before exiting the die 

however. On a large extruder this could be performed by side-stuffing or 

downstream feeding of the drug substance. In addition to reduced melt residence 

time, both studies also utilized SME input to optimize the process. SME 

incorporates all the major extrusion processing parameters and therefore is an all-

encompassing variable to control. A major limitation of these studies, was that 

neither study achieved 100% chemical stability from processing parameters alone. 

Chemical stability during melt extrusion can be greatly improved with an in-depth 

understanding of both the degradation mechanism and the extrusion parameters, 

but it may not be sufficient under all circumstances. 

Figure 2.2: Optimized barrel configuration and screw design with vents to 
remove moisture in zones 1 and 2 and kneading blocks in zone 3 to 
fully convert meloxicam to its amorphous form. Figure reprinted with 
permission from Haser et al. 
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Additional processing variations have also been used recently to improve 

chemical stability during extrusion. Solvent-assisted extrusion has been proposed 

to reduce processing conditions and improve chemical stability (71). Solvent is 

injected into the extruder through a port during the extrusion process. This can be 

achieved by injection of neat solvent or by first combining the drug substance and 

solvent and injecting the resultant solution or suspension. If the drug substance is 

soluble in the solvent, this technique is capable of reducing the energy (thermal 

and/or mechanical) required to dissolve drug in the polymer carrier because it 

allows the drug to dissolve in the solvent resulting in liquid-liquid mixing of drug 

and polymer in the extruder. This eliminates the need for the excess energy to first 

break the crystal lattice. Solvent-assisted extrusion improved the chemical stability 

of albendazole during extrusion almost 11-fold (72). With this technique, safety can 

be an issue. Solvent is exposed to elevated temperatures so careful selection of 

solvents with appropriate boiling points need to be considered. Additionally, the 

technique requires intimate mixing and some level of miscibility between drug, 

solvent, and polymer carrier which can be limiting. It is a complex mixture and will 

have formulation specific results that may not work for all systems.  

2.4.3.2 Formulation approaches to minimize drug degradation during 
melt extrusion 

Another area that has gained some recent attention for improving chemical 

stability during melt extrusion is the in-situ reactions during the extrusion process. 

This route has already been explored by taking advantage of drug-polymer 

interactions to suppress the melting point of drug substances, resulting in reduced 

processing temperature required to form an ASD by extrusion (66, 67). When this 

melting point depression is not sufficient, additional alterations to the formulation 
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can be made. Liu et al. used an in-situ co-crystallization of carbamazepine with 

nicotinamide during extrusion to reduce the melting temperature of carbamazepine 

from 190 °C to 160 °C (73). This enabled the successful processing of the 

carbamazepine ASD at a low temperature thus improving chemical stability. All of 

the extrudates with nicotinamide were amorphous by powder X-ray diffraction. 

Another novel formulation approach is to disrupt a degradation pathway with 

an additive or create a stabilizing microenvironment during extrusion. Haser et al. 

successfully disrupted hydrolysis of meloxicam by increasing the 

microenvironment pH during melt extrusion with the use of a small crystalline basic 

molecule (60). The strong interaction between meloxicam and the base, 

meglumine, consequently resulted in an in-situ amorphous salt formation during 

the extrusion process. This concept could be used to disrupt other degradation 

pathways, for instance the addition of an anti-oxidant to disrupt oxidation during 

extrusion. Moreover, many poorly-soluble compounds have pH-dependent 

solubility and stability and could benefit from an altered microenvironment pH. 

While using additives to prevent chemical degradation is not a novel idea in the 

pharmaceutical industry, it has not been used commonly during manufacturing or 

processing of the drug substance. Additives are more traditionally added post-

processing with the purpose of shelf-life enhancement. 

2.5 OPTIMIZING BEHAVIORS OF AMORPHOUS SOLID DISPERSIONS IN AQUEOUS 

MEDIA 

Performance in the solid-state is important however, the ultimate goal of an 

ASD is to improve aqueous solubility in order to increase drug absorption.  A better 

understanding of how ASDs behave in an aqueous environment will ultimately lead 

to a more rational design of formulation and process of ASDs. Alonzo et al. 
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demonstrated the two pathways through which crystallization can occur during 

dissolution (74). Crystal growth can occur on the surface of the ASD upon contact 

with aqueous media due to a reduction in Tg caused by the absorbed water. When 

the amorphous drug release is rapid in comparison to the rate of matrix 

recrystallization, drug may recrystallize from the supersaturated solution. Harmon 

et al. proposed the two different scenarios, presented in Figure 2.3 that can arise 

based on the type of crystallization (75). Studies have shown that the best carrier 

for physical stability in the solid state may not be the best in aqueous media (15). 

Due to the importance of the stability of ASDs in the GI tract to enhance 

bioavailability, how to optimize behaviors of ASDs in aqueous media has drawn a 

lot of attention.  

 

Figure 2.3: Conceptual Continuum of Behaviors of Copovidone-Based ASD 
Particles during Dissolution in Water. Figure reproduced with 
permission from Harmon et al. 
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Pure amorphous drug substance is unstable both in the solid and solution-

states. A number of studies have considered the polymer carrier effect on inhibiting 

crystallization. These studies suggest the polymer carrier inhibits crystallization by 

increasing viscosity, slowing crystallization kinetics, interacting with the drug 

substance, and absorbing onto the surface of drug substances thus preventing 

nucleation. In the following sections, a number of strategies related to selection of 

polymer carriers and their role in crystallization inhibition and drug release rate 

control during dissolution will be presence.   

2.5.1 Effect of polymer selection 

To understand the mechanism of crystallization inhibition in solution, binary 

ASD systems have been studied with different polymer types. In these studies, 

polymers are divided into two categories: hydrophilic and less hydrophilic 

polymers. Hydrophilic polymers include the polyvinyl-based polymers such as 

polyvinylpyrollidone (PVP) and polyvinyl pyrrolidone-vinyl acetate (PVPVA), and 

poly(vinyl carprolactam-co-vinylacetate-ethylene glycol) (Soluplus®). Less 

hydrophilic polymers include hydroxypropyl methylcellulose (HPMC), 

hydroxypropyl cellulose (HPC), hydroxypropyl methylcellulose acetate succinate 

(HPMCAS), and hydroxypropyl methylcellulose phthalate (HPMCP). Additionally, 

synthetic ionic polymethacrylate polymers with pH dependent solubility, known 

commonly as Eudragit® L have also been studied for their ability to inhibit 

precipitation.   

The ability of all types of polymers on the precipitation inhibition of 

indomethacin were investigated in multiple studies (76, 77). Chauhan et al. found 

that the rank order of ability to prevent recrystallization was PVP K90 > Eudragit® 
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EPO > HPMC (76). Their reasoning was due to the strength of interaction between 

indomethacin and the respective polymers through hydrogen bonding or ionic 

interaction in the case of Eudragit® EPO. They also found that polymers (PEG 

8000 and Eudragit® S and L) which did not interact with indomethacin by FT-IR 

were unable to inhibit crystallization. These results were consistent with the work 

performed by Surwase et al. (77). They also found that stronger interactions 

between indomethacin and polymer indicated better precipitation inhibition. In their 

study the rank order for inhibition ability was Soluplus® > PVP K25 > HPMC.  

The interaction theory has also been studied by comparing pre-dissolved 

polymer impact on precipitation versus ASD prepared with the same polymer. ASD 

systems will typically have stronger interaction between drug and polymer. In some 

cases, pre-dissolved polymer has been shown to inhibit precipitation (74) however, 

this is not always the case. In other studies, the polymer only extended the time to 

crystallization when formulated as an ASD (77, 78). These studies indicate the 

complexity of the behavior of amorphous drug substance, polymer carrier, and 

aqueous media, and indicate factors other than drug-polymer interactions 

contribute to the crystallization inhibition. 

The molecular weight of polymer is another factor that has been considered 

to enhance the precipitation inhibition. The belief is that increased molecular 

weight can increase the viscosity of the boundary layer around the ASD particle. 

This increase in viscosity moderates the dissolution of the amorphous drug and 

also reduces the chance of nucleation. As a result, the induction time (time to 

crystallization) is increased. Knopp et al. observed this when studying the impact 

of molecular weight of PVP on the induction time of celecoxib. They found that as 

molecular weight decreased, dissolution time of celcoxib increased which led to a 
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faster induction time. Also, as the molecular weight of PVP increased, the induction 

time increased reaching a maximum induction time with PVP K30 (79). Above this 

molecular weight, the induction no longer increased further. The non-sink in vitro 

release trend correlated with an increased in vivo bioavailability for the higher 

molecular weight PVP ASDs, proving that sustained supersaturation during 

dissolution is beneficial for in vivo performance. 

In addition to drug-polymer interaction and molecular weight, the 

hydrophobicity of the polymer has been shown to greatly influence the 

crystallization inhibition of the drug substance (78, 80, 81). When the polymer 

carrier dissolves rapidly, the amorphous drug in the matrix becomes concentrated 

and can aggregate initiating nucleation. Therefore, a polymer which does not 

dissolve as rapidly, could stabilize the amorphous drug longer and allow for slower 

supersaturation preventing nucleation. Raina et al. found that in some cases the 

induction time was actually faster for the nifedipine ASD formulation than pure 

amorphous nifedipine due to the rapid dissolution of the ASD formulation (78). 

They also found that the cellulosic polymers, HPMC and HPMCAS, which had 

lower aqueous solubility than PVP, were better able to increase the induction time 

in the ASD formulations. Sun et al. further confirmed this mechanism by using the 

same polymer under different dissolution conditions that changed the polymer from 

soluble to less soluble (80). They found that even with the same polymer, under 

conditions where the polymer was soluble, indomethacin released fast and 

crystallized rapidly. The same polymer in less soluble conditions, allowed for 

slower release of indomethacin and consequently a slower induction time.      

Ultimately, it appears the dissolution kinetics, controlled primarily by 

polymer carrier, are the major factor contributing to the induction time. Drug-
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polymer interaction and physicochemical properties (molecular weight and 

hydrophobicity) of the polymer can both be used to control the kinetics of the 

release and consequently the induction time. 

2.5.2 Ternary systems consisting of drug and two polymers 

Based on the findings from the polymer type understanding and knowledge 

of the kinetics of recrystallization, ASD systems have evolved to ternary system 

consisting of two polymers and drug (79, 82-88). These ternary systems can 

accommodate a soluble polymer to enhance dissolution rate thus preventing 

matrix recrystallization with the addition of a more insoluble polymer to control the 

supersaturation and recrystallization from the supersaturated bulk solution.  

Xie et al. has done extensive work looking into ternary ASD systems to 

prevent recrystallization (86-88). For their work with celecoxib, the ideal 

formulations consisted of a rapidly dissolving polymer such as polyacrylic acid or 

PVP and a small amount of cellulosic polymer such as HPMC or HPMCAS to inhibit 

solution crystallization (86). They also investigated the interplay between 

dissolution rate and supersaturation by employing the cationic polymer Eudragit® 

EPO with HPMC (88). The ternary ASD system allowed for more moderate release 

of amorphous indomethacin in the stomach by replacing Eudragit® EPO (highly 

soluble in stomach pH) with HPMC. This allowed for an extended induction time.  

Other studies have employed polymers with pH dependent solubility to inhibit 

recrystallization throughout the GI tract. Zecevic et al. used HPMCAS to release 

drug at high pH and HPC to release drug at low pH to ultimately moderate the 

supersaturation level of dipyridamole and griseofulvin throughout the entire GI tract 

(83). 
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Another study used varying the compositions of PVPVA copolymer to 

increase the stability of amorphous celecoxib in aqueous media (84).  The ratio of 

hydrophilic vinylpyrrolidone and hydrophobic vinyl acetate were varied. 

Vinylpyrrolidone controlled the dissolution rate while vinyl acetate enhanced the 

stabilization in solution. The optimal copolymer contained 50-60% vinylpyrrolidone 

and was optimal in both in vitro and in vivo studies. This finding is consistent with 

the commercial PVPVA, Kollidon® VA 64 which has 60% vinylpyrrolidone, and has 

been a successful polymer carrier for most commercial ASDs. 

Ternary ASD systems have the potential to improve upon binary ASD 

systems by controlling both the initial dissolution of the ASD particle and by 

sustaining the amorphous drug substance in solution so that it can be absorbed in 

the GI tract. Additionally, a ternary ASD system can be used to promote stability in 

both the solid-state and during dissolution when one polymer is not capable of 

providing both types of stability.  

2.5.3 Ternary systems consisting of drug, polymer and surfactant 

Ternary ASD systems also exist as amorphous drug, polymer carrier, and 

surfactant. Surfactant can be incorporated during the manufacturing process or 

externally in the final dosage form. Surfactant can be introduced to enable thermal 

processing of the drug substance during melt extrusion or to prevent a rapid, local 

drug domain which can aggregate to crystallize during dissolution. The surfactant 

dissolution strategy aligns with the polymer type ternary systems which relies on 

the combination of a soluble polymer and less soluble polymer (in this case 

surfactant) to prevent the local large drug domains. While surfactant has been 
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used in various commercial formulations (89-92), the mechanism is still not fully 

understood. 

One notable publication investigated the role that surfactant plays during 

dissolution of an anacetrib, PVPVA, D-α-tocopheryl polyethylene glycol 1000 

succinate (TPGS) ASD system (75). The authors examined the release of PVPVA, 

TPGS, and amorphous anacetrib separately and found that the hydrophilic PVPVA 

dissolves rapidly and independently of the surfactant amount. In contrast, the 

TPGS remains with the amorphous anacetrib and thus dissolves at similar rate. 

Increasing the concentration of TPGS above 2% results in faster dissolution and 

smaller nanoparticles or drug domains. Based on the release results and optical 

data, Harmon et al. believe that TPGS, through hydrophobic interactions is capable 

of surrounding the surface of anacetrib to prevent aggregation. Below a certain 

level of TPGS, based on molecular packing, TPGS is not capable of fully 

preventing the aggregation.  

Frank et al. also considered the behavior of surfactant on microparticle or 

micelle formation and the mechanism through which it contributes to 

supersaturation and apparent solubility (93). Like Harmon et al., the ASD system 

required a minimum level of surfactant (the critical micelle concentration) to create 

particles during dissolution. Unlike Harmon et al., their belief is that the particle 

formation happens due to highly supersaturated solutions (such as the right 

diagram of Figure 2.3) rather than during the dissolution of the particle as 

suggested by Harmon et al. (left side of the diagram Figure 2.3). 

There are other examples of the success of surfactant in preventing 

crystallization of ASDs (94-97). However, there are also instances where 

surfactant has induced faster crystallization during dissolution (96, 98-100). Chen 
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et al. studied the crystallization behavior of celcoxib-HPMCAS ASDs in the 

presence of sodium dodecyl sulfate (SDS), Polysorbate 80, sodium taurocholate, 

and Triton™ X-100 (100). While SDS and Polysorbate 80 promoted crystallization, 

the other surfactants were able to inhibit crystallization in acidic dissolution media. 

The authors found that crystallization was inhibited in the systems where 

amorphous celcoxib “leached” or dissolved slower. The results from these studies 

indicate that it is critical to choose the appropriate surfactant for an ASD system 

and that it is drug and polymer specific.    

One other limitation of surfactant is its impact on solid-state stability and 

crystallization kinetics. Surfactant can reduce the molecular mobility of the ASD 

and increase the driving force for crystallization. Celecoxib-PVP ASDs had 

reduced physical stability in the presence of three different surfactants (sodiuim 

lauryl sulfate, sucrose palmitate, and TPGS) (101). Despite the potential 

advantages of surfactant on dissolution behavior, the physical stability of these 

systems should not be neglected. 

2.6 CONCLUSION 

Great strides have been made in formulation and process design of 

amorphous solid dispersions. However, despite commercial successes and a 

wealth of information, improvements could still be made to enhance the 

development and performance of ASDs. Application of predictive tools will enable 

a much more efficient early development process, eliminating the need for long-

term stability screening studies and enabling an informed formulation decisions. 

After early development, a rationale for choosing a manufacturing technique 

should also be employed to ensure a high-quality ASD. Additionally, processing 
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high melting-point compounds with poor organic solvent solubility remains another 

burden for the development of ASDs. While drug degradation is a significant 

drawback of extrusion, the current work in this area bridges process understanding 

with molecular level understanding to significantly reduce degradation during 

extrusion. Finally, the explosion of interest in the dissolution behavior of ASDs has 

brought a new level of understanding in just the past few years. As we develop an 

understanding of ASDs during dissolution, improvements to ASD formulation can 

be adopted to enable better development decisions and excellent bioavailability 

enhancement. 
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 Chapter 3: Melt Extrusion vs. Spray Drying: The Effect of 
Processing Methods on Crystalline Content of Naproxen-

Povidone Formulations1 

3.1 ABSTRACT 

Our hypothesis is that melt extrusion is a more suitable processing method 

than spray drying to prepare amorphous solid dispersions of drugs with high 

crystallization tendency. Naproxen-povidone K25 was used as the model system 

in this study. Naproxen-povidone K25 solid dispersions at 30% and 60% drug 

loadings were characterized by modulated DSC, powder X-ray diffraction, FT-IR, 

and solid-state 13C NMR to identify phase separation and drug recrystallization 

during processing and storage. At 30% drug loading, hydrogen bond (H-bond) 

sites of povidone K 25 were not saturated and the glass transition (Tg) temperature 

of the formulation was higher. As a result, both melt-extruded and spray-dried 

materials were amorphous initially and remained so after storage at 40 C. At 60% 

drug loading, H-bond sites were saturated, and Tg was low. We were not able to 

prepare amorphous materials. The initial crystallinity of the formulations was 0.4% 

± 0.2% and 5.6% ± 0.6%, and increased to 2.7% ± 0.3% and 21.6% ± 1.0% for 

melt-extruded and spray-dried materials, respectively. Spray-dried material was 

more susceptible to re-crystallization during processing, due to the high diffusivity 

of naproxen molecules in the formulation matrix and lack of kinetic stabilization 

from polymer solution. A larger number of crystalline nucleation sites and high 

surface area made the spray-dried material more susceptible to recrystallization 

                                            
1Published in: Haser A, Cao T, Lubach J, Listro T, Acquarulo L, Zhang F. Melt extrusion vs. spray 
drying: The effect of processing methods on crystalline content of naproxen-povidone 
formulations. European Journal of Pharmaceutical Sciences. 2017 May 1;102:115-25. Abbe 
Haser designed, executed, and performed the experiments, and also wrote the manuscript. 
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during storage. This study demonstrated the unique advantages of melt extrusion 

over spray drying for the preparation of amorphous solid dispersions of naproxen 

at high drug level. 

3.2 INTRODUCTION 

Both melt extrusion and spray drying processes are widely used to prepare 

amorphous solid dispersions (ASDs) to enhance bioavailability of 

biopharmaceutics classification system (BCS) classes II and IV drugs (1-5). 

Amorphous drug exists in a higher energy state than crystalline drug, and this can 

result in higher kinetic solubility and faster dissolution rate. This allows drug 

molecules present in ASDs to be more readily absorbed from the gastrointestinal 

tract (6). The interest in ASDs continues to grow, due to an increase in the number 

of new chemical entities with poor water solubility increases (6-8).  

The mechanisms for the formation of ASDs are different for melt extrusion 

and spray drying. During melt extrusion, thermal and mechanical energy from 

rotating screws and heated barrels are applied to the drug and polymer blend. As 

a result, crystalline drug particles are gradually dissolved in the polymer and/or 

molten drug is mixed with molten polymer to form a molecular dispersion (9). The 

viscosity of the melt as well as the Tg of the ASDs prepared using melt extrusion 

remains high throughout the extrusion process and kinetically prevents 

recrystallization (10). In addition to the high viscosity, melt extrusion also has a 

thermodynamic advantage. A system can be designed to process the drug and 

polymer blend at a temperature which they are thermodynamically miscible. When 

the material leaves the extruder it cools and the kinetic stabilization becomes the 

driving force for physical stability. Additional manufacturing advantages of melt 
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extrusion include continuous processing, flexibility from a modular setup, and easy 

scale-up (11). The primary disadvantage of melt extrusion is that the process is 

conducted at an elevated temperature and can leave both the polymer and the 

drug susceptible to degradation. Phase separation is also possible during melt 

extrusion, when drug loading is high and when mixing is not sufficient.    

During spray drying, atomized droplets of an organic solution of drug and 

polymer are dried in a hot air stream. As a result, solvent is evaporated from the 

drug and polymer solution to form an ASD. Solvent choice is significant for both 

the solution-state interaction between drug and polymer and for the drying kinetics 

of the process. Different solution-state interactions have resulted in varied drug-

polymer miscibility and stability of the resultant ASD (12-14). In addition to solution 

behavior, solvent choice impacts the drying rate. As solvent evaporates, drug 

reaches saturation and is susceptible to recrystallization. As solvent is further 

removed, the polymer viscosity increases and eventually kinetically stabilizes the 

drug from further recrystallization. The window for recrystallization during spray 

drying can be minimized by altering process conditions, more specifically the 

Peclet number (Pe). The Peclet number, as it relates to spray-dried particles (15) 

is defined by the ratio of the evaporation rate of solvent to the diffusion of the drug. 

It is altered to increase the rate of drying so that the polymer stabilizes the system 

before drug has the opportunity to recrystallize. The Peclet number can be altered 

by choice of solvent, drying temperature, and feed rate or droplet size to change 

the evaporation rate. There are limitations with increasing the Peclet number to 

minimize the window for recrystallization. Drying temperature cannot exceed a 

point where spray-dried material coalesces. Also, polymer skin formation from 
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rapid drying, which can trap solvent inside a particle, can result in a low Tg material 

and increase the window for recrystallization (16).  

A major advantage of spray drying is the reduced thermal stress from 

evaporative cooling of the solvent which reduces drug and polymer degradation. 

However, spray drying can be costly, requires significant quantities of solvent, and, 

if the drug and the polymer are not highly miscible, phase separation can occur 

immediately upon removal of the solvent (9, 13).  

The major challenge associated with ASDs, regardless of their 

manufacturing method, is the inherent stability issues associated with their energy 

state (17). This is the case especially for ASDs containing a drug with high 

crystallization tendency. There is a need to understand the impact of processing 

techniques on physical stability so that the appropriate process can be applied. 

Although there is abundant literature on both spray drying and melt extrusion to 

prepare ASDs, there are few studies comparing the mechanism of formation of 

ASDs from the two processes and their resultant effect on physicochemical 

properties and stability (18-20). One reason for the lack of publications comparing 

the two processes is the challenge in comparing the properties of the resultant 

materials. For instance, the drastic difference in particle size and therefore 

moisture absorption can make it difficult to compare the materials during storage. 

For this reason, temperature effect on physical stability, not moisture, was the main 

focus in this study.  

Naproxen (NPX) free acid was chosen as a model drug and povidone 

(Kollidon® 25 or PVP K25) as a model polymer to investigate the processing effect 

on materials prepared by spray drying and melt extrusion. The chemical structure 

of NPX can be found in Figure 3.1. NPX was selected because it has a high 
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crystallization tendency. Amorphous NPX drug substance could only be prepared 

via quenching of the drug melt in liquid nitrogen. It could not be prepared by spray 

drying and it recrystallized during all analyses conducted at ambient temperature 

(21). The structure of povidone is also illustrated in Figure 3.1. Hydrogen bonding 

(H-bonding) interactions between the carboxylic group of NPX and the carbonyl 

group of povidone (PVP K25) were identified as the mechanism for the stability of 

NPX-PVP K25 ASD (22, 23). 

Figure 3.1: Chemical structures of naproxen (NPX) and povidone (PVP) K25. 

The goal of the current study was to understand the processing effect on 

ASDs prepared by melt extrusion and spray drying using a drug with a high 

crystallization tendency.  

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

BASF Corporation (Florham Park, NJ) kindly donated polyvinylpyrollidone 

(Kollidon® 25, PVP K25). The weight average range in molecular weight of PVP 

K25 is from 28,000-34,000 g/mol. ShenZhen Nexconn Pharmatechs Ltd. 

(ShenZhen, China) supplied naproxen free acid. High performance liquid 

                                      

Naproxen Povidone 
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chromatography (HPLC) grade acetonitrile was purchased from Fisher Scientific 

(Pittsburgh, PA). All other chemicals were of ACS grade or higher. 

3.3.2 Spray Drying 

ASDs of NPX in PVP K25 at 30% and 60% drug loadings were prepared by 

spray drying 5% (w/v) solutions of drug and polymer in ethanol. The concentration 

of NPX in the feed solutions for both NPX loadings was less than half the solubility 

of NPX in the feed solution. The solutions were spray-dried using a Buchi mini 

B290 spray dryer (Buchi, Flawil, Switzerland) with approximately 100 °C inlet 

temperature to maintain a 60 °C outlet temperature, 100% aspiration (475 L/hr) 

heated nitrogen gas, 5 mL/min feed rate, and -5 °C condenser temperature. 

Immediately following spray drying, the ASDs underwent secondary drying in a 

vacuum oven (30 in. Hg) at ambient temperature for one week to remove residual 

solvent.  

3.3.3 Melt Extrusion 

Physical blends consisting of NPX and PVP K25 at 30% and 60% (w/w) 

drug loadings were prepared using geometric dilution. The final blends were 

passed through a 30 mesh sieve to further improve the homogeneity. The blends 

were subsequently extruded on a Leistritz Nano-16 co-rotating twin screw extruder 

(American Leistritz Extruder Corp., Somerville, New Jersey). The volumetric 

bottom feeder was set to 4 cc/min. Screw speed was maintained at 150 rpm and 

material was extruded though a 3-millimeter round die. Conveying, kneading, and 

mixing elements were used in the screw design as shown in Figure 3.2. The barrel 

configuration consisted of a feed zone, closed barrel, venting zone, and a closed 

zone before the die. The feeding zone was maintained at room temperature 
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conditions with water circulation. The other barrel temperatures were 90 °C, 

125 °C, 125 °C, and 125 °C, respectively, for zones 1, 2, 3, and the die. Rods of 

extrudate were milled using a coffee grinder and large granules were separated  
Figure 3.2: Screw configuration and barrel setup of Leistritz Nano 16 mm 

extruder. 

out with a 30 mesh sieve. The milled extrudate was dried under vacuum alongside 

the spray-dried ASDs in order to undergo the same post-preparation treatment 

conditions. 

3.3.4 Accelerated Storage Conditions 

Formulations prepared by both spray drying and melt extrusion were stored 

in sealed vials at 40 °C. The 30% NPX ASDs were stored for a total of eight weeks 

with samples pulled for characterization at two, four, and eight weeks. The 60% 

NPX ASDs were stored for a total of two weeks with samples pulled for 

characterization at 3, 7, 10, and 14 days. Sample times and storage temperature 

were chosen based on data from preliminary physical stability studies. 
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3.3.5 High Performance Liquid Chromatography (HPLC) 

HPLC was used to evaluate NPX degradation after spray drying and melt 

extrusion. A Waters 717 autosampler (Waters Corporation, Milford, 

Massachusetts) was used to inject 20 μL samples into a Supelco® Supelcosil 5 

μm LC-18, 150 mm x 4.6 mm column (Sigma-Aldrich Corp., USA, St. Louis, 

Missouri). The aqueous mobile phase (MP) consisted of 5% (v/v) acetonitrile and 

0.1% (v/v) trifluoroacetic acid while the organic phase consisted of 99.9% (v/v) 

acetonitrile with 0.1% (v/v) trifluoroacetic acid. A gradient from 10% aqueous MP 

to 80% organic MP over 30 minutes separated impurities. The flow rate of the 

pump was 1 mL/min. A Waters 2996 photodiode array detector, extracting at 

254 nm, quantified the amount of NPX and any impurity in each sample. The 

retention time of NPX was approximately 12.4 min. All analyses maintained 

linearity in the range tested. Waters® Empower® 3 was used to process all 

chromatography data. 

3.3.6 Thermal Analysis 

Modulated differential scanning calorimetry (mDSC) was utilized to 

determine glass transition temperatures of the ASDs. Samples were analyzed 

using a TA Instruments Model Auto Q20 DSC (TA Instruments, New Castle, 

Delaware, USA) under a dry nitrogen purge (50 mL/min) with the RCS40  (TA 

Instruments, New Castle, Delaware, USA) refrigerated cooling system accessory. 

Calibration was performed with an indium standard and an empty aluminum pan 

was used as a reference. Samples were weighed accurately (5-6 mg) in aluminum 

pans and crimped with an aluminum lid. The program, conducted in triplicate, held 

the samples at -20 °C for 5 minutes before heating them at a ramp rate of 2 °C/min 
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up to 160 °C with a modulation amplitude/period of 1 °C/40 s. Data was analyzed 

with Universal Analysis (Version 4.5A).  

Quench cooled NPX was analyzed for Tg. NPX was melted in an aluminum 

pan at 165 °C. The pan was removed from the DSC chamber and quenched in 

liquid nitrogen to prepare amorphous NPX. For Tg identification, the DSC chamber 

was equilibrated at -30 C prior to sample loading. A temperature ramp from -30 

°C to 40 °C at 10 °C/min was used to measure the Tg. 

3.3.7 Powder X-Ray Diffraction (PXRD) 

PXRD was conducted on a Rigaku Miniflex600 (Rigaku Americas, USA, 

The Woodlands, Texas) instrument equipped with a Cu-Kα radiation source 

generated at 40 kV and 15 mA. The sensitivity of the Miniflex600 was the result of 

a 600-watt X-ray source, a graphite monochromator and a short distance between 

the sample and the X-ray source. We scanned all samples from 10° to 40° 2θ at a 

rate of 1° min-1 with a 0.05 step size. Data was compiled using EVA software 

(Bruker, Billerica, Massachusetts). 

3.3.8 Percentage Crystallinity of Naproxen Solid Dispersions 

The percentage of recrystallization is equal to the amount of crystalline NPX 

over the total NPX in the sample. It was measured using PXRD. PXRD scans were 

made according to the method reported in Section 3.3.7, with 30% NPX-PVP K25 

ASD spiked with varying levels of crystalline NPX (1%, 2.5%, 5%, 15%, and 20%). 

The sensitivity of the method was less than 0.4% crystalline NPX in 30% NPX/-

PVP K25 ASD for reasons mentioned in Section 3.3.7. At this low level, a peak at 

19.4° 2θ ±0.1° 2θ could still be detected and therefore quantified. The intensity of 

the crystalline peak at 19.4° 2θ ±0.1° 2θ after baseline subtraction was calculated 
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with EVA software and found to be linear for the concentrations of interest (Figure 

3.3). The percentage crystallinity reported is an average of triplicate sample runs. 

This standard curve was used to quantitate the percentage recrystallization of NPX 

in the materials. 
Figure 3.3: Correlation between the intensity of NPX PXRD peak at 19.4°2θ 

angle and the percentage of crystalline NPX in the spiked ASD 
samples. 
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3.3.9 Specific Surface Area (SSA) 

Melt-extruded materials with 60% NPX were sieved. Three different particle 

size fractions, <150 µm, 250-425 µm, and 600-710 µm, were collected for surface 

area analysis. Samples were stored at 40 °C for two weeks and analyzed by PXRD 

for percentage recrystallization. SSA was measured by the Brunauer-Emmett-

Teller (BET) method using a Monosorb Quantachrome (Quantachrome 

Instruments, Boynton, Florida) gas adsorption analyzer. Samples were subjected 

to a helium purge for 24 hours at ambient temperature on the Thermoflow 

Degasser (Quantachrome Instruments, Boynton, Florida) prior to analysis. 

Nitrogen gas (30 mole percent) in a mixture with helium was used as the adsorbate 

with a fractional pressure (partial pressure of adsorbate over saturation equilibrium 

vapor pressure of liquid nitrogen at -196 °C) of 0.3. The sample mass ranged from 

200 mg for the small particle size sample to 1 g for the larger particle size sample.  

3.3.10 Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) 

Molecular interactions between NPX and PVP K25 were examined with 

ATR-FTIR. Spectra were collected on a NicoletTM iSTM 50 spectrometer (Thermo 

Scientific, USA, Waltham, Massachusetts). A sample sufficient to cover the crystal 

area was placed on the germanium crystal and constant torque was applied with 

the built-in pressure tower to achieve uniform contact between the solid and the 

crystal. A total of 32 scans were taken with 4 cm-1 resolution from 600 cm-1 to 

3,000 cm-1 at room temperature. The neat PVP K25 was dried under vacuum 

before analysis. The normalized spectra were analyzed with OMNICTM software. 
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3.3.11 Solid-state Nuclear Magnetic Resonance (ssNMR) 

ssNMR spectra were acquired using a Bruker Avance III HD spectrometer 

and a 11.75 T superconducting magnet (Bruker BioSpin Corporation, Billerica, 

MA). A Bruker standard bore triple resonance (HFC) probe tuned to 500.13 MHz 

for 1H and 125.77 MHz for 13C, equipped with a 4 mm magic-angle spinning (MAS) 

module, was used for all data acquisition. Samples were packed into 4 mm ZrO2 

rotors (Wilmad-LabGlass, Vineland, NJ) and rotated at 12 kHz. 13C spectra were 

acquired using a ramped amplitude cross polarization (CP) pulse sequence 

together with 5- total sideband suppression (TOSS) (24, 25). The CP contact time 

was 3 ms, with an amplitude ramp on the 1H channel from 59-71 kHz. The 1H 90 

pulse was 2.9 s, 13C 180 pulses during TOSS were 6.9 s, and the SPINAL64 1H 

decoupling was applied at 90 kHz during acquisition (26). The recycle delay was 

3-4 s, depending on sample T1, and 1944 transients were averaged for each ASD 

spectrum shown. 1H T1 relaxation times were measured using a saturation 

recovery pulse sequence with TOSS embedded, with 16  delays varied from 0.05-

30 s. 1H T1 relaxation times were measured using a variable 1H spin lock pulse 

sequence, with 16 slices arrayed from 0.05 to 50 ms and a 61 kHz B1 field.  64 

transients per slice were averaged for each relaxation experiment. Fitting of 

relaxation data was done using KaleidaGraph™ V.4.1 (Synergy Software, 

Reading, PA). 13C chemical shifts were referenced externally to the methyl peak 

(18.84 ppm) of 3-methylglutaric acid (27). All solid-state NMR data were acquired 

at 20 C. 

3.3.12 Viscosity of PVP K25 Ethanol Solution 

For determination of kinematic viscosity and polymer overlap concentration, 

PVP K25 stock solutions were prepared (10, 20, 40, 60, 80, 100, 140, 200, 300 
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mg/mL) in ethanol. Efflux times were measured using the appropriate Ubbelohde 

viscometer. Each stock solution was run in triplicate or until less than 0.2% 

difference in efflux time was detected between runs. To calculate the kinematic 

viscosity, the efflux times were multiplied by a rate constant designated to the 

respective Ubbelohde viscometer. The kinematic viscosities were plotted versus 

concentration of PVP K25 on a log-log scale. The inflection point of this plot is 

equivalent to the overlap concentration (28-30).  

3.3.13 Diffusion Coefficient of NPX by Diffusion Ordered NMR 
Spectroscopy (DOSY) 

1H NMR spectra were recorded on an Agilent Direct Drive 600 

spectrometer, operating at a proton frequency of 599.75 MHz (14.1 T), at 298 K 

equipped with an AutoX DB probe. We used the double stimulated echo pulse 

program with bipolar gradient pulses and a longitudinal eddy current delay. The 

relaxation delay was 2 s, the finite pulse decays were collected into 64,000 

complex data points and 16 scans were acquired for each sample. The gradient 

pulse strength was increased from 5 to 95% of the maximum strength of 60 Gauss 

cm−1 in 50 steps. The squared gradient pulse strength was linearly distributed. 

Solutions of NPX and PVP K25 were prepared in deuterated ethanol 

(CD3CD2OD) with a constant concentration of NPX (20 mg/mL). The diffusion 

coefficient of NPX was measured in PVP K25 concentrations of 40 mg/mL and 

140 mg/mL.  
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3.4 RESULTS 

3.4.1 Manufacturing Processes 

Typically, it is difficult to extrude PVP K25 without plasticizer. We were able 

to extrude NPX with PVP K25 at 125 °C, which is below its Tg of 156 °C, due to 

the high NPX- PVP K25 miscibility, and plasticization effect of NPX (31). Due to 

the low Tg of the spray-dried powder, the 60% NPX material tended to adhere to 

the collection cyclone. In order to increase yield, the collection vessel was 

submerged in a glass beaker with cold water. 

3.4.2 Level of Degradants Generated During Processing 

After processing, the materials were evaluated by HPLC for degradation 

according to the method described in Section 3.3.5. Samples were evaluated for 

degradation to assess the stability of NPX during processing. Degradation was 

identified as a new degradant peak and loss of area associated with the NPX peak. 

Minimal degradation (0.8% ± 0.01%) was observed in the melt-extruded materials 

and no degradation in the spray-dried materials. 

3.4.3 Thermal Properties of Processed Materials 

The mDSC results for the 60% NPX materials revealed a thermal event for 

the Tg, with the absence of a melting endotherm of crystalline NPX that was 

detected by PXRD (Section 3.4.4). To confirm the suitability of the mDSC method, 

physical blends of crystalline NPX and PVP K25 were analyzed. Due to the slow 

heating of the mDSC, NPX gradually dissolved in PVP K25 during the heating prior 

to reaching its melting point, and the endotherm from crystalline NPX was too 

broad to capture. A standard DSC method with a fast ramp rate (50 °C per minute) 

was used to try and identify the melting endotherm of crystalline NPX in the 
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physical blends. However, the endotherm was masked by the loss of water. 

Therefore, thermal analysis was used only to identify the Tg of each material before 

and after storage. 

mDSC was used for all sample analysis and is presented in Supplemental 

Figure 3.9 for reference. Except for spray-dried 60% NPX material, one Tg event 

in the reversing heat flow signal, positioned between the Tg of pure NPX and neat 

PVP K25 (7.8 °C and 155 °C respectively) was observed for all other materials 

during the initial characterization. The Tg’s of the 30% NPX ASDs were observed 

at 42.9 ± 0.5 °C and 40.9 ± 0.3°C for the melt-extruded and spray-dried ASDs 

respectively. The Tg’s of the 60% NPX materials were observed at 26.4 ± 0.6 °C 

and 28.3 ± 0.02 °C for the melt-extruded and spray-dried materials respectively.  

The second thermal event (approximately 110 °C) observed in the 60% NPX 

spray-dried material was attributed to the solubilization of the residual crystalline 

NPX during the slow heating of the mDSC analysis. 

After storage, the 30% NPX ASDs had a Tg event similar to the initial 

analysis at 37.7 ± 0.7 °C and 38.8 ± 0.1 °C for melt-extruded and spray-dried 

ASDs, respectively (Supplemental Figure 3.9). Tg events for the 60% NPX 

materials were observed at 25.9 ± 1.5 °C and 30.5 ± 0.2 °C for melt-extruded and 

spray-dried materials respectively. The 60% NPX spray-dried material had a 

second thermal event that we again attributed to the solubilization of crystalline 

NPX. 

3.4.4 Crystallinity of NPX-PVP K25 Solid Dispersions Characterized by 
PXRD 

In the current study, PXRD was demonstrated to be a more sensitive 

technique than mDSC for determining the crystalline content of NPX-PVP K25 
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materials. Integration methods such as the Ruland method were evaluated to 

quantify the crystalline NPX. However, the intensity at 19.4° 2θ angle was more 

suited for crystallinity analysis since it had a better linear regression against the 

crystalline content in spiked samples (Figure 3.3). 

3.4.4.1 Initial Crystallinity of NPX-PVP K25 Solid Dispersions 

Immediately following the secondary drying, all materials were 

characterized by PXRD to identify any residual crystalline NPX. As indicated by 

the absence of sharp diffraction peaks of crystalline NPX, both processing 

methods were capable of producing completely amorphous materials at 30% NPX 

loading in PVP K25 (Figure 3.4a). 

At 60% NPX loading, 5.6% ± 0.6% and 0.4% ± 0.2% crystalline NPX were 

quantified in the spray-dried and melt-extruded materials, respectively (Figure 

3.4a). The residual crystalline content prior to and post-secondary drying were the 

same. We concluded that the crystalline NPX was present immediately after the 

melt extrusion and spray drying. 

3.4.4.2 Crystallinity of NPX-PVP K25 Solid Dispersions Following 
Storage at 40 C 

The materials prepared by melt extrusion and spray drying were placed on 

accelerated storage to evaluate their physical stability during storage. After eight 

weeks at 40 °C, both the spray-dried and melt-extruded materials at 30% NPX 

loading remained amorphous per PXRD analysis (Figure 3.4b). For the 60% NPX 

loading materials, spray-dried material experienced significant recrystallization, 

while the melt-extruded material did not (Figure 3.4b) after two weeks at 40 °C. 

We determined the crystallinity of the melt-extruded and spray-dried materials to 
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be 2.7% ± 0.3% and 21.6% ± 1.0%, respectively. The same trend was seen at 

days 3, 7, and 10 analysis (data not shown).   

3.4.5 H-bond Interaction of NPX-PVP K25 Materials by ATR–FTIR 

ATR–FTIR has been extensively used to study hydrogen bonding between 

drugs and polymers in ASDs. When two components mix at a molecular level, it 

causes changes in the oscillating dipole of the molecules. This change is shown in 

the frequency and bandwidth of the interacting groups. 
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Figure 3.4: PXRD profiles of crystalline NPX, PVP K25, and NPX ASDs at (a) initial time point and (b) after eight 

and two weeks storage at 40 °C for 30% and 60% NPX ASDs respectively. 
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Figure 3.5: Normalized partial ATR–FTIR spectra of (a) melt-extruded ASDs at various drug loadings, crystalline 

NPX, and PVP K25; (b) 30% and 60% NPX physical mixtures, 30% and 60% NPX melt-extruded and 
spray-dried ASDs, crystalline naproxen, and PVP K25. 

Carbonyl Bands:  

1727 cm-1: non-H-bonded band (amorphous and crystalline NPX) 

1683 cm-1: H-bonded band (crystalline NPX) 

1674 cm-1: H-bonded band (NPX and PVP K25 ASD) 
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The ATR–FTIR spectra of crystalline NPX, PVP K25, and the melt-extruded 

materials are presented in Figure 3.5a. Amorphous NPX was not stable long 

enough to obtain a spectrum. In addition to the 30% and 60% NPX ASDs, small 

batches of 40%, 50%, and 70% NPX loading with PVP K25 were prepared using 

melt extrusion. The spectra of these ASDs are also overlaid in Figure 3.5a. The 

fingerprint region in the ATR-FTIR spectrum of crystalline NPX is characterized by 

vibrations at 1,727 cm-1 and 1,683 cm-1 which correspond to the non-H-bonded 

C=O stretching and the H-bonded C=O stretching respectively. The PVP K25 

spectrum is characterized by one broad peak at approximately 1,670 cm-1, which 

corresponds to the C=O stretching. When an ASD is formed between NPX and 

PVP K25, the band at 1,683 cm-1 from crystalline NPX shifts down to 1,674 cm-1 

(13, 32).  

The spectra in Figure 3.5a reveal a trend between the intensity of the non–

H-bonded band (1,727 cm-1) and the H-bonded band (1,674 cm-1). Recall the H-

bond saturation of 45% NPX reported by Paudel et al. (13). The ASDs below this 

level (30% and 40% drug loading) have approximately the same ratio of intensities 

of the H-bonded band to the non-H-bonded band as indicated by the dotted gray 

lines. The non–H-bonded band at 1,727 cm-1 has low intensity and is almost 

reduced to a shoulder and the H–bonded band at 1,674 cm-1 has a greater 

intensity. At these lower levels, all the NPX molecules are able to H-bond with PVP 

K25. Above the reported 45% NPX limit (50% and 60% drug loading), the ratio of 

intensities of H-bonded band to non-H-bonded band begin to decrease. The H–

bond sites available without steric hindrance are occupied. The significant level of 

non-H-bonded NPX is indicated by the growth of the band attributed to non-H-

bonded NPX. At 70% NPX, the two bands are approximately equal. The 70% NPX 
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extrudate was not a glassy solution and appeared opaque. As a result, the 70% 

NPX spectrum reveals large bands for both H-bonded NPX (the amorphous 

fraction) and non-H–bonded NPX (the crystalline fraction). At 100% NPX, the peak 

ratio changes so that the intensity of the non–H-bonded band is greater than the 

H-bonded band, which confirms that free NPX has more unbound than bound 

carboxylic groups.   

ATR-FTIR was also used to compare spray-dried and melt-extruded 

materials. The normalized partial spectra of 30% and 60% NPX physical mixtures 

as well as their corresponding ASDs prepared by both processes, neat naproxen, 

and PVP K25 can be found in Figure 3.5b. The band corresponding to the non-H-

bonded carbonyl of naproxen (1727 cm-1) has a high intensity in the physical 

mixtures similar to neat NPX. This band is reduced to a shoulder in the 30% NPX 

ASDs and is reduced in the 60% NPX ASDs with respect to its corresponding 

physical mixture. This indicates that there are less free NPX carbonyl groups in the 

ASDs and is complemented by a corresponding increase in intensity of the H-

bonded carbonyl band at 1674 cm-1. We also see the shift of the H-bonded 

carbonyl band of crystalline NPX from 1683 cm-1 to 1674 cm-1 that was seen in 

Figure 3.5a. Although the broad band corresponding to the carbonyl of PVP K25 

interferes, we do not see a shoulder at 1683 cm-1. This coupled with the increase 

in intensity of the band at 1674 cm-1 from the physical mixtures indicates that the 

H-bonded band of the NPX carbonyl in the ASDs has shifted.  

The difference in the spectra of the materials made by the two processing 

techniques was not identified. We speculate this is due to the broad carbonyl band 

of PVP K25 that overlaps with the H-bonded NPX carbonyl band. If the bands did 

not overlap or the PVP K25 band was not as broad, differences in the shift or 
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intensity may have been present that would have provided further insight into the 

molecular level differences in the materials made by different processing 

techniques.  

3.4.6 Crystallinity and Phase Separation of NPX-PVP K25 Solid 
Dispersions by ssNMR 

ssNMR data revealed crystalline NPX in 60% NPX ASDs prepared by both 

spray drying and melt extrusion at the initial time point. The 13C ssNMR spectrum 

of crystalline NPX is shown in Figure 3.6, with carbon assignments provided for 

reference. Figure 3.7 illustrates the full 13C ssNMR spectra as well as the partial 

spectra from 165–195 ppm for crystalline NPX, neat PVP K25, and the processed 

materials. These partial spectra highlight the carbonyl carbon of NPX and PVP 

K25. The chemical shift of the carbonyl carbon in crystalline NPX appears as a 

relatively sharp peak at 179.1 ppm. The chemical shift of the carbonyl carbon in 

PVP K25 appears as a very broad peak at 176.7 ppm. Like the bands for the 

carbonyl region in the ATR–FTIR analysis, the amorphous carbonyl carbon signal 

of NPX in the processed materials overlaps with the broad carbonyl carbon signal 

of PVP K25. Despite this overlap, ssNMR is more sensitive than ATR-FTIR, 

crystalline NPX was detected as a sharp peak above the broad amorphous band, 

allowing for easy detection. The melt-extruded 60% NPX material has a small 

shoulder, which indicates crystalline NPX, while the 60% NPX spray-dried material 

has a distinct peak that indicates the presence of a higher percentage of crystalline 

NPX. 30% NPX ASDs prepared using both processes are completely amorphous. 

These data are consistent with the PXRD presented in Section 3.4.4.1.
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Figure 3.6: (a) Molecular structure of NPX with numbering used in peak 
assignments, (b) 13C ssNMR spectrum of crystalline NPX with peak 
assignments, (c) 13C ssNMR spectrum of crystalline NPX with dipolar 
dephasing applied to remove CH and CH2 carbon resonances. 
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Figure 3.7: Full and partial ssNMR spectra of melt-extruded and spray-dried 
ASDs at initial time. (a) 0-200 ppm, melt-extruded ASD (b) 165-195 
ppm, melt-extruded ASD (c) 0-200 ppm, spray-dried ASD (d) 165-
195 ppm, spray-dried ASD. 
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ssNMR was used to further study the interaction between NPX and PVP 

K25 as well as to investigate any molecular level difference between NPX 

processed materials prepared by both techniques. Relaxation times can be used 

to determine phase separation. The relaxation times are presented in Table 3.1. 

  
Table 3.1: ssNMR 1H relaxation data for crystalline NPX, PVP K25, and ASDs 

at the initial time point. 

 

All of the processed materials show uniform 1H T1 values across NPX and PVP 

K25. Spin-lattice relaxation time in the rotating frame (T1ρ) can detect molecular 

motions on the order of tens of kilohertz, and is a good measurement of phase 

uniformity at small domain sizes (33). With these measurements, 30% NPX ASDs 

show good miscibility between drug and polymer; however, the T1ρ data for the 

60% NPX spray-dried material sample showed extreme phase separation with 

different spin-lattice relaxation times of 42.05 ms and 11.98 ms for the NPX and 

PVP K25 components, respectively. This large difference is not surprising due to 

the crystalline content of the spray-dried material. 

Composition Process 

NPX 
1H T1 (s) 

PVP K25 
1H T1 (s) 

NPX 
1H T1ρ (ms) 

PVP K25 
1H T1ρ (ms) 

NPX  3.34±0.05 - 402.2±28 - 

PVP K25  - 2.47±0.06 - 16.0±0.23 

30% NPX spray drying 2.23±0.10 2.01±0.12 10.51±0.18 11.53±0.13 

60% NPX spray drying 2.63±0.07 2.52±0.10 42.05±3.43 11.98±0.38 

30% NPX melt extrusion 2.22±0.08 2.14±0.04 10.05±0.38 10.67±0.22 

60% NPX melt extrusion 1.96±0.04 1.95±0.07 11.65±0.31 10.03±0.24 
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3.4.7 Mobility of NPX in Solution by Viscosity and Diffusion Coefficient 
Determination 

The log-log plot of kinematic viscosity versus concentration of PVP K25 in 

ethanol revealed an inflection point or overlap concentration of 56 mg/mL (Figure 

3.8). Beyond this concentration, the viscosity of PVP K25 in ethanol increases 

significantly and with a steeper slope. Below this overlap concentration, the 

viscosity changes are more gradual with concentration change. The two polymer 

concentrations of interest are 40 mg/mL and 140 mg/mL. Further explanation 

about these concentrations are found in Section 3.5.3. 

 
Figure 3.8: Kinematic viscosity vs. PVP K25 concentration in ethanol 

The DOSY experiment was run for the two polymer concentrations of 

interest. The results are presented in Supplemental Figure 3.10. It revealed the 
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difference in the NPX diffusion coefficient as a function of PVP K25 concentration. 

The diffusion coefficient for NPX in 40 mg/mL PVP K25 was between 10-100 m2/s 

and when PVP K25 concentration was increased to 140 mg/mL, the diffusion 

coefficient increased by 100 fold to 1,000-10,000 m2/s. 

3.4.8 Effect of Specific Surface Area (SSA) on the Recrystallization of 
ASDs 

SSA was measured for 60% NPX melt-extruded materials with different size 

fractions and compared to the SSA of the 60% NPX spray-dried material. The 

largest sieve cut was unable to be analyzed by BET because the surface area was 

below the limit of detection of the instrument. As expected, the spray-dried ASD 

had the highest SSA, 0.87 ± 0.08 m2/g, while the melt-extruded ASDs had SSAs 

of 0.37 ± 0.03 m2/g and 0.17 ± 0.02 m2/g for the small and large sieve cuts, 

respectively. The 60% NPX melt-extruded materials of different size fractions were 

stored at 40 °C as they were in the original stability study and PXRD was repeated 

after two weeks. The crystalline content for the smaller sieve cut recrystallized 13.8 

± 0.006%, while that of the larger sieve cut recrystallized 2.7 ± 0.004%.  

3.5 DISCUSSION 
 

This section consists of four subsections. The first subsection explains the 

reasoning behind the study design and the methods used. The second section 

presents the findings of the miscibility between NPX and PVP K25 and their 

importance during processing. Finally, Subsections 3.5.3 and 3.5.4 interpret the 

findings of the crystalline NPX in the NPX-PVP K25 formulations with respect to 

processing method before and after storage respectively.   
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3.5.1 Study Design 

NPX was chosen for this study because of its fast crystallizing nature. It is 

a flat molecule defined by a naphthalene and a carboxylic group (Figure 3.1). The 

naphthalene group is rigid and lies flat in a plane which contributes to its fast 

crystallizing nature. NPX is very unstable in its amorphous form. It was difficult to 

prepare neat amorphous NPX for characterization. Amorphous NPX could only be 

prepared through melt quenching in liquid nitrogen. A Tg was observed at 7.8 °C 

for the amorphous drug substance using the quench method, and this Tg is in 

agreement with the value reported in the literature (13). This fast crystallization 

tendency makes NPX a good model for the current study to evaluate the stability 

differences in ASDs prepared by two different processing techniques. The 

carboxylic group in NPX is a H-bond donor readily available to interact with H-bond 

accepting polymers (12). PVP K25 was chosen as a H-bond accepting polymer 

carrier. Other H-bond accepting polymers were evaluated in preliminary studies, 

but these other polymers demonstrated either too strong of an interaction (as was 

the case of Eudragit® E) or too weak of an interaction (as was the case with 

hypromellose). The interaction of NPX with Eudragit® E was so strong that the 

physical mixture clumped upon ambient storage, making it difficult to prepare a 

free-flowing powder blend for melt extrusion. This interaction was recently studied 

and the reader is directed to their publication for further information (34). 

Conversely, the weak interactions with hypromellose created difficulty in making 

an ASD with sufficient stability to be used in the study. 

Process optimization was employed in order to achieve stable materials, to 

avoid degradation of the drug during melt extrusion, and to minimize drug mobility 

in spray drying (9, 31). For the spray-dried materials, a solids concentration of 5% 
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(w/v) (less than 50% NPX solubility limit in ethanol for both drug loadings) was 

chosen in an attempt to minimize crystallization during spray drying. The outlet 

temperature was set to 60 °C to ensure efficient drying, minimize crystallization 

during solvent evaporation, and prevent coalescing of the particles due to the low 

Tg of spray-dried particles. Secondary drying was employed immediately after 

processing to remove residual ethanol. Ambient temperature was chosen for 

secondary drying because it was sufficient to prevent recrystallization during the 

secondary drying step. For melt extrusion, the screw design, screw speed, and 

barrel temperature were chosen to ensure sufficient mixing while minimizing the 

degradation of NPX. With the optimized process, only 0.8% ± 0.01% degradants 

were observed with melt-extruded materials. Furthermore, it is typically difficult to 

extrude at temperatures below the Tg of the carrier polymer due to the high 

viscosity of the materials below their Tg. In the current study, the barrels were 

maintained at 125 °C, which is below the Tg of PVP K25 (156 °C), but this 

temperature setting was sufficient for this extrusion study due to the plasticizing 

effect of NPX on PVP K25. 

The drug loadings for the study were selected based on the H-bonding 

capacity of PVP K25. Above 45% NPX level, the H-bond acceptors of PVP K25 

are saturated, leaving the remaining NPX free to form dimers, catemers, and other 

aggregates. A loading below (30%) and above (60%) saturation were chosen to 

elucidate differences at a conservative and challenged system respectively. 

Finally, the accelerated stability study was designed to assess the physical 

stability difference between the processed materials. Samples were stored in 

sealed vials to eliminate moisture as a variable. Had the moisture been kept as a 

variable during storage, the spray-dried materials, due to their large specific 
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surface area, would have been more susceptible to moisture absorption and 

potential recrystallization than melt-extruded materials. Instances of moisture and 

hygroscopicity of a material inducing crystallization have been reported (35-37). 

Therefore, the accelerated stability study focused on temperature effect only. 

3.5.2 Miscibility of NPX and PVP K25 

NPX and PVP K25 are highly miscible. As described in Section 3.4.3, when 

the physical blends of crystalline NPX and PVP K25 were heated in a DSC pan, 

crystalline NPX was solubilized in PVP K25, and the endothermic melting peak of 

NPX was absent or too broad to detect. The high solubility is consistent with 

existing literature about NPX and PVP K25 (38). This high miscibility allowed for 

the material to be extruded below the Tg of PVP K25 and melting point of NPX. 

Good miscibility between NPX and PVP K25 was attributed to the H-bond 

interaction. ATR–FTIR results presented in Section 3.10 confirm the H-bonding 

between NPX and PVP K25. The H-bond interaction of PVP K25 with NPX was 

able to disrupt NPX aggregates from forming at concentrations below the H-bond 

saturation limit. The miscibility was also demonstrated by the similar spin-lattice 

relaxation times from the ssNMR data for 30% NPX loading ASDs.  

3.5.3 Effect of Processing on Initial Crystallinity 

The initial crystallinity results were presented in Section 3.4.4.1. At 30% 

NPX loading, materials prepared by both melt extrusion and spray drying were 

amorphous and no difference was detected in the ASDs prepared by either 

method. At 60% NPX loading, the materials were not fully amorphous after 

processing. The melt-extruded material had 0.4% crystalline NPX while the spray-

dried material had 5.6% crystalline NPX. The difference between melt extrusion 
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and spray drying are explained by the kinetics of crystallization and the mechanism 

of formation of the materials.  

To understand the processing effect on initial crystalline content, we first 

examine the kinetics of crystallization. Crystallization occurs in two steps: 

nucleation and growth. In a supersaturated solution, crystallization is favored. 

However, activation energy for nucleation, attributed to interfacial tension, needs 

to be surpassed. The concentration range where drug is supersaturated, yet no 

nuclei form is called the metastable zone. Interaction with a polymer carrier can 

extend the metastable zone. Beyond this zone, crystallization occurs. The rate for 

homogeneous nucleation of clusters is given by Equation (3.1): 

 

𝐽 = 𝑁 𝜈𝑒
(
Δ ∗

)
      Eq. (3.2) 

where J is the number of nuclei formed per unit time and volume, No is the 

number of molecules of crystallizing drug in a unit volume, ν is the frequency of 

molecular transport at the solid-liquid interface, ΔG* is the maximum change in 

Gibbs free energy for the formation of nuclei with a critical radius, kb is Boltzmann’s 

constant, and T is the absolute temperature. The transport frequency, ν, depends 

on the fluidity, 1/η of the solution where η is viscosity. Based on this expression, 

the nucleation rate is inversely related to the solution viscosity. High viscosity 

retards the nucleation rate.  

 The second part of crystallization is growth of crystals from the 

nuclei. The increase in crystal radius, r, is given by Equation (3.2): 

= (𝐶 − 𝐶 )    Eq. (3.2) 
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where D is the diffusion coefficient of the drug, NA is Avogadro’s constant, k+ is the 

surface integration factor, and (C - Ceq) is the difference between drug 

concentration in the bulk and layer surrounding the crystal. This expression shows 

the relationship of crystal growth to mobility of the drug both by the transport 

frequency (1/η) and diffusion coefficient. The diffusion coefficient is related to 

viscosity by the Stokes-Einstein Equation (3.3): 

 
𝐷 = 𝑘 𝑇/6𝜋𝜂𝑟   Eq. (3.3) 

From both of these relationships, it was concluded that increasing the viscosity 

inhibits the mobility of the drug which decreases the growth rate of crystals. This 

relationship is crucial when comparing melt extrusion to spray drying. 

The melt extrusion was conducted below the melting point of NPX.  The 

formation of NPX solution in PVP K25 relies on the interaction of drug and polymer 

to dissolve NPX in PVP K25 melt at the processing temperature. When the 

formulation leaves the extruder, it relies on the high viscosity of the formulation 

matrix to kinetically inhibit the crystallization of NPX. Even at elevated temperature 

during extrusion, the viscosity of the drug-polymer system remains high. A major 

advantage of melt extrusion is that NPX never experiences the mobility that it does 

during spray drying. The viscosity for PVP K25 melt ranges from 106-107 Pa·s 

during the temperature range of 155-175 °C (39). Even with plasticization of PVP 

K25 from NPX during extrusion, the viscosity during extrusion remains orders of 

magnitude higher ensuring that NPX has limited mobility. 

In addition to the kinetic stabilization, melt extrusion, due to the mixing and 

shear of the screws, breaks up and distributes drug particles so they can more 
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readily dissolve in the polymer melt. This amount of mixing cannot occur in the 

timeline during spray drying. Due to the high viscosity to prevent nucleation and 

growth of crystalline NPX, the initial crystalline NPX content (0.4%) of the 60% 

NPX melt-extruded material is likely not recrystallized NPX, but, remaining 

crystalline NPX that was not solubilized in PVP K25 melt at the current processing 

conditions.   

Spray drying relies on a common element, ethanol, to dissolve NPX and 

PVP K25. The solubility of both entities in ethanol is more important than the 

interaction of NPX and PVP K25. Unlike melt extrusion, the NPX goes into the 

process of spray drying already in solution form. During spray drying, the kinetic 

stabilization from polymer carrier doesn’t occur until enough solvent has been 

removed to significantly increase the viscosity of the polymer. At high loading, NPX 

is vulnerable to recrystallization during solvent evaporation from the time it reaches 

its solubility limit in ethanol until the PVP K25 solution is viscous enough to inhibit 

crystallization. The point at which polymer solutions become significantly more 

viscous, which is attributed to the entanglement of the side chains, is known as the 

overlap concentration (C*) (30). The log-log plot of concentration versus kinematic 

viscosity of PVP K25 solution in ethanol has an inflection point indicating the 

overlap concentration. The inflection point from this method was 56 mg/mL PVP 

K25 in ethanol. The reciprocal of intrinsic viscosity is another way to calculate 

overlap concentration (40). From this method an overlap concentration of 56 

mg/mL was also calculated. The viscosity of the spray drying solution at the 

solubility limit of NPX in ethanol (60 mg/mL) is of interest. At this point, NPX is 

susceptible to recrystallization if the PVP K25 isn’t viscous enough to kinetically 

stabilize NPX. The 5% (w/v) feed solutions compositions are: 30% NPX (15 mg/mL 
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NPX, 35 mg/mL PVP K25) and 60% NPX (30 mg/mL NPX, 20 mg/mL PVPK25). 

They reach 60 mg/mL NPX during spray drying (solvent evaporation) when the 

PVP K25 concentration is 140 mg/mL and 40 mg/mL for 30% and 60% NPX 

formulations, respectively. The PVP K25 concentration of the 60% NPX loading 

material at the solubility limit of NPX is below the overlap concentration of PVP 

K25 indicating that NPX had high mobility at the point when NPX was 

supersaturated. NPX was therefore not kinetically stabilized and more able to 

nucleate and grow crystals. This explains the crystalline content of the 60% NPX 

loading at the initial time point. The 30% NPX material had more polymer initially 

and required more solvent removal to reach the solubility limit of NPX, both of 

which contributed to a higher viscosity solution at the solubility limit of NPX. Its 

PVP K25 concentration at NPX saturation was above the overlap concentration 

and therefore NPX had limited mobility. The diffusion coefficients of NPX at the 

PVP K25 concentrations of interest (40 and 140 mg/mL) were measured to further 

confirm the mobility difference of NPX in both systems. The difference in the 

diffusion coefficients of NPX at 40 mg/mL and 140 mg/mL PVP K25 were 100 fold. 

This difference verifies that NPX was more mobile at the point it was 

supersaturated in the 60% NPX solution than in the 30% NPX solution. The 

mobility of NPX and the fast crystallizing nature of NPX, allowed for 

recrystallization. This explains the disadvantage of using the spray drying process 

to make a high drug loading ASD of NPX and PVP K25.   

3.5.4 Crystallinity of ASDs after storage 

All 30% NPX ASDs remained amorphous after eight weeks at 40 °C. The 

60% drug loading materials were difficult to compare because they were not 
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initially completely amorphous. However, 60% NPX melt-extruded material 

recrystallized much less after storage than spray-dried material (p<0.001). 

Following storage at 40 °C for two weeks, the spray-dried material had 

recrystallized 21.6% ± 1.0%, while the melt-extruded material had recrystallized 

2.7% ± 0.3%. The results of the 30% NPX loading for both spray drying and melt 

extrusion can be explained by miscibility. The recrystallization of the 60% NPX 

loading is explained by processing effect and number of crystalline nucleation 

sites. 

If NPX remains at or below its miscibility limit in PVP K25 it is considered to 

be thermodynamically stable. We believe the 30% NPX ASDs to be 

thermodynamically stable. Based on the ATR-FTIR data, at 30% NPX, the H-

bonding sites of PVP K25 are not completely saturated, which allows NPX to fully 

interact with PVP K25. After eight weeks at 40 °C the materials made by both 

processes remain amorphous. Additional evidence of their miscibility at this drug 

loading is that they were stable for two months at a storage condition that was at 

their Tg. If they were not kinetically stable, NPX would have crystallized out due to 

the molecular mobility at 40 °C. Processing technique did not have an impact on 

physical stability below the solubility limit of NPX in PVP K25. 

Beyond the solubility limit, kinetic stabilization becomes crucial for a fast 

crystallizing drug. We believe the 60% NPX loading materials to be above the 

solubility of NPX in PVP K25 based on Paudel et. al 2012 (13), the H-bond 

interaction data, and due to the remaining crystalline NPX content in the melt-

extruded materials. In addition to being supersaturated, the 60% NPX materials 

also had a lower Tg (≈ 27 °C) than the 30% NPX loading materials. At the storage 

condition they were approximately 10 °C above their Tg and therefore NPX was 
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molecularly mobile (10, 41). Most importantly, both materials already contained 

crystalline NPX prior to storage. Based on the kinetics of crystallization presented 

in Section 3.5.3 we know that the existing crystalline material will act as nuclei 

during storage to allow further growth. Therefore, because spray-dried material 

had more nuclei before storage it had more growth sites resulting in more 

recrystallization. Also, from Equation (3.2) we know we can retard growth with 

increased viscosity or distance between nuclei. The final viscosity of both materials 

was similar as indicated by their similar Tg, however, the distribution of NPX or 

distance between nuclei was different. As discussed in Section 3.5.3, melt 

extrusion dispersed NPX better than spray drying due to the mixing. Based on 

better mixing, PVP K25 was able to disrupt the growth rate of crystals better in the 

melt-extruded material. This further supports why we saw more recrystallization in 

the spray-dried material than the melt-extruded material even though both 

contained nuclei before storage.  

In addition to better NPX dispersion during extrusion, the specific surface 

area of the melt-extruded materials contributed to the slower recrystallization. It 

has been demonstrated that crystallization in glass materials occurs primarily on 

the surface (42). Surface-induced crystallization is seen in indomethacin, 

nifedipine, and lactose (43-45). When the 60% NPX melt-extruded materials were 

sieved and put on storage, the higher surface area material experienced more 

recrystallization. Due to the high surface area of the spray-dried material, we would 

expect it to recrystallize even more. However, in the current study it was not a fair 

comparison due to the significant amount of nucleation sites already present in the 

material after processing. Melt extrusion has a unique advantage in terms of 

physical stability, of producing material with less SSA thus reducing the 
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recrystallization potential. However, SSA is not the only factor contributing to 

recrystallization based on the difference in initial crystalline content of the 60% 

NPX materials. The mechanism of formation (NPX mobility during spray drying) 

and processing conditions were also major factors. It is important to note that 

despite the physical stability advantages of melt extrusion, the high SSA of the 

spray-dried material may have a dissolution performance advantage. Melt 

extrusion or spray drying may be the suitable process depending on the 

formulation challenge.  

3.6 CONCLUSIONS 

This study demonstrated that melt extrusion is a more suitable processing 

method for the formation of physically stable solid dispersions of NPX and PVP 

K25, especially at high drug loading. At a NPX level below saturation, such as 30% 

NPX, the material is amorphous and stable when prepared by both processing 

techniques. At 60% NPX, the spray-dried material experiences recrystallization 

during formation due to the mobility of NPX. During melt extrusion, the high 

viscosity of the formulation inhibited NPX from recrystallizing. Upon storage, melt-

extruded material had fewer nucleation sites and the existing sites were better 

dispersed. In conclusion, due to the lower surface area of the ASD particles, better 

dispersive mixing, and low NPX mobility, melt extrusion of NPX and PVP K25 at 

high drug loading has a physical stability advantage.
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3.7 SUPPLEMENTAL FIGURE LIST 

 

 
Figure 3.9: mDSC thermograms before (i) and after (ii) storage at 40 °C: (a) 30% NPX melt-extruded, eight weeks 

(b) 30% NPX spray-dried, eight weeks (c) 60% NPX melt-extruded, two weeks (d) 60% NPX spray-
dried, two weeks 

 

i ii 
a 

b

c 

d 
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Figure 3.10: Impact of PVP K25 concentration on NPX diffusion coefficient (D) as demonstrated by DOSY 1H 

NMR spectra. (a) 20 mg/mL NPX and 40 mg/mL PVP K25 in deuterated ethanol and (b) 20 mg/mL 
NPX and 140 mg/mL PVP K25 in deuterated ethanol.

a b 
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 Chapter 4: An Approach for Chemical Stability during Melt 
Extrusion of a Drug Substance with a High Melting Point1 

4.1 ABSTRACT 

Poorly water-soluble drug substances that exhibit high melting points are 

difficult to process by melt extrusion due to chemical instability at high 

temperatures required for processing.  The purpose of this study was to extrude 

meloxicam (melting point 255 °C) by optimizing processing parameters and 

formulation composition. Five extrusion studies were performed: 1) design space, 

2) impact of moisture, 3) impact of melt residence time, 4) specific energy 

optimization, and 5) altered microenvironment pH. Powder X-ray diffraction and 

polarized light microscopy were used to confirm amorphous conversion. Liquid 

chromatography-mass spectrometry was used to characterize the extrusion 

degradation pathway. The formulation consisted of 10% meloxicam and 90% 

copovidone. When processed above 140 °C, significant chemical degradation was 

observed. The minimum energy input to convert meloxicam was 1.8 kW·hr/kg. 

Degradation of meloxicam during extrusion was identified as hydrolysis. Barrel 

configuration and screw design were designed to drive-off moisture and reduce 

melt residence time. With optimized parameters, the purity of the extrudate was 

96.7%. To further enhance chemical stability, meglumine was added to provide a 

stabilizing basic microenvironment resulting in 100% purity. By process parameter 

optimization and formulation modification, we successfully extruded a meloxicam 

amorphous solid dispersion. 

                                            
1 Published in: Haser A, Huang S, Listro T, White D, Zhang F. An approach for chemical stability 
during melt extrusion of a drug substance with a high melting point. International journal of 
pharmaceutics. 2017 May 30;524(1):55-64. Abbe Haser designed, executed, and performed the 
experiments, and also wrote the manuscript. 
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4.2 INTRODUCTION 

As many as 70% of new chemical entities exhibit poor water solubility and 

therefore require solubility enhancing technology (1). The development of 

processing methods to enhance the solubility of these compounds is a major focus 

of research in the pharmaceutical industry (2, 3). Amorphous solid dispersions 

(ASDs) have emerged as one of the leading solutions for overcoming poor water 

solubility in oral solid dosage forms (4). Melt extrusion is one of two dominating 

technologies in industry for preparing ASDs (5). During melt extrusion, thermal and 

mechanical energy from heated barrels and rotating screws is applied to the drug 

and polymer blend resulting in a solid dispersion. Melt extrusion allows for 

continuous manufacturing, does not require toxic solvents, and is easily scaled-

up. The major drawback of melt extrusion is the thermal exposure to the drug 

substance. This is most problematic with drug substances that have high melting 

points (above 200 °C) and therefore require high processing temperatures. This 

can result in degradation of the drug substance, the polymer carrier, or both. 

Thermal degradation limits the typical design space of melt extrusion to drug 

substances with lower melting points (6). 

Thermally labile drug substances with high melting points present sizeable 

challenges. The literature presents limited information on methods for overcoming 

degradation during extrusion of high melting point drug substances. However, a 

few strategies are typically employed, all of which suppress the processing 

conditions during extrusion while still maintaining an amorphous, molecular-level 

solid dispersion. The first strategy involves choosing a polymer that suppresses 

the melting point of the drug substance (7, 8). When a drug has favorable 

interactions with a polymer (e.g., through hydrogen bonding), the polymer can 
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dissolve the drug substance below its melting point (8). This method is very 

successful; however, it greatly restricts the already limited polymer selection and 

is not always sufficient. Another technique is the use of a plasticizer or surfactant 

during extrusion to reduce the glass transition temperature of the polymer. A 

compatible plasticizer or surfactant can be injected into the extruder to solubilize 

the drug and polymer at lower temperatures (9, 10). The concern with this strategy 

is that it plasticizes the resultant dispersion, which could impact the physical 

stability of the drug substance. An alternative strategy that does not impact the 

final product is the injection of a supercritical fluid into the extruder barrel. This 

technique temporarily plasticizes the molten drug and polymer. This allows for 

reduced processing conditions and allows for the subsequent removal of the 

supercritical fluid upon exiting the extruder, thus reducing the risk of physical 

instability (11-14).  

The present study utilizes melting point suppression and the adjustment of 

microenvironment pH, in addition to process parameter optimization, to 

successfully extrude a thermally labile drug substance that has a high melting 

point. While there are many publications from the plastics field regarding strategies 

(15-18), only limited approaches have been published for pharmaceuticals (19). 

There are four major process parameters that can be altered: a) screw speed, b) 

feed rate, c) barrel temperature, and d) barrel configuration and screw design (20). 

These parameters can be altered to vary the degree of fill, the specific energy 

input, and the residence time in the extruder. Measurable outputs include torque, 

melt temperature, and die pressure (21, 22).  
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Screw speed and feed rate impact the specific mechanical energy input. 

The relationship of screw speed and feed rate with specific energy input is 

explained by Equations (4.1) and (4.2):  

 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊 · ℎ𝑟/𝑘𝑔) =  

  ( )

  ( / )
                                                        Eq. (4.1) 

 
𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑘𝑊) = 𝑚𝑜𝑡𝑜𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑊) ∗ 𝑡𝑜𝑟𝑞𝑢𝑒 (%) ∗

 

 
∗ 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   Eq. (4.2) 

 

where motor rating, max screw speed, and gearbox efficiency are all inherent 

extruder properties (21). Different screw speed and feed rate configurations can 

be combined to achieve the same mechanical energy input, which can be useful 

for scale-up applications. Screw speed plays multiple roles, as it is the primary 

modifier of residence time in a starve-fed extruder (which is typical for twin-screw 

extruders). And, although the extruder barrels are heated, the screws generate the 

majority of the energy used to dissolve drug in polymer (20). Feed rate also has 

multiple roles, as it, along with screw speed, dictates the degree of fill, residence 

time, and ultimately energy input. Because the extruder is starve-fed, conveying 

elements tend to be partially filled, while kneading elements tend to be completely 

filled (23). Material in elements that are less filled is exposed to more energy from 

the screws. Increased mechanical energy input, which translates into thermal 

energy, contributes to drug degradation. Another source of energy input is the 

thermal energy from the barrels. Barrel temperature can be modulated along the 

extruder to promote different processes including melting and devolatilization (23). 

The optimal process requires a balance of a temperature high enough to reduce 

torque but low enough to reduce degradation. 
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In addition to mechanical and thermal energy, barrel configuration and 

screw design also play a major role in chemically stabilizing a drug substance 

during extrusion. Extruders are defined by the diameter of their screws and their 

length-to-diameter ratio (L/D). Adding barrels or increasing this ratio allow for 

additional processing steps during extrusion, and reducing the number of barrels 

or decreasing this ratio reduces the allowable residence times. Barrels can be 

outfitted with injection ports to inject plasticizer or with openings for venting and 

vacuum pulling for devolatilization. Screw designs can also alleviate degradation. 

They are built by combining conveying elements, mixing elements, and kneading 

blocks. Each of these elements have their own variables, including pitch, flight 

angle, and length. Reducing the number of kneading blocks or increasing the 

conveying efficiency of the kneading blocks will reduce shear and energy input. 

Also, introducing kneading blocks further down the shaft could reduce melt 

residence time.  

Meloxicam’s structure is presented in Figure 4.1. It is a BCS class II 

compound with water and 0.1 N HCl solubility of 12.0 and 0.9 µg/mL respectively 

and reported pKa values of 1.1 and 4.2 (24, 25). Not only does meloxicam have 

poor solubility in aqueous environments, it has poor solubility in typical solvents 

(25) which eliminates spray-drying as a processing alternative to extrusion. It has 

a high melting point of 255 °C (Supplemental Figure 4.9), which is above the 

temperature at which most polymer carriers begin to degrade, and it has been 

shown to degrade upon melting and in acidic environments (26). A previous 

attempt to extrude meloxicam was unsuccessful (26). Other techniques that utilize 

atypical solvents have been employed, such as lyophilization or solvent 

evaporation (27), solvent dropping (28), and a solvent-based kneading technique 
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(29) to prepare solid dispersions of meloxicam capable of improving dissolution 

performance.   

In the present study, an approach to successfully extrude an amorphous 

solid dispersion of meloxicam is presented. First the design space for extrusion is 

identified, followed by a thorough understanding of the degradation mechanism of 

meloxicam. This information is used to optimize the process parameters and 

subsequently to alter the microenvironment pH in the formulation to enhance 

chemical stability further.  

Figure 4.1: Chemical structures of meloxicam, monomer unit of Kollidon® VA 64 
(PVPVA), and meglumine. 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

BASF Corporation (Florham Park, NJ) kindly donated Kollidon® VA 64 

(PVPVA), a vinylpyrrolidone–vinylacetate copolymer with a weight average 

molecular weight of 65,000 g/mol. ShenZhen Nexconn Pharmatechs Ltd. 

(ShenZhen, China) supplied the meloxicam. Meglumine was purchased from EMD 

Millipore Corp. (Billerica, MA). High-performance liquid chromatography (HPLC) 

         

meloxicam Kollidon® VA 64 meglumine 
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grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA). All other 

chemicals were of ACS grade or higher. 

4.3.2 Hansen Solubility Parameter Calculation 

Hansen solubility parameters for materials not referenced in the literature 

were calculated based on their molecular structure and melting points using 

Molecular Modeling Pro, v 6.2.8 (ChemSW, Fairfield, CA). 

4.3.3 Melt Extrusion 

A physical blend consisting of 10% (w/w) meloxicam and 90% (w/w) PVPVA 

was prepared by geometric dilution and subsequently mixed in a Turbula® Shaker-

Mixer (Glen Mills, Clifton, NJ) for 10 min. Five different extrusion studies were 

completed to optimize the process. All extrusion experiments were performed on 

a Leistritz Nano-16 co-rotating twin screw extruder (American Leistritz Extruder 

Corp., Somerville, New Jersey) equipped with a 7-mm round die. A twin-screw 

volumetric feeder (Brabender Technologie, Ontario, Canada) was used to 

accurately feed the extruder. The feeding zone was maintained at room 

temperature conditions with water circulation. The melt temperature and torque 

were recorded and monitored for all conditions. Following all extrusion studies, the 

rods of extrudate were milled using an impact mill (Intertek, Springfield, NJ) and 

passed thru a 70-mesh (210 µm) sieve prior to characterization. 

4.3.3.1 Design Space Study 

Variables considered were temperature, screw speed, and feed rate. Two 

temperatures (140 °C and 160 °C), three screw speeds (50, 100, and 150 rpm), 

and two feed rates (2.5 g/min and 5.0 g/min) were chosen to define the design 
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space. The approximate degree of fill was also calculated for each feed rate and 

screw speed using Equation (4.3): 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐹𝑖𝑙𝑙 (%) =
  ∗

∗
  

 
∗ ∗  

∗ 100,                         Eq. (4.3) 

 

where the feed rate is in kg/h, K is a constant, V is the free volume in the extruder, 

SG is the specific gravity of the feed material, and screw efficiency relates to the 

forward-conveying efficiency of the screw design (21). The free volume in the 

extruder is 0.9 cc/m, the constant K is 0.277 g/s, SG was assumed to be 1 g/cc, 

and the screw efficiency was assumed to be 0.35 based on a moderate screw 

design. A list of the conditions is presented in Table 4.1. A moderate screw design 

consisting of primarily conveying elements with two mixing zones was used. The 

first mixing zone utilized a mixing screw element (30 mm), and the second had two 

30-degree kneading blocks (2 mm x 15 mm). The barrel configuration consisted of 

a feeding zone, a venting zone, and a closed zone before the die.  

4.3.3.2 Impact of Moisture Study 

The impact of moisture on the degradation of meloxicam during extrusion 

was studied by altering the barrel configuration and maintaining the same energy 

input. The optimized screw design and barrel configuration depicted in Figure 4.2 

that allows venting of moisture before melting and mixing of meloxicam was used 

for the dry condition. For the moisture-rich condition, plugs were placed in the vents 

so that moisture would be retained in the blend as it was extruded. The same blend 

was used for both conditions and the loss on drying was recorded with an MF-50 

Moisture Analyzer (A&D Company, Encino, CA) before each run. Other processing 
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conditions for the study remained constant. The screw speed was maintained at 

200 rpm, the feed rate at 2.5 g/min, and the barrel temperatures of Zone 1, Zone 2, 

Zone 3, and the die were 110 °C, 120 °C, 140 °C, and 140 °C respectively. 

4.3.3.3 Impact of Melt Residence Time Study 

Conditions for the melt residence time study were chosen to ensure the full 

conversion of meloxicam to its amorphous form at all three melt residence times. 

Screw speed was maintained at 200 rpm and feed rate at 2.5 g/min. In order to 

maintain a similar energy input, melt residence time was varied along the length of 

the extruder. Both barrel temperature and kneading blocks were used to activate 

meloxicam (i.e., convert meloxicam to amorphous form) at different locations along 

the extruder. The barrel temperature required to activate meloxicam was 160 °C. 

This temperature was used at Zones 1, 2, and/or 3, depending on the desired 

activation location (see Figure 4.3). Prior to activation, the barrel temperatures 

were set to 120 °C and 130 °C. 30-degree kneading blocks, which were denoted 

as the start of the melt residence time, were placed immediately after the vents in 

Zone 1, Zone 2, and directly before the die as depicted in Figure 4.3 to create three 

different melt residence times. To confirm that the material was not activated 

before the desired kneading element location, samples were taken from the vents 

of Zone 1 and Zone 2 (directly before the kneading elements) and examined for 

signs of melting or mixing by polarized light microscopy (see Section 4.3.8). To 

assess the Zone 1 and Zone 2 activation times, a blue dye tracer, indigo carmine, 

was dropped into either Zone 1 or Zone 2, immediately before the kneading blocks. 

The transit time was measured by visual inspection at the die with the aid of a 

flashlight. For the die activated melt residence time, dye could not be used to 
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assess the melt residence time. The distance between the kneading blocks of the 

Zone 1 and Zone 2 activation configurations were approximately the same as 

between the Zone 2 and die zone activation configuration. Therefore, the time 

between Zone 1 and Zone 2, measured visually with dye through the vent at Zone 

2, was taken as the difference between the Zone 2 activation and die activation 

configurations.      

4.3.3.4 Identification of Minimum Specific Energy Input to Convert 
Meloxicam to its Amorphous Form  

For this study, the optimized barrel configuration and screw design were 

used (Figure 4.2). The screw speed was kept constant. Feed rate was varied to 

alter the specific energy input of the material as described by Equation (4.1) and 

Equation (4.2). Values for the maximum screw speed, the motor rating, and the 

gearbox efficiency for the Nano-16 are 500 rpm, 2.24 kW, and 0.97 respectively. 

The percentage torque was calculated as the equilibrium torque for each feed rate 

run over a maximum torque of 41.2 Nm. Extrudates from feed rates ranging from 

1.25 g/min to 5.0 g/min were collected for analysis. Polarized light microscopy was 

used to detect trace crystalline meloxicam and is described in Section 4.3.8. 

4.3.3.5 Basic Microenvironment pH Study 

For this study, 10% (w/w) of meloxicam in the blend was maintained; 

however, a 1:1 molar ratio of meloxicam to meglumine was introduced by replacing 

the appropriate amount of PVPVA with meglumine. The blend was prepared as 

described in Section 4.3.3. All optimized process parameters were used, including 

screw speed (200 rpm), feed rate (4.0 g/min), and screw design and barrel 

configuration (Figure 4.2). 
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Table 4.1: Extrusion Processing Conditions, Extrudate Appearance, and Percentage Purity after Extrusion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Barrel 
Temperature 

Feed Rate Batch # 
Approximate 

Degree of 
Fill 

Screw 
Speed 

Appearance Purity 

160 °C 2.5 g/min 
1a 13.2% 50 RPM dark, bubbly 91%±0.05% 
1b 6.6% 100 RPM dark, bubbly 90%±0.03% 
1c 3.3% 200 RPM dark, bubbly 86%±0.03% 

160 °C 5.0 g/min 
2a 26.4% 50 RPM dark, bubbly 85%±0.02% 
2b 13.2% 100 RPM dark, bubbly 82%±0.06% 
2c 6.6% 200 RPM dark, bubbly 79%±0.02% 

140 °C 2.5 g/min 

3a 
13.2% 50 RPM 

orange, 
opaque 

98%±0.01% 

3b 
6.6% 100 RPM 

orange, 
opaque 

96%±0.04% 

3c 3.3% 200 RPM orange, clear 93%±0.05% 
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Figure 4.2: Optimized barrel configuration and screw design with vents to remove moisture in Zones 1 and 2 and 
kneading blocks in Zone 3 to fully convert meloxicam to its amorphous form. 
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Figure 4.3: Barrel configurations and screw designs for melt residence time 
study. The shaded area (green) indicates thirty degree kneading 
blocks for activation of meloxicam 

4.3.4 Impurities Analysis 

The milled and sieved extrudates were weighed and accurately transferred 

to volumetric flasks in triplicate to prepare 100 µg/mL solutions of meloxicam. An 

80:20 volume ratio of methanol to water mixture was used as the diluent. A small 

volume of diluent was added to the volumetric flask and sonicated for five minutes 

before filling to volume. The solutions were then filtered through 0.22 µm, 13-mm 

PTFE filters (Whatman, Pittsburgh, PA) and immediately transferred to 2-mL HPLC 

vials for analysis. 

4.3.5 HPLC Analysis 

Meloxicam and any degradant content were analyzed with a Thermo 

Scientific Dionex UltiMate 3000 HPLC System (Thermo Scientific, Sunnyvale, CA, 

USA). An Ultimate 3000 Autosampler was utilized to inject 20-µl samples. The 

HPLC system also included dual UltiMate Pumps and an UltiMate RS Variable 
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Wavelength Detector operating at 254 nm. The aqueous mobile phase (MP) 

consisted of 0.1% (v/v) phosphoric acid while the organic phase consisted of 

acetonitrile. A gradient that operated at 0.8 mL/min ran from 5% organic MP to 

95% organic MP over 15 minutes separated impurities. Injections were passed 

through a Waters SunFire™ C18 reverse phase column, 4.6 mm x 150 mm, with 

4.6 µm packing (Waters Corporation, Milford, MA, USA) kept at room temperature. 

The retention time of meloxicam was approximately 12.8 min. Purity was reported 

as an average of the percentage peak area of meloxicam with respect to all 

impurity peaks.  All analyses maintained linearity in the range tested. Chromeleon 

Version 6.80 software (Thermo Scientific, Sunnyvale, CA, USA) was used to 

process all chromatography data. 

4.3.6 Liquid Chromatography/Mass Spectrometry 

Liquid-Chromatography/Mass Spectrometry (LC/MS) analysis was 

performed on an Agilent Technologies 6530 Accurate Mass QT (Agilent, Santa 

Clara, CA, USA) with dual electrospray ionization. Acquisition was performed 

between 50 and 3,000 m/z at a scan rate of 1 spectrum/second. The source gas 

was pumped at a flow rate of 12 L/min at a temperature of 350 °C. A prepared 

assay sample showing a significant degradation peak by HPLC was injected 

without dilution. The organic MP consisted of acetonitrile and the aqueous MP 

consisted of 0.1% formic acid. The same conditions from the HPLC analysis 

described in Section 4.3.5 including flow rate, gradient method, column, column 

temperature, and extracted wavelength were used for LC/MS analysis. Each of the 

extracted ion chromatograms included [2M+H]2+, [2M+2Na]2+, [M+H], [M+Na]+, 
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[M+K]+, and [2M+Na]+ and were analyzed with Agilent MassHunter Workstation 

software (Agilent, Santa Clara, CA, USA). 

4.3.7 Powder X-Ray Diffraction  

Powder X-Ray diffraction (PXRD) analyses were conducted on a Rigaku 

Miniflex600 (Rigaku Americas, The Woodlands, Texas, USA) instrument equipped 

with a Cu-Kα radiation source generated at 40 kV and 15 mA. Samples were 

scanned in continuous mode with a step size of 0.02° over a 2θ range of 10-40° at 

a rate of 1° min-1. No significant diffraction peaks were seen below 10° 2θ or above 

40° 2θ for the materials during the initial screening. Data were compiled using 

Microsoft Excel and plotted in GraphPad Prism 6 software (GraphPad Software 

Inc., La Jolla, CA). 

4.3.8 Polarized Light Microscopy 

Trace crystalline meloxicam was evaluated with polarized light microscopy 

(PLM). Milled extrudate was dusted onto a glass slide with a drop of mineral oil 

and covered with a glass coverslip. Analyses were conducted on an Olympus BX-

53 (Olympus, Waltham, MA) polarizing light microscope with a first-order red 

compensator at 200x magnification. To detect any light refractions, the stage was 

rotated at least 90° while observing each sample. Images were taken with a 

QICAM digital camera (QImaging, BC, Canada) with Qcapture, v 2.0.13 

(QImaging, BC, Canada). 

4.3.9 Forced Degradation of Meloxicam 

Meloxicam solutions of approximately 100 μg/mL were prepared in 0.1 N 

NaOH and in a mixture of 80% (v/v) methanol and 20% (v/v) 0.1N HCl. Methanol 

was used to enhance the poor solubility of meloxicam at low pH. The solutions 
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were distributed into glass ampules, sealed, and stored at 60 °C. The samples 

were pulled at 4, 6, and 18 hours as well as at 1, 3, 5, and 7 days. All samples 

were refrigerated until HPLC analysis.   

4.4 RESULTS AND DISCUSSION 

4.4.1 Polymer Carrier Selection 

Melt extrusion is typically performed approximately 20 °C above the melting 

point of the drug when making an amorphous solid solution (20, 30). For 

meloxicam, this temperature is >275 °C. In addition to meloxicam, many polymer 

carriers experience thermal degradation at this temperature (31). Kolter et al. 

reported 230 °C as the temperature at which decomposition of PVPVA occurs. 

This finding is consistent with the start of discoloration of neat PVPVA we observed 

during extrusion. In order to reduce the processing temperature, the polymer 

carrier for meloxicam must be capable of suppressing the melting point of 

meloxicam. PVPVA was chosen based on previous work showing its ability to 

suppress the melting point of meloxicam to 175 °C with stationary heating by hot-

stage PLM (26). This work was repeated and verified (data not shown). Differential 

scanning calorimetry (DSC) is an additional tool used to identify melting point 

suppression (8). Physical mixtures of meloxicam and PVPVA were prepared at 

various ratios and heated in aluminum crimped pans. The resulting thermograms 

indicate that the glass transition of PVPVA is at approximately 108 °C, followed by 

possible broad endotherms and erratic thermal events due to the degradation of 

meloxicam during melting Supplemental Figure 4.9. However, the degradation 

events of the physical mixtures occurred before the melting point of crystalline 

meloxicam, confirming melting point suppression. The thermogram of neat 
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meloxicam did not show degradation before the melting point of meloxicam 

(255 °C). We concluded that PVPVA is a suitable polymer carrier for meloxicam 

based on the verified hot-stage PLM and the thermal events experienced below 

255 °C from DSC that confirm a significant melting point suppression of meloxicam 

by PVPVA.  

The melting point suppression of meloxicam by PVPVA supports their 

miscibility, which is advantageous when trying to dissolve a drug with a high 

melting point in a polymer during extrusion. To further support their miscibility, we 

considered their solubility parameters. Based on its molecular structure, the 

Hansen solubility parameter for meloxicam was calculated as 31.1 MPa1/2. The 

solubility parameter for PVPVA has been reported to be 23.5-26.1 MPa1/2 (32-34). 

Miscibility is predicted between a drug and a polymer when the difference between 

their solubility parameters is less than 7 MPa1/2, and immiscibility is predicted when 

the difference is greater than 10 MPa1/2. Examination of the solubility parameters 

of meloxicam and PVPVA reveals a difference of approximately 7 MPa1/2 or less, 

which predicts miscibility and further supports the significant melting point 

depression of approximately 80 °C observed with meloxicam in the presence of 

PVPVA.   

4.4.2 Design Space Study  

A preliminary screening study was done to identify the design space or 

extrusion parameter window for meloxicam and PVPVA. At low temperature and 

low specific energy input, meloxicam is not converted fully to its amorphous form, 

while at high temperature and high specific energy input meloxicam experiences 

degradation. A table of the processing parameters and results is presented in 
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Table 4.1. The high feed rate, 5 g/min, is approximately flood feeding and 

representative of the lowest energy input feed rate possible. The low feed rate, 

2.5 g/min, is representative of a higher energy input condition. The same degree 

of fill was achieved with the two different feed rates by altering the screw speed. 

Under these conditions, at constant thermal energy or barrel temperature, the 

specific mechanical energy input is theoretically the same Equation (4.1).  

A barrel temperature capable of producing a melt temperature of 175 °C 

was chosen to correlate with the melting point suppression results. This 

temperature was identified as 160 °C for the respective screw design and within 

the feed rates considered. The extrudate appearance is also presented in 

Table 4.1. At 160 °C, all the extrudate was darkened and contained bubbles, which 

indicates the degradation of meloxicam. As expected, due to the increase in 

energy input, degradation increased with increased screw speed and with 

corresponding decreasing degree of fill (Table 4.1). All of the extrudate processed 

at 160 °C was amorphous by PXRD (data not shown). Unexpectedly, we observed 

reduced degradation at the lower feed rate (Table 4.1, Batch #1a, 1b, 1c vs. Batch 

#2a, 2b, 2c). Theoretically, degradation is reduced by increasing the feed rate and 

degree of fill, which reduces the specific energy input (Equations (4.1) and (4.2)). 

The counterintuitive results can be explained by the degradation pathway of 

meloxicam. The primary degradation pathway of meloxicam during extrusion is 

hydrolysis. Moisture can be removed before extrusion by drying and during 

extrusion with venting. At a high feed rate, the degree of fill is high, and the 

exposed surface area of the melt is low at the vent. Under these conditions, less 

moisture evaporates during extrusion. Degradation was reduced in the extrudates 

from the low feed rate (Error! Reference source not found., Batch #1a, 1b, 1c) 



 171 

because more moisture was removed and hydrolysis was reduced. Hydrolysis 

could also explain the differences in the purity of materials that have the same 

energy input or degree of fill, (Batch #1a versus #2b, and #1b versus #2c). Further 

explanation of the degradation pathway of meloxicam and moisture impact is 

presented in Sections 4.4.3 and 4.4.5.1, respectively.      

After the high temperature-high energy input of the design space was 

identified, the low temperature-low energy input was investigated. The barrel 

temperature was lowered at high screw speed (200 rpm) until the extrudate no 

longer appeared clear. Opaque extrudate indicates residual crystalline meloxicam. 

A barrel temperature of 140 °C, with a corresponding melt temperature of ~152–

155 °C, was identified as the minimum temperature required to fully convert 

meloxicam to its amorphous form. To assess the crystallinity of the extrudate, 

PXRD analysis was conducted. The diffractograms presented in Figure 4.4a 

demonstrate that meloxicam has strong characteristic peaks at 2θ values of 12.9°, 

14.8°, 18.4°, and 25.7° that are present in the meloxicam-PVPVA physical mixture 

(at a ratio of 1:9). At screw speeds below 200 rpm, the extrudate appears opaque 

and the corresponding PXRD diffractograms (Figure 4.4b) indicate residual 

crystalline meloxicam from the characteristic meloxicam peaks at 14.8° and 25.7° 

2θ. The high purity values for the extrudate with crystalline meloxicam (Table 4.1), 

Batch #3a, 3b) indicate that it degrades after melting or converts to its amorphous 

form, which is also consistent with the degradation thermal events seen in the 

physical mixture thermograms of meloxicam and PVPVA. Therefore, minimizing 

the melt residence time is a major factor in optimizing the extrusion process for 

meloxicam.  
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Figure 4.4: PXRD diffractograms of (a) meloxicam, PVPVA, meloxicam–PVPVA 
physical mixture, and meloxicam–PVPVA extrudates processed at 
140 °C with 50 rpm, 100 rpm, and 200 rpm screw speeds;                
(b) magnified diffractogram of extrudates. Extrudates processed at 
50 rpm and 100 rpm have crystalline peaks attributed to meloxicam 
and are not completely amorphous.  

From the design space study, the significant melting point suppression of 

meloxicam was confirmed. A minimum barrel temperature of 140 °C was identified 

to fully convert meloxicam to its amorphous form, provided that sufficient 

mechanical energy input is present (in this case screw speed) to help dissolve 

meloxicam. Melt residence time was also identified as a key variable for 

optimization.  
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4.4.3 Degradation Pathway of Meloxicam 

An understanding of the drug substance degradation pathway during 

extrusion is crucial for preventing degradation. Degraded extrudate samples from 

the design space study were analyzed with LC-MS to identify the two major 

degradant peaks that appear in the HPLC chromatogram. The HPLC peaks were 

consistent with masses of 115 g/mol and 212 g/mol. These masses have been 

previously reported for meloxicam under stressed hydrolytic conditions (35). The 

proposed degradation pathway during extrusion is presented in Figure 4.5. 

Hydrolysis is a major degradation pathway for drug substances that have an ester 

or, as in the case of meloxicam, an amide. Amides are less susceptible to 

hydrolysis than esters because the carbonyl carbon of the amide bond is less 

electrophilic, due to resonance stabilization, and the amine can be a poor leaving 

group (36, 37). However, further analysis of the meloxicam structure shows that 

the nitrogen atom of its amide is linked to a ring structure that through resonance 

provides an electron withdrawing group. This causes destabilization of the C–N 

bond of the amide and stabilization of the amine leaving group. These conditions 

allow meloxicam to undergo hydrolysis at the amide. The degradation products of 

the hydrolysis of an amide are a carboxylic acid and the leaving amine group. 

Based on the degradants identified by LC-MS, it is evident that meloxicam 

underwent further degradation. Decarboxylation of the acid which was catalyzed 

by the high temperature in the extruder is the proposed pathway. This pathway 

results in the two masses identified by LC-MS. The presence of bubbles observed 

in the extrudate further confirm the decarboxylation pathway, since it is likely these 

bubbles consist of the CO2 produced by the decarboxylation reaction. 
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Figure 4.5: Degradation products of meloxicam during melt extrusion after 
hydrolysis and subsequent decarboxylation. 

With an understanding of the degradation pathway, the extrusion process 

parameters, specifically the barrel configuration and screw design can be modified 

to reduce degradation. 

4.4.4 Barrel Configuration and Screw Design 

Information from both the design space study and degradation pathway 

were implemented to determine the barrel configuration and screw design. Screw 

design is an important, but often overlooked factor in the prevention of degradation 

during extrusion. 

First, to eliminate any remaining moisture after pre-drying the blend, Zones 

1 and 2 were configured with vents and set to 110 °C and 120 °C, respectively. At 

these barrel temperatures, and without mixing elements or kneading blocks, 

meloxicam is not expected to melt or convert to its amorphous form. This was 

confirmed by taking a sample from the Zone 2 vent. No degradants were detected, 

and the sample was verified as crystalline by PLM. Next, the temperature of the 

final barrel was set to 140 °C, which was identified as the lowest temperature to 

convert meloxicam to its amorphous form. This setup prevented meloxicam from 

converting to its amorphous form before moisture was removed and also 
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minimized the melt residence time by activating it only in the last zone of the 

extruder.  

Finally, the screws were designed to complement the barrel configuration. 

Large pitch conveying elements were used under the vents to reduce the degree 

of fill, thus increasing the exposed surface area and increasing the venting 

capacity. To keep the material moving efficiently, smaller pitch conveying elements 

were used between the vents. Two 30-degree kneading blocks were utilized in 

Zone 3 to ensure the conversion of meloxicam to its amorphous form and promote 

dispersive and distributive mixing of the viscous molten polymer with the lower 

viscosity drug melt. One 30-degree kneading block was not sufficient to dissolve 

meloxicam and a 60-degree kneading block resulted in increased degradation. The 

final configuration is presented in Figure 4.2.   

To further investigate the impact of moisture and melt residence time and 

to justify the final screw design and barrel configuration small studies were 

performed. 

4.4.5 Impact of Moisture and Melt Residence Time on Meloxicam Purity 

Two additional studies were conducted to investigate the significance of 

moisture and melt residence time in the degradation of meloxicam. Each study had 

limitations that illustrate the complexity of the extrusion process parameters as 

they relate to ASDs.  

4.4.5.1 Moisture Impact Study 

To demonstrate the hydrolysis reduction capability of the optimized barrel 

configuration with venting, the same blend was extruded with the vents and 

injection ports sealed. Under these conditions, the residual moisture in the blend 
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(3–6% by loss on drying) plasticized the material, and meloxicam was not fully 

converted to its amorphous form, as indicated by an opaque extrudate. The 

plasticization effect was indicated by the operating torque. The torque for the open 

vent condition was 21.6 Nm, while the torque for the sealed vent was 11.7 Nm. 

This difference indicates a significant reduction in the melt viscosity of the closed 

vent material. Due to the lower viscosity, the screw design was not aggressive 

enough to fully convert meloxicam. Meloxicam in its crystalline form did not 

undergo hydrolysis; therefore, the closed-vent condition has an inflated purity 

value. The purity for the closed-vent condition was approximately the same as with 

the open vent (97.1% and 96.9%, respectively).   

Although we were unable to directly observe the actual difference in purity 

between the two conditions, the results indicate the utility of the vents for removing 

moisture and their importance in the process design.   

4.4.5.2 Melt Residence Time Study 

All the previous data (the TGA data from Hughey et al., and our DSC and 

design space study) support the conclusion that meloxicam begin to degrade when 

it melts or becomes amorphous. To demonstrate this, a study was designed to 

vary the melt residence time. For a starve-fed extruder, the easiest way to change 

residence time is to change the screw speed. However, altering screw speed 

would change the energy input significantly, so the results would be difficult to 

interpret. We chose to keep the feed rate, screw speed, and activation temperature 

constant. While changing the barrel temperatures to activate meloxicam at 

different points will affect the energy input slightly, it will not have a significant 
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impact on the energy input. This is indicated by a minimal change in melt 

temperature of the materials upon exiting the extruder (155 °C ± 1 °C). 

The residence times for the Zone 1, Zone 2, and the die activations were 5 

min 8 s, 4 min 5 s, and < 4 min, respectively.  Confirmation of the meloxicam 

activation at Zones 1 and 2 was achieved by sampling from Zones 1 and 2, prior 

to the kneading blocks and checking purity and for crystalline meloxicam by HPLC 

and PLM, respectively. For Zone 1 activation, the purity before the kneading blocks 

was 100.0%, and for zone two activation the purity before the kneading blocks was 

98.4%. Both were highly crystalline based on visual assessment and PLM. The 

loss in purity of the Zone 2 activation is likely due to the build-up of material before 

the kneading blocks. This build-up is insignificant for the Zone 1 activation because 

of its proximity to the feed zone, where fill is the lowest.   

The meloxicam purity for Zone 1, Zone 2, and die activations are 78.6%, 

79.2%, and 81.5%, respectively. Results from a one-way ANOVA reveal significant 

differences between the three materials (p < .01), and individual t-tests confirmed 

significant differences between each material (p < .01). By activating meloxicam at 

each zone, the difference in residence time was about 1 min. During Zone 1 

activation, dye was dropped into Zone 1 and a flashlight shone in Zone 2 revealed 

dye after only approximately 10 s. This means the difference between the 

activation times of the zones were minimal. The most significant time spent is in 

the die zone, where material accumulates and then is discharged. This may 

explain the difference between activation at Zones 1 and 2 versus Zone 3. 

Activation at Zone 3 requires the kneading block to be positioned just before the 

die. As a result, pressure built up at the die and may have allowed the material to 

exit the die area faster than from the other two conditions.   
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It was difficult to discern the impact of melt residence time on degradation 

of meloxicam from the small difference in times for the three activations 

investigated. It is challenging to isolate melt residence time without varying energy 

input. The results do indicate a statistically significant trend. Based on Hughey et 

al.’s TGA data and our DSC and design space study data, we conclude that melt 

residence time does have an impact on the degradation of meloxicam, and 

reducing the melt residence time also reduces degradation.       

4.4.6 Minimum Specific Energy Input Identification   

From the design space study, we find that meloxicam is not fully converted 

to its amorphous form at low energy input. However, it degrades at high energy 

input. Therefore, the ideal extrusion condition is one in which the minimum amount 

of energy is introduced to fully convert meloxicam to its amorphous form without 

introducing additional energy that could cause degradation. With the barrel 

temperature minimized, and with the barrel/screw configuration/design optimized 

for hydrolysis, the final parameters optimize were screw speed and feed rate. If we 

refer to the equations for specific energy input, Equation (4.1) and Equation (4.2), 

both parameters can be used to alter the specific mechanical energy input of the 

extruder. In this study, we used the feed rate to control the specific energy input 

due to its ability to vary it in small increments. We locked the screw speed at 200 

rpm, which was identified in the design space study to convert meloxicam to its 

amorphous form at 140 °C.  

The results from the study are presented in Figure 4.6. As specific 

mechanical energy decreases (corresponding to increasing feed rate), the purity 

increases. At some point, the energy is not sufficient to fully convert meloxicam to 
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its amorphous form. The minimum specific mechanical energy input to convert 

meloxicam to its amorphous form was identified as 1.8 kW·hr/kg, which 

corresponds to a purity value of 96.7%. The trace crystalline content of the 

extrudates near the minimum energy value was not identifiable based on PXRD. 

All extrudates were amorphous based on PXRD (Supplemental Figure 4.10a). This 

is a property of the extrudate and not a function of specificity of the instrument. 

Peaks were observed in physical mixtures of as low as 1.0% crystalline meloxicam 

(Supplemental Figure 4.10b). However, in the extrudate, unlike in a physical 

mixture, the crystalline meloxicam is suspended in a glassy polymer. The X-ray 

beam cannot sufficiently penetrate the sample to detect the crystals. Instead, PLM 

was used to detect trace crystalline meloxicam in the extrudate. Trace crystalline 

meloxicam was identified in the extrudates prepared at 4.5 g/min and 5.0 g/min 

feed rates. Representative images are shown in Figure 4.7. 
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Figure 4.6: Specific mechanical energy input and corresponding percentage 
purity as a function of feed rate. Minimum energy input to convert 
meloxicam to its amorphous form and corresponding purity value 
indicated by black circles. 

Figure 4.7: Polarized light microscopy images of extrudates at (a) 5.0 g/min, (b) 
4.5 g/min, and (c) 4.0 g/min. 

With an understanding of the degradation pathway, and by using a 

pragmatic approach to optimize process parameters, we were able to successfully 
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extrude an ASD of meloxicam and PVPVA with minimal degradation and 96.7% 

purity.      

4.4.7 Modification of the Microenvironment to Further Improve Chemical 
Stability 

When extrusion processing parameters alone are not sufficient to stabilize 

a drug substance during extrusion, another method to stabilize the drug substance 

is to further investigate the properties of the drug substance. In this case, we 

examined different hydrolytic storage conditions for meloxicam. It has been 

previously reported that meloxicam is stable under basic conditions but unstable 

in acidic conditions (38). The results from our stress degradation study, presented 

in Figure 4.8, verify this. Meloxicam was stable in 0.1 N NaOH, but it experienced 

significant degradation in 0.1 N HCl after one week at 60 °C. 

Figure 4.8: Forced degradation of meloxicam in 0.1N HCl and 0.1N NaOH at 
60 °C. 
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This information was applicable to the extrusion process. PVPVA is known 

to create a slightly acidic environment with a pH of 3–7 for a 10% aqueous solution 

of PVPVA (31). During extrusion, it is possible that PVPVA creates an acidic 

microenvironment that promotes the hydrolysis of meloxicam. To counteract this, 

and to further stabilize meloxicam during extrusion, we created a basic 

microenvironment by incorporating a basic small molecule, meglumine. 

Meglumine is a highly water-soluble molecule with a pKa of 9.5; its structure is 

presented in Figure 4.1 (39). When extruded with meloxicam at an equimolar ratio 

of meglumine and meloxicam, no degradation was detected by HPLC. The 

extrudate was confirmed to be amorphous by PXRD and PLM (data not shown).  

The mechanism through which meglumine stabilizes meloxicam during 

extrusion is beyond the scope of this study. Work to investigate a possible 

complexation or salt formation during extrusion is ongoing. Future work also entails 

an investigation into the solution-state behavior of meloxicam in the binary system 

of meloxicam–PVPVA as well as in the ternary system that includes meglumine. 

Previous studies have shown improvement in dissolution with the addition of 

meglumine (40).          

4.5 CONCLUSIONS 

Drug substances with high melting points, such as meloxicam, typically 

cannot be processed by extrusion. In this study, an approach is presented that 

incorporates melting point depression, optimization of process parameters, and an 

understanding of degradation pathways to chemically stabilize an ASD of 

meloxicam and PVPVA. Melting point suppression was not sufficient to prevent the 

degradation of meloxicam. Hydrolysis and subsequent decarboxylation were 
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identified as the degradation pathways during extrusion. The barrel configuration 

and screw design were designed to minimize hydrolysis and reduce melt residence 

time. This was achieved by adding vents and activating meloxicam only at the end 

of the extruder. Minimum processing temperature and specific energy to convert 

meloxicam were identified as 140 °C and 1.8 kW·hr/kg, respectively. A purity of 

96.7% was achieved using these processing parameters. Further, the stability of 

meloxicam in a basic pH environment was identified. This was applied during 

extrusion by incorporating a basic component, meglumine, to increase the pH of 

the microenvironment during extrusion. The ternary system achieved 100% purity 

and a full amorphous conversion of meloxicam. The effort to fully understand the 

mechanism of this stabilization is ongoing. It is clear, however, that with proper 

processing parameters and an understanding of degradation mechanisms, it is 

possible to use melt extrusion to process a chemically stable ASD of a drug 

substance with a high melting point.
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4.6 SUPPLEMENTAL FIGURE LIST 

Figure 4.9: Reversing heat flow of meloxicam (MLX), neat PVPVA, and physical mixtures of meloxicam-PVPVA; 
(a) full view to capture meloxicam melting endotherm and (b) magnified to capture melting and 
degradation thermal events after the glass transition of PVPVA. 
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Figure 4.10: PXRD diffractograms of (a) meloxicam–PVPVA extrudates processed at various feed rates and (b) 
physical mixtures of meloxicam–PVPVA. 
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 Chapter 5: In situ Salt Formation for Improved Chemical 
Stability and Dissolution Performance of a Meloxicam-

Copovidone Amorphous Solid Dispersion 

5.1 ABSTRACT 

In a previous study, we found that incorporating meglumine during extrusion 

of meloxicam results in chemical stabilization that cannot be achieved with process 

optimization alone.  The purpose of this study is to understand the mechanism 

behind the stabilization and its impact on the performance of the meloxicam 

copovidone amorphous solid dispersion. The meloxicam concentration was 

maintained at 10% (w/w) for both blends with and without meglumine. The optimal 

meglumine blend contained an equimolar amount of meloxicam to meglumine with 

the remainder consisting of copovidone. Both formulations were processed with 

optimized extrusion conditions and analyzed by HPLC for purity. Their ability to 

improve solubility and supersaturate was assessed by non-sink pH shift 

dissolution. The ASDs were placed at 40 °C/75%RH for 6 months and their stability 

assessed. Meglumine at a 1:1 molar ratio with meloxicam, results in 100% purity 

of meloxicam after melt extrusion. Solid-state NMR revealed a proton transfer 

between the meloxicam and meglumine indicating an in situ salt formation. During 

dissolution, the meglumine ASD enables meloxicam to stay supersaturated (≅ 50 

fold over meloxicam free acid) for >7.25 hours, while the ASD without meglumine 

began precipitating 2.25 hours following the pH shift.  No significant chemical 

degradation, recrystallization, or significant moisture uptake was observed after 6 

months storage at 40 °C/75%RH.  

As the pipeline for poorly soluble compounds continues to grow, drug 

degradation during melt extrusion needs to be addressed. This research presents 
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a novel way to stabilize a thermally labile drug substance while preserving the 

physical stability and even bettering the dissolution performance. 

5.2 INTRODUCTION 

Approximately 40% of drugs on the market and 90% of new chemical 

entities in development are BCS class II or IV drugs (1). With the high volume of 

poorly soluble compounds in pipelines, amorphous solid dispersions (ASDs) have 

emerged as the leading solution to overcome solubility issues (2). The two major 

commercial manufacturing processes used to make ASDs are melt extrusion and 

spray drying. Melt extrusion has a manufacturing advantage because it is a 

continuous process that allows for a smaller footprint, real-time quality information, 

and ease of scaling to accommodate supply needs (3). Degradation of drug 

substances is the major problem associated with melt extrusion of ASDs due to 

high manufacturing temperatures (4). Drug substances that are thermally labile or 

have high melting points present a major challenge. Limited strategies exist to 

overcome this degradation (Table 5.1). As the pharmaceutical industry shifts to 

continuous manufacturing, the need to identify successful techniques to overcome 

degradation and further understand melt extrusion impact on ASDs grows. 

Table 5.1: Existing strategies to reduce degradation during melt extrusion and 
their drawbacks 

   
Existing Strategies to 
Reduce Degradation Drawbacks References 
Melting point depression  Limited compendial 

polymer choices 
(Marsac et al., 2006) 

Plasticizer  Physical stability 
due to molecular 
mobility 

(Repka et al., 2007; Repka et al., 1999) 

Supercritical fluid 
injection  

Miscibilty with drug-
polymer systems 

(Sauceau et al., 2011; Verreck et al., 
2006a; Verreck et al., 2006b) 
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In our previous study we proposed altering the pH environment during melt 

extrusion as a new strategy to overcome degradation when processing conditions 

alone were not sufficient(5). This strategy has been applied before to improve 

chemical stability during shelf-life of dosage forms (6-8) but has not to our 

knowledge been used during extrusion to stabilize drug substances. In this follow-

up study, the mechanism behind the stabilization is investigated as well as 

characterization of the resultant ternary ASD. 

Complex ternary ASD systems are becoming the norm with additives, 

primarily surfactants, appearing in commercial ASDs (e.g., Kaletra®, Venclexta®, 

and Belsomra) to enhance dissolution performance. pH modifiers are also used to 

increase the solubilization of ASDs, and are of particular interest because 

approximately two thirds of poorly-soluble drugs have pH dependent solubility(9). 

Both modified pH and acid-base reactions have recently been used to improve the 

physical stability and dissolution performance of ASDs (10-13). Unlike these 

studies, the role of the acid-base reaction or in situ salt formation in this study, is 

to chemically stabilize the drug substance during processing however, these 

studies suggest that the salt formation may have other benefits for the resultant 

ASD.  

Processing a weak acid or base with a counterion can result in an in situ 

salt formation depending on the properties of the materials. Salt formation is a 

popular approach employed to increase the solubility of poorly soluble drug 

substances. Salts are defined as a crystalline or amorphous materials in which a 

proton is transferred from one component to another. Typically counterions are 

small inorganic molecules (e.g. sodium, potassium, hydrochloride, or phosphate 

ions) or small organic molecules (e.g., citrate, tartarate, succinate, or mesylate). 
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They work by creating a favorable microenvironment to enhance drug solubility. In 

some cases salts don’t provide an improved dissolution advantage or have 

unfavorable physical properties (e.g., highly hygroscopic, chemically unstable).  

Both salts and ASDs are effective strategies for overcoming poor solubility. 

By combining the two technologies we hope to synergize the solubility 

enhancement of each technology by itself and improve upon any unfavorable 

properties. A better understanding of these ternary systems is needed. The 

purpose of this study is to 1) understand the stabilization during melt extrusion by 

altered pH environment so that it can be applied to other drug substances and 2) 

to explore the added benefits of the altered pH environment as they relate to 

physical stability and dissolution performance.  

The chemical structure of all drug and excipient substances used in the 

study is present in Figure 5.1. Meloxicam is the weak acid drug substance 

considered in this study. It belongs to class II of the biopharmaceutical 

classification system (BCS) with water and 0.1 N HCl solubility of 12.0 and 0.9 

µg/mL respectively and reported pKa values of 1.1 and 4.2 (14, 15). We previously 

reported challenges in processing meloxicam and an initial attempt by optimizing 

processing conditions (5). The pH modification agents considered in this study are 

meglumine and Eudragit® EPO. Their chemical structures are also presented in 

Figure 5.1. Meglumine has a pKa of 9.5 and Eudragit® EPO has a pKa of 10.0. 

Meglumine and Eudragit® EPO have been used to increase physical stability and 

dissolution performance (11, 16, 17). It is generally accepted that salt formation is 

expected with a delta ΔpKa greater than 3, therefore salt formation is expected 

when meloxicam interacts with either meglumine or Eudragit® EPO. Additionally, 
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both pH modifiers are commercially available and approved for use in solid oral 

dosage forms(18).  

This research presents a novel way to stabilize a thermally labile drug 

substance while maintaining the physical stability and even bettering the aqueous 

performance. 

Figure 5.1: Chemical structures of meloxicam, a monomer unit of Kollidon® VA 
64 (PVPVA), and meglumine. 

              

                             

  

Meloxicam 

Kollidon® VA 64 

Meglumine 
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5.3 MATERIALS AND METHODS 

5.3.1 Materials 

BASF Corporation (Florham Park, NJ) kindly donated Kollidon® VA 64 

(PVPVA), a vinylpyrrolidone–vinylacetate copolymer with a weight average 

molecular weight of 65,000 g/mol. Eudragit® EPO, poly(butylmethacrylate–co–(2–

dimethylaminoethyl) methacrylate–co–methyl methacrylate) 1:2:1, was provided 

by Evonik Industries (Darmstadt, Germany). ShenZhen Nexconn Pharmatechs 

Ltd. (ShenZhen, China) supplied the meloxicam. Meglumine was purchased from 

EMD Millipore Corp. (Billerica, MA). High-performance liquid chromatography 

(HPLC) grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA). 

All other chemicals were of ACS grade or higher. 

5.3.2 Melt Extrusion 

A physical blend consisting of 10% (w/w) meloxicam and 90% (w/w) PVPVA 

was prepared for the formulation without a basic component. All meglumine 

formulation blends were prepared by maintaining 10% (w/w) meloxicam and 

varying the amount of meglumine (195.2 g/mol) by molar ratio to meloxicam (0.5:1, 

1:1, and 3:1 meloxicam to meglumine), and using PVPVA as the remainder of the 

physical blend. The Eudragit® EPO formulation blends were prepared the same 

as the meglumine formulation blends except with different molar ratios (1:1, 3:1, 

and 5:1 meloxicam to Eudragit® EPO). The molecular weight of Eudragit® EPO 

was calculated based on one monomer unit (1:2:1 of methyl, amino, and butyl 

components respectively). All blends were prepared by geometric dilution and 

subsequently mixed in a Turbula® Shaker-Mixer (Glen Mills, Clifton, NJ) for 

10 min. All extrusion experiments were performed on a Leistritz Nano-16 co-



 196 

rotating twin screw extruder (American Leistritz Extruder Corp., Somerville, New 

Jersey) equipped with a 7-mm round die. The screw design and barrel 

configuration were previously published (5). The optimized barrel and die zone 

temperatures (zone 1-zone 2-zone 3-die) used are shown in Figure 5.2. The screw 

speed was kept at 200 rpm. A twin-screw volumetric feeder (Brabender 

Technologie, Ontario, Canada) was used to accurately feed the extruder 4 g/min. 

The feeding zone was maintained at room temperature conditions with water 

circulation. The melt temperature and torque were recorded and monitored for all 

conditions. Following all extrusion studies, the rods of extrudate were milled using 

an impact mill (Intertek, Springfield, NJ) and passed thru a 40-mesh (450 µm) sieve 

prior to characterization. 

Figure 5.2: Optimized barrel configuration and screw design with vents to 
remove moisture in Zones 1 and 2 and kneading blocks in Zone 3 to 
fully convert meloxicam to its amorphous form. 

5.3.3 Sample Preparation for Impurities Analysis 

The milled and sieved extrudates were weighed and accurately transferred 

to volumetric flasks in triplicate to prepare 100 µg/mL solutions of meloxicam. A 
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50:50 volume ratio of methanol to 0.1N NaOH mixture was used as the diluent. A 

small volume of diluent was added to the volumetric flask and sonicated for five 

minutes before filling to volume. The solutions were then filtered through 0.22 µm, 

13-mm PTFE filters (Whatman, Pittsburgh, PA) and immediately transferred to 2-

mL HPLC vials for analysis. 

5.3.4 HPLC Analysis 

Meloxicam and any degradant content were analyzed with a Thermo 

Scientific Dionex UltiMate 3000 HPLC System (Thermo Scientific, Sunnyvale, CA, 

USA). An Ultimate 3000 Autosampler was utilized to inject 20-µl samples. The 

HPLC system also included dual UltiMate Pumps and an UltiMate RS Variable 

Wavelength Detector operating at 254 nm. The aqueous mobile phase (MP) 

consisted of 0.1% (v/v) phosphoric acid while the organic phase consisted of 

acetonitrile. A gradient that operated at 0.8 mL/min ran from 5% organic MP to 

95% organic MP over 15 minutes separated impurities. Injections were passed 

through a Waters SunFire™ C18 reverse phase column, 4.6 mm x 150 mm, with 

4.6 µm packing (Waters Corporation, Milford, MA, USA) kept at room temperature. 

The retention time of meloxicam was approximately 12.8 min. Purity was reported 

as an average of the percentage peak area of meloxicam with respect to all 

impurity peaks.  All analyses maintained linearity in the range tested. Chromeleon 

Version 6.80 software (Thermo Scientific, Sunnyvale, CA, USA) was used to 

process all chromatography data. 

5.3.5 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) and modulated differential scanning 

calorimetry (MDSC) analysis were performed with a TA Instruments Model Auto 
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Q20 DSC (New Castle, DE, USA). Samples of 2-5 mg were weighed and placed 

into tzero aluminum pans and crimped using a press. A hole was made in the lid 

of the pan to allow the release of moisture. Mixtures of meloxicam and meglumine 

were analyzed by DSC. Pans were heated from 0°C to 275 °C at a ramp rate of 

10 °C/min. During analyses, high purity nitrogen flowed through the sample 

chamber at a rate of 50 mL/min. Analysis was performed with TA Universal 

Analysis 2000 software.   

5.3.6 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed on a TA 

Thermogravimetric Analyzer Q500 (New Castle, DE). Temperature ramp 

experiments were performed from 25 °C to 300 °C at a rate of 5 °C per minute with 

air purge at 60 ml/minute. TGA was performed for meloxicam, meglumine, and of 

a meloxicam-meglumine mixture at 1:1 molar ratio. 

5.3.7 Solid state NMR  

All solid-state NMR experiments were performed using a Bruker Avance III 

HD spectrometer, 11.7 T (500 MHz) superconducting magnet, and a triple 

resonance 4 mm CPMAS probe (Bruker BioSpin Corp., Billerica, MA).  Zirconia 

rotors were packed with ~80 mg of each sample and capped with Kel-F drive tips.  

The probe was tuned to 500.1 MHz for 1H and 125.8 MHz for 13C. 1H-detected 

experiments used a simple Bloch-decay pulse sequence. 13C-detected 

experiments utilized ramped cross polarization (CP)(19-21) with a 70-100% 

amplitude ramp on the 1H channel, total sideband suppression (TOSS),(22, 23) 

and high-power SPINAL64 1H decoupling at 94 kHz.(24) 13C spectra were acquired 

using a 2 ms CP contact time (amorphous samples) or 6 ms CP contact time 
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(crystalline meloxicam and physical mixtures), 2.5-12 s recycle delays dependent 

upon sample T1, and 8 kHz MAS. 1H 90° pulses were 2.67 s for all experiments 

and TOSS used 13C 180° pulses of 6.90 s. A total of 972-7776 scans were 

collected for each 13C spectrum. Carbon-detected 1H T1 relaxation experiments 

utilized a 2 ms CP contact time, 8 kHz MAS, saturation recovery  delays of 0.005-

30 s. CP-HETCOR spectra were recorded at 14 kHz MAS using contact times of 

200, 500, 1000, and 2000 s and 64 t1 increments in the indirect dimension.  

Frequency-switched Lee-Goldberg 1H homonuclear decoupling at 94 kHz was 

applied during t1.(25) All data were recorded at 293 K.  13C spectra were externally 

referenced to tetramethylsilane using the methyl peak of 3-methylglutaric acid 

(MGA) set to 18.84 ppm,(26) and 1H spectra were referenced externally to 

tetramethylsilane using adamantine set to 1.87 ppm. NMR data were processed 

using Bruker TopSpinTM 3.2 (Bruker BioSpin Corp., Billerica, MA) and Mnova 11.0 

(Mestrelab Research S.L., Santiago de Compostela, Spain) software, and all 1H 

relaxation data were fitted using KaleidaGraph 4.1 software (Synergy Software, 

Reading, PA). Plane-wave density functional theory (DFT) chemical shielding 

calculations were performed using CASTEP (27) within the Materials Studio 2017 

environment (Biovia, San Diego, CA).  Calculations utilized the GGA-PBE function, 

ultrasoft pseudopotentials generated on-the-fly, and a cut-off energy of 800 eV.  

Hydrogen positions were geometry optimized prior to shielding calculations. 

5.3.8 Physical Stability Testing 

Milled meloxicam ASD and meloxicam-meglumine ASD were transferred to 

30 cc induction-sealed HDPE bottles with desiccant pouches. The bottles were 

stored at 40 °C/75%RH for 6 months with sample pulls at 0, 1, 3, and 6 months. 
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Samples were stored frozen until characterization. Characterization consisted of 

moisture content by Karl Fisher, recrystallization by powder X-ray diffraction, and 

chemical stability by HPLC analysis (see section 5.3.3 and 5.3.4). 

5.3.9 Karl Fisher 

The trace amounts of water in the ASDs were determined at the beginning 

of the study and at each time point using Karl Fisher titration. A Mettler Toledo C20 

Coulemetric Titrator (Columbus, OH, USA) was used. Samples were accurately 

weighed into 2 mL vials in triplicate and anhydrous methanol was added before 

directly injecting into Hydranal-Coulomat AG anolyte with Hydranal-Coulomat CG 

catholyte (Sigma-Aldrich, St. Louis MO).    

5.3.10 Powder X-Ray Diffraction  

Powder X-Ray diffraction (PXRD) analyses were conducted on a Rigaku 

Miniflex600 (Rigaku Americas, The Woodlands, Texas, USA) instrument equipped 

with a Cu-Kα radiation source generated at 40 kV and 15 mA. Samples were 

scanned in continuous mode with a step size of 0.02° over a 2θ range of 10-40° at 

a rate of 1° min-1. No significant diffraction peaks were seen below 10° 2θ or above 

40° 2θ for the materials during the initial screening. Data were compiled using 

Microsoft Excel and plotted in GraphPad Prism 6 software (GraphPad Software 

Inc., La Jolla, CA). 

5.3.11 Solubility studies 

To determine the pH solubility profile of meloxicam USP buffers including 

HCl, citrate, phosphate, and borate were prepared at a range of pH from 1.2 to 14.  

Excess meloxicam was added to a 20 mL scintillation vial with 5 mL of buffered 

solution. Additionally, the equilibrium solubility of meloxicam in the presence of 
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meglumine and/or PVPVA was determined at pH 6. PVPVA at 0%, 1%, 10%, and 

20% (w/v) was added to USP citrate buffer at pH 6.0. Excess meloxicam or 

meloxicam-meglumine at a 1:1 molar ratio were added to 20 mL scintillation vials. 

All conditions were evaluated in triplicate. The vials were placed on a shaker table 

for 72 hours at room temperature. After reaching equilibrium the final pH of the 

suspensions was recorded and the samples were filtered with 0.2 µm PTFE 

syringe filters (Whatman, Pittsburgh, PA), diluted if necessary, and analyzed by 

HPLC (Section 5.3.4). 

5.3.12 Non-sink pH shift dissolution 

Non-sink pH shift dissolution was performed using USP apparatus II 

(paddle) method at 37 °C ± 0.5 °C. The paddles were set to 75 rpm. The initial 

dissolution media was 450 mL of 0.1N HCL at pH 1.2. After 45 minutes, 150 mL of 

citrate buffer at pH 5.5 with 0.3M NaOH to counter the acidic media was added to 

each vessel for a resultant pH of 5.5. To promote wetting of the formulations, slugs 

were made. Geometric dilution was used to prepare a 5% (w/w) crospovidone 

mixture with each formulation tested before compressing into 400 mg slugs on a 

Globe Pharma, Inc. MTCM-1 manual tablet press (New Brunswick, New Jersey) 

using a 10 mm round die. The compression force was 3000 psi. Three slugs, for a 

meloxicam dose of 120 mg, were placed in each vessel for evaluation. All 

formulations were tested in triplicate. Samples (3 mL) were withdrawn without 

replacement at 5, 10, 20, 30, 40, 50, 60, 90, and 120 minutes as well as at 3, 4, 6, 

8, and 24 hours. Quantification was performed by the HPLC method described in 

Section 5.3.4.  
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5.4 RESULTS AND DISCUSSION 

5.4.1 Mechanism of hydrolytic prevention  

In our previous study, we identified hydrolysis of the amide bond and 

subsequent decarboxylation as the degradation pathway during extrusion (5). 

Hydrolysis of an amide is less likely to occur than hydrolysis of an ester due to the 

free pair of electrons on the nitrogen that make the amide carbon a poor 

electrophile (28, 29). In order for hydrolysis to occur, the amide carbonyl needs to 

first be protonated, making the amide carbon more electrophilic and thus 

susceptible to hydrolysis. As shown in Figure 5.3a, under slightly acidic or acidic 

conditions, meloxicam is able to protonate the carbonyl through an intramolecular 

hydrogen bond due to the nearby hydroxyl group (14). Under basic conditions, 

meloxicam is in its anion form (Figure 5.3b), and is less likely to protonate the 

carbonyl thus reducing the chance of hydrolysis. The different meloxicam 

conformations are relevant during extrusion. PVPVA is known to create a slightly 

acidic environment with a pH of 3–7 for a 10% aqueous solution of PVPVA (30). 

As a result, during extrusion, the slightly acidic environment created by PVPVA 

may also contribute to the protonation of the meloxicam carbonyl group. Our 

hypothesis is that in the presence of a base, the conformation of meloxicam will 

transform to its anion form and the hydrolytic pathway will be disrupted. We have 

already shown this to be true in solution, where we examined different hydrolytic 

storage conditions for meloxicam and found that it is chemically stable in a basic 

environment (5). 
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Figure 5.3: Meloxicam conformation in a) weakly acidic, and b) basic 
environment 

5.4.2 Selection of material to increase the microenvironmental pH 

Processing parameters alone were not sufficient to stabilize meloxicam 

during extrusion. In order to counteract the slightly acidic environment created by 

PVPVA and disrupt hydrolysis, we created a basic environment in the extruder. 

Many basic materials were considered, however, the material needed to be 

miscible with both meloxicam and PVPVA and able to be processed by extrusion. 

These two criteria limited the options to the polycation polymer, Eudragit® EPO, 

and meglumine, a small basic molecule. The meloxicam concentration was 

maintained at 10% (w/w) in the blend and the basic component was added based 

on different molar ratios of meloxicam to base. PVPVA was added as the 

remainder of the blend. Extrusion runs were performed at 3:1, 1:1, and 1:2 ratios 

for meloxicam-meglumine and 5:1, 3:1, and 1:1 ratios for meloxicam-

Eudragit® EPO. The ratios were chosen based on the miscibility of meloxicam and 

base observed by DSC (data not shown).  
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The results and optimized conditions are presented in Table 5.2. After 

processing, all of the formulations were a yellow to yellow-brown color and had a 

purity higher than the formulation without a basic component (batch 1). None of 

the Eudragit® EPO ASDs (batch 5, 6, and 7) were capable of fully preventing 

degradation. However, the purity of the 5:1 and 3:1 ratios were statistically better 

(p<0.05) than batch 1. At a molar ratio of 1:1, the extrudate was opaque, therefore, 

Eudragit® EPO was not miscible with meloxicam and PVPVA at this ratio. All of 

the other extrudate was clear indicating the miscibility of the components. 

Meglumine was capable of preventing degradation at a 1:1 and 0.5:1 molar ratio 

of meloxicam to meglumine (batch 2 and 3), 100% purity of meloxicam was 

observed. We attribute the darker color of the 0.5:1 molar ratio (batch 2) with 

degradation of meglumine itself however, this was not investigated as part of this 

study. With excess meloxicam, the 3:1 ratio was not sufficient in preventing 

degradation. The ideal molar ratio will be discussed in greater detail in Section 

5.4.3.1  
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Table 5.2: Ratio of meloxicam to basic component, barrel and die temperatures, 
extrudate appearance, and assay by peak area after extrusion. All 
batches contain 10% (w/w) MLX, basic component by molar ratio, 
and PVPVA as remainder. 

The Eudragit® EPO formulations were processed at the same barrel 

temperature as batch 1 while the temperature was increased for the formulations 

with meglumine (batch 2, 3, and 4). The optimized barrel temperatures of zones 1 

and 2 were increased to 140 °C to accommodate the increase in torque that was 

observed when processing the formulations with meglumine. A change in torque 

due to formulation difference is attributed to properties of that formulation including 

molecular weight, glass transition temperature (Tg), and miscibility of the 

components. Despite its higher molecular weight and Tg (80 °C vs. 17 °C for 

meglumine), Eudragit® EPO did not experience the same increase in torque that 

the meglumine formulations did. This suggests an anti-plasticization effect, 

meaning the Tg of the meglumine formulation may be higher than any of the 

 



 206 

individual components. Meglumine has demonstrated this anti-plasticizing effect 

on amorphous celecoxib with povidone (31) and on amorphous indomethacin with 

povidone (11). Telang et al. describes the high Tg material as a new chemical entity 

due to the strong interaction.  This “new entity” is indicative of in situ salt formation 

based on meglumine as the counterion for the weak acid meloxicam. More 

evidence of this behavior will be presented in Section 5.4.3.1. 

Meglumine, not Eudragit® EPO, was capable of preventing or disrupting 

this pathway. They both have amine groups and behave as relatively strong bases 

with pKa’s of 9.5 and 10.0 for meglumine and Eudragit® EPO, respectively (32, 

33). Eudragit® EPO is a large molecule with a weight average molecular weight of 

47,000 g/mol (34). In contrast, meglumine is a small molecule with a molecular 

weight of 195.2 g/mol. Due to its large size, Eudragit® EPO is sterically hindered 

and is less capable than meglumine of forming an ionic interaction with meloxicam, 

especially in the presence of PVPVA as a polymer carrier. Additionally, the 

increased torque observed during extrusion of the meglumine formulations 

indicated a stronger interaction between meglumine and meloxicam. Complex 

formation has demonstrated inhibition of hydrolysis of an ester between 

benzocaine and caffeine in solution (35). Therefore, it is reasonable that the 

interaction between meloxicam and meglumine could slow the hydrolysis rates 

down significantly or completely. The strong interaction between meloxicam and 

meglumine provide evidence for the full recovery of meloxicam when processed 

with meglumine and steric hindrance explains the absence of increased torque 

during processing and marginal improvement in the purity of meloxicam after 

extrusion with Eudragit® EPO. 
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Due to the indication of an in situ salt formation and its capability to fully 

prevent degradation of meloxicam, meglumine was chosen as the basic material 

to alter the pH environment during extrusion. The interaction between meloxicam 

and meglumine was further characterized. 

5.4.3 Meloxicam-Meglumine Interaction in the Solid-state 

1.4.3.1 Thermal analysis (DSC and TGA) 

The solid-state interaction between meloxicam and meglumine upon 

heating was studied using DSC analysis (Figure 5.4). Meloxicam has a melting 

point of 263 °C while meglumine has a melting point of 129 °C. All of the molar 

ratios investigated have a “eutectic-like” melting point of approximately 110 °C 

which is lower than either individual component. Above a 1:1 molar ratio of 

meloxicam and meglumine, there was an additional thermal event which is 

attributed to the melting point of the excess meloxicam in the binary mixture. Even 

this melting point, at 226 °C and 236 °C for the 2:1 and 5:1 meloxicam to 

meglumine ratios, respectively, is suppressed from the melting point of neat 

meloxicam. The melting point suppression of meloxicam in the presence of 

meglumine is crucial for extrusion. In our previous study, the melting point 

suppression of meloxicam by PVPVA was a major factor in its selection. Without 

melting point suppression, it is impossible to extrude because both meloxicam and 

PVPVA (as well as other polymer carriers) degrade at such high temperatures. 

The DSC data suggests favorable conditions for extrusion of meloxicam in the 

presence of meglumine.  

The lack of excess meloxicam of the 1:1 and 0.5:1 molar ratios of 

meloxicam and meglumine is shown in the DSC results by an absence of the 
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additional endotherm. At these ratios, we also had 100% purity of meloxicam after 

processing. This demonstrates that beyond a molar ratio of 1:1, meglumine is 

saturated and can no longer prevent meloxicam from protonating the carbonyl and 

initiating hydrolysis. Therefore, the meloxicam that is not interacting with 

meglumine will undergo hydrolysis. The visual appearance of the extrudate was 

considered to decide between the 0.5:1 and 1:1 molar ratio. The 1:1 molar ratio 

formulation did not show any browning and was lighter in color than the 0.5:1 molar 

ratio. Additionally it required the least amount of counterion while still suppressing 

the melting point significantly and preventing degradation. Based on the 

processing results presented in Section 5.4.2 and the thermal analysis, we chose 

the 1:1 molar ratio to further characterize. 

In the DSC thermogram of the 1:1 molar ratio (Figure 5.4) there is an erratic 

thermal event starting around 175 °C. We suspected that this was degradation 

based on our previous study where we discovered that meloxicam degraded upon 

dissolving in PVPVA during extrusion. Hughey et al. reported TGA data indicating 

neat meloxicam degrading upon melting (36).  

We investigated the degradation behavior of meloxicam in the presence of 

meglumine at a 1:1 molar ratio by TGA. The TGA data and the TGA data overlaid 

with DSC is presented in Figure 5.5.  The TGA data reveals that meglumine 

experiences a mass loss before meloxicam and that the 1:1 ratio experiences a 

mass loss at a lower temperature than either individual component. The onset of 

mass loss for the 1:1 ratio is at approximately 175 °C which correlates well with 

the erratic thermal event seen in the DSC data. The TGA data (solid blue line) 

overlaid with DSC (dotted orange line) confirmed that in the absence of 

meglumine, meloxicam degrades as it melts (Figure 5.5b). For the 1:1 ratio 
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(Figure 5.5c), there is a distinct melting point before the initiation of mass loss or 

degradation. Despite the fact that meloxicam begins degrading at a lower overall 

temperature in the presence of meglumine, it allows for a window between melting 

and degradation. This window is a crucial factor in the successful extrusion of 

meloxicam. Without the window, it is challenging to get both 100% purity and 

completely dissolved meloxicam.    

Figure 5.4: DSC thermograms of meloxicam (MLX), meglumine (MGL), and 
physical mixtures of MLX and MGL at various molar ratios labeled 
accordingly. 
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Figure 5.5: a) thermalgravimetric analysis of MLX, MGL, and MLX and MGL at 
1:1 ratio and thermalgravimetric analysis (solid line) overlaid with 
DSC analysis (dotted line) of b) MLX and c) MLX and MGL at 1:1 
ratio. 
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1.4.3.2 Solid-state NMR 

Spectroscopic techniques were also utilized to investigate the interaction of 

meloxicam and meglumine as well as the ASDs in the solid-state. Typically, when 

the pKa difference between an acid and base is greater than 3, a complete proton 

transfer or salt formation is predicted (37). Meloxicam and meglumine have a pKa 

difference of 5.3, which suggests that organic salt formation is likely. To confirm 

this, solid-state NMR was used. In order to increase the resolution of the spectra, 

a 20% meloxicam-meglumine ASD was prepared in addition to the 10% 

meloxicam-meglumine ASD. The 1:1 molar ratio of meloxicam and meglumine was 

maintained for the increased drug loading. The material was amorphous by PXRD.  

13C solid-state NMR data of meloxicam, meglumine, PVPVA, 10% 

meloxicam ASDs with and without meglumine, and the 20% drug loading ASD with 

meglumine are shown in Figure 5.6. The relatively low drug load and broad 

resonances typical of amorphous materials results in fairly low intensity for the 

meloxicam resonances.  Pertinent low frequency resonances of carbons 11, 7, and 

14 are expanded in the right-hand panel of Figure 5.6. These resonances were 

definitively assigned using a combination plane-wave DFT calculations and CP-

HETCOR experiments on the neutral enol crystalline form of meloxicam (CSD 

refcode SEDZOQ). Carbonyl resonances from PVPVA (far left) are also included 

as they partially overlap with the meloxicam signals.  Moving from crystalline 

meloxicam (bottom) to the ASD containing only drug and PVPVA it can be seen 

that there are relatively minor perturbations in the chemical shifts of these three 

resonances.  However, when meglumine is added to the formulation (top two 

spectra) there are significant shifts in these peak positions, a strong indication of 

a change in the electronic structure surrounding these nuclei.  Salt formation would 
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involve a proton transfer between the meloxicam enol and meglumine 2° amine 

group, forming the anionic meloxicam species (14). To check the impact of 

ionization on isotropic chemical shielding (iso), DFT calculations were also 

performed on the ammonium salt of meloxicam (CSD refcode WODBOG).  For 

clarification, smaller values of calculated iso are further left (less shielded) in the 

NMR spectrum.  In this salt form structure, deprotonated C7 is the most strongly 

affected and becomes the most deshielded carbon in meloxicam, shifting from 

iso=10.21 ppm in the neutral enol to iso=3.25 ppm in the ammonium salt.  C11 

stays relatively unperturbed with iso=10.61 ppm in the enol and iso=10.78 in the 

salt.  C14 also shift downfield in calculations on the salt, with iso=16.10 ppm 

relative to iso=19.39 ppm. All of the calculated shifts were consistent with the 

experimental chemical shift observations. 

CP-HETCOR experiments were performed in attempts to verify the 

assignments of these carbon resonances and proximity to the acidic proton. 

Figure 5.7 shows the 1H-13C correlations in the low field region of the spectrum for 

meloxicam and the 20% meloxicam-meglumine-PVPVA ASD using a long contact 

time of 1 ms to observe more distant dipolar couplings.  The spectrum of crystalline 

meloxicam clearly shows a strong correlation between peaks at 160.1 ppm (13C) 

and 13.0 ppm (1H).  Of note are the diagonal cross peaks observed in crystalline 

meloxicam, which is due to anisotropic bulk susceptibility (ABMS) of the meloxicam 

crystallites, recently reported on by Rossini and coworkers (38). The peak at 13.0 

ppm is assigned to the enol proton and this correlation confirms the assignment of 

C7 at 160.1 ppm.  Carbons 11 and 14 show weaker correlations to the amide 

proton at 9.3 ppm.  Even though the 20% drug load limits the sensitivity for the 

meloxicam peaks in the ASD, the HETCOR spectrum shows a weak correlation 
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between the 13C resonance at 166.1 ppm and a 1H at 14.7 ppm, which allows this 

carbon peak to be assigned to C7.  We assign the proton at 14.7 ppm to the 

protonated amine group of meglumine.  The carbon and proton chemical shift and 

dipolar correlation data all support the hypothesis of in situ salt formation between 

meloxicam and meglumine in the ASDs.  

Figure 5.6: 13C solid-state NMR data of meloxicam, PVPVA, 10% MLX ASD, 
10% MLX-MGL ASD, and the 20% MLX-MGL ASD. Arrows direct the 
reader to the corresponding zoomed in spectra to capture the low 
frequency resonances. 
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Figure 5.7: 2D 1H-13C HETCOR solid-state NMR spectra of (a) MLX and (b) 
20 % MLX-MGL ASD. Projections are 1D 13C and 1H spectra of each 
sample, respectively. 

5.4.4 Solution behavior of meloxicam with and without meglumine 

The solution-state behavior is critical to the performance of an ASD. 

Solubility experiments as well as non-sink dissolution were performed to ensure a 

comparable release profile to the ASD prepared without meglumine and to better 

predict the in vivo performance of the ASDs. 

5.4.4.1 Solubility enhancement by meglumine and PVPVA 

Meloxicam is a weak acid that has increased solubility at higher pH. 

Meloxicam free acid equilibrium solubility as a function of pH is presented in Figure 

5.8a. At a pH below 3.0, meloxicam undergoes significant degradation and 

therefore equilibrium solubility could not be accurately determined. At a pH of 6, 

meloxicam free acid has a solubility of 11.5 µg/mL. This is consistent with previous 

values reported (14, 15). At the high end of physiologically relevant pH, pH 7.4, 
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meloxicam free acid has a solubility of ≈160 µg/mL. While this is a significant 

improvement, the pH in the intestines is predominately lower than pH 7.4 (typically 

pH 3.0-6.0) and meloxicam is still classified as a BCS class II compound for its 

limited solubility. In fact, the commercial marketed form of meloxicam, Mobic®, has 

a pH altering agent (sodium citrate dehydrate) in the formulation to enhance the 

dissolution rate (39). Above pH 7.4, the solubility of meloxicam increases 

significantly until reaching its pHmax at approximately pH 12.7. Above this pH, the 

solubility decreases and the excess material from the solubility study has a 

different morphology (large crystal flakes observed under optical microscope) that 

is the sodium salt of meloxicam.  

The incorporation of meglumine increased the solubility of meloxicam. A 

comparison of the solubility of meloxicam at pH 6 with and without meglumine (at 

a 1:1 molar ratio) is presented in Figure 5.8b. Meglumine increased the solubility 

from 11.5 µg/mL to 30.1 µg/mL. A buffer solution was used to maintain the bulk pH 

at 6 however, the change in microenvironmental pH may have allowed more 

meloxicam to dissolve in the diffusion layer surrounding the drug particles and as 

a result solubilized more drug in the bulk media. This is further described by the 

Noyes-Whitney Eq. (5.1) which relates dissolution rate and solubility: 

 
 J = KA(Cs-C)                                                       Eq. (5.1) 

where J is the dissolution rate, A is the surface area exposed to available for 

dissolution, Cs is the saturation solubility of the compound in the dissolution 

medium, and C is the concentration of the drug in the medium. For drugs with pH-

dependent solubility like meloxicam, Cs and therefore dissolution rate are function 
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of pH. It has been suggested that the solubility of the drug in the diffusion layer at 

the surface of the dissolving particle is the more appropriate value for Cs, rather 

than solubility in the bulk medium.(40) Meaning, the increased solubility near the 

pH modifier can influence the overall dissolution or solubility of the drug. This 

explains the increased solubility (30.1 µg/mL over 11.5 µg/mL) of meloxicam in the 

presence of meglumine at pH 6.0. Additionally, the interaction of meloxicam and 

meglumine promoted wetting of meloxicam. Without meglumine, the majority of 

the meloxicam floats on the surface of the dissolution media. The water solubility 

of a counterion has demonstrated that it can have a direct relationship to the 

increase in salt solubility.(41) Meglumine has high water solubility of 1 g/mL.  

During our investigation, we also noticed that PVPVA enhances the 

solubility of meloxicam, and when combined with meglumine it further enhances 

the solubility. The solubility of meloxicam at pH 6 with 0%, 1%, 10%, and 20% 

PVPVA with and without meglumine is presented in Figure 5.8b. With just 1% 

PVPVA and no meglumine, the solubility is enhanced by a factor of almost 15 (11.5 

µg/mL to 170.0 µg/mL). With 10% PVPVA in solution the solubility enhancement 

from 0% PVPA is even more pronounced; the solution without meglumine is 

enhanced by a factor of almost 120 and this factor is increased to almost 200 in 

the presence of meglumine. At 20% PVPVA in solution, the solubility enhancement 

is dominated by PVPVA and the solubility both with and without meglumine is the 

same. Although outside the scope of this investigation, the results are interesting 

and the interaction between meloxicam and PVPVA is currently being investigated.  

Based on the solubility results, we predicted that the incorporation of 

meglumine in the ASD would result in dissolution performance advantages in 

addition to the chemical stabilization during processing that was already confirmed.     
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Figure 5.8: a) Solubility of MLX at different pH, and b) solubility of MLX and a 
physical blend of MLX and MGL at 1:1 molar ratio in the presence of 
PVPVA at various concentrations (w/v). Data points without visible 
error bars have very small standard deviation. 

5.4.4.2 pH shift dissolution 

Non-sink pH shift dissolution was performed to compare the performance 

of the ASDs processed with and without meglumine. The dissolution conditions 

chosen were physiologically relevant and chosen to elucidate a difference between 

 

a 

b 
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the formulations. Meloxicam experiences significant degradation, especially in the 

absence of meglumine, with prolonged exposure to 0.1N HCl. As a result, the acid 

stage of the dissolution was limited to 45 minutes to reduce this exposure. The 

final pH of 5.5 was chosen due to its biological relevance, and because it is at non-

sink conditions (defined by the solubility of meloxicam free acid in pH 5.5 which is 

less than 10 µg/mL) which make it a discriminating method for the ASDs. The 

results are shown in Figure 5.9. The meglumine ASD maintained a higher 

concentration at every time point and was able to sustain supersaturation in pH 

5.5 for the duration of the study. Both formulations experienced a maximum 

dissolution in pH 1.2 at 20 minutes before starting to crash out. In contrast, the 

dissolution of the physical mixtures continued to increase at pH 1.2 before the 

transition to pH 5.5. After the pH shift, the ASD without meglumine began to 

crystallize out after the 2 hours. At 8 hours, the meglumine ASD was still 

supersaturated. After 24 hours, it still remained supersaturated with respect to the 

physical mixtures as well as the meloxicam free acid however. We attribute its final 

solubility to the meglumine salt form. Despite the superior performance of the 

meglumine formulation, both ASD formulations had impressive performance. They 

surpassed the performance of the physical mixtures significantly. The behavior of 

the physical mixtures during dissolution aligned with the solubility data which 

predicted an improvement in performance in the presence of PVPVA and even 

greater improvement in the presence of both PVPVA and meglumine. As expected, 

meloxicam free acid performed the worst, releasing just 3.9 µg/mL after 8 hours.  

While the dissolution data is exciting, the method is not necessarily 

predictive of in vivo behavior. Future studies involve testing the ASDs in an animal 

model to demonstrate any bioavailability advantages of the meglumine ASD.  
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Figure 5.9: Non-sink pH shift dissolution of a) MLX free acid; b) physical blend of 
MLX and PVPVA; c) physical blend of MLX, MGL, and PVPVA; c) 
MLX ASD; d) MLX MGL ASD. The pH shifted from 1.2 to 5.5 at 45 
minutes. 

5.4.5 Stability after storage 

The physical and chemical stability of the ASDs (with and without 

meglumine) were assessed in order to confirm the suitability of the meglumine 

ASD. Due to the hygroscopic nature of PVPVA, the milled extrudate was stored 

with a dessicant pouch to provide a more practical storage setting. The moisture 

content was a major concern for the meglumine ASD because of the properties 

associated with the in situ amorphous salt formation. Salts, including amorphous 

salts are generally more hygroscopic (42, 43). Additionally, amorphous meglumine 

was previously reported as hygroscopic (11). Moisture uptake could plasticize the 

ASD, thus reducing the Tg and increasing molecular mobility. Despite the 

hygroscopic nature reported in literature, Table 5.3 reveals only a small difference 

in the moisture content between the formulations at the initial characterization or 
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after 6 months storage. The moisture content decreased after 1 month storage at 

40 °C/75%RH. This decrease is likely due to the dessicant pouch stored in the 

bottle. The meloxicam-meglumine formulation is able to overcome this unfavorable 

property under the storage settings provided in this study.   

Based on the low moisture uptake of the ASDs, we did not suspect them to 

recrystallize. This was confirmed with PXRD (Figure 5.10). The diffractogram of 

the meloxicam-PVPVA physical blend (at a ratio of 1:9) demonstrates that 

meloxicam has strong characteristic peaks at 2θ values of 12.9°, 14.8°, 18.4°, and 

25.7°. The diffractogram of the meloxicam-meglumine-PVPVA (at same ratio as 

ASD) shows the strong characteristic peaks of meglumine at 2θ values of 12.3°, 

15.8°, 17.2°, 17.8°, 19.4°, 19.8°, 21.9°, 24.0° and 26.7°. All ASD diffractograms 

have an amorphous halo before and after storage indicating they are both stable 

for 6 months at 40 °C/75%RH.    

Finally, the chemical stability was assessed before and after storage. Again, 

based on the low moisture uptake and hydrolysis as a known degradation path, 

the ASDs were not expected to degrade. The meloxicam ASD remained at 96.7% 

purity for the duration of the storage study. The meloxicam-meglumine ASD 

remained at 100% purity for 3 months and experienced <0.5% degradation after 6 

months at accelerated conditions.   
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Table 5.3: Moisture content (%) of ASD formulations before and after storage 

Figure 5.10: PXRD diffractograms of the physical blends of MLX-PVPVA and 
MLX-MGL-PVPVA overlaid with the diffractograms of the MLX ASD 
and MLX-MGL ASD before and after 1, 3, and 6 months storage at 
40 °C/75%RH. No indication of recrystallization of either ASD 
formulation after storage.

Storage Time MLX ASD MLX MGL ASD 
initial 1.20% ± 0.03% 1.15% ± 0.06% 
1 month 0.83% ± 0.05% 0.83% ± 0.06% 
3 month 1.30% ± 0.02% 1.34% ± 0.04% 
6 month 2.45% ± 0.09% 2.79% ± 0.13% 
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5.5 CONCLUSIONS 

As the pharmaceutical industry moves towards continuous manufacturing 

and the pipelines for poorly soluble compounds continue to grow, the degradation 

problem of melt extrusion needs to be addressed. Our research presents a novel 

way to stabilize a thermally labile drug substance while preserving the physical 

stability and even bettering the aqueous media performance. This approach could 

be applied to other drug substances with hydrolytic or oxidative degradation 

pathways to address the major drawback of melt extrusion.
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 Chapter 6: Findings during Melt Extrusion Scale-Up of an 
Amorphous Solid Dispersion Formulation 

6.1 ABSTRACT 

Chemical degradation of drug substances remains a major drawback of 

extrusion. Larger scale extrusion equipment has advantages over smaller 

equipment due to less peak shear and added flexibility in terms of screw design, 

unit operations, and residence time. In a previous study, we extruded a meloxicam-

copovidone amorphous solid dispersion (ASD) on a Nano-16 extruder and 

achieved 96.7% purity. The purpose of this study is to introduce a strategy for 

scaling the process to an extruder with dissimilar geometry and to investigate the 

impact on the purity of the ASD. The formulation previously optimized on the Nano-

16, 10:90 meloxicam and copovidone, was used for scale-up. The specific 

mechanical energy input and degree of fill from the optimized setup were used to 

scale the process to a Micro-18 extruder. Vacuum was added to prevent hydrolysis 

of meloxicam. Downstream feeding and micronization of meloxicam were 

introduced to reduce the residence time. In-line monitoring of the solubilization of 

meloxicam was monitored with a UV probe positioned at the die. We were able to 

achieve the same purity of meloxicam with the Micro-18 as we achieved with Nano-

16. When process conditions alone were not sufficient, meglumine was added to 

further stabilize meloxicam. In addition to the chemical stability advantage that 

meglumine provided, we also observed solubility enhancement which allowed for 

an increase in drug loading to 20% while maintaining 100% purity.  
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6.2 INTRODUCTION 

Melt extrusion is one of two dominant manufacturing technologies for 

preparing amorphous solid dispersions (ASDs). Melt extrusion allows for 

continuous manufacturing, does not require organic solvents, and is easily scaled-

up (1). The major drawback of melt extrusion is the thermal exposure to the drug 

substance. This is most problematic with drug substances that have high melting 

points (above 200 °C) and therefore require high processing temperatures (2). This 

can result in degradation of the drug substance, the polymer carrier, or both. 

Thermal degradation limits the typical design space of melt extrusion to drug 

substances with lower melting points (2, 3). 

Early development work for extrusion is achieved by using bench-scale 

extruders such as the Mini Haake® or small sized extruders such as an 11 mm or 

16 mm screw with an L:D ratio (length of screw to diameter of screw ratio) of 25:1 

or smaller (4). Optimized formulations developed for clinical phase are typically 

produced on larger-scale extrusion equipment. Differences can include screw and 

barrel configurations, free volume, and feed method, all of which can influence the 

energy input to the system (5). Another important design variable is melt 

temperature due to its relationship with degradation and amorphous conversion.  

Typically, scaling between equipment cannot be achieved quantitatively 

however, there are some general rules that can be applied. The primary strategy, 

scaling by free volume (Vfree) (6, 7), relates to scaling within the same geometry or 

same Do/Di ratio (outer to inner screw diameter ratio) (8). It requires the mass 

throughput (Q1) to free-volume to remain constant when moving between extruder 

equipment. Within the same geometry, Vfree can be approximated as Vfree α Do3(4), 

therefore the equation for your new mass throughput (Q2) is: 
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 Q2 = Q1(Do,2/Do,1)3                                                            Eq. (6.1) 
 

and for dissimilar geometry:  
 

Q2 = Q1(Vfree2/Vfree1)3                                                                                 Eq. (6.2) 
 

Additional considerations include maintaining the L:D ratio, screw design, 

temperature profile with modification for less barrel contact, screw speed, and die 

pressure drop. As a result of maintaining these parameters, the specific 

mechanical energy input (SME), melt temperature at die, degree of fill, and 

residence time should remain similar. These general rules have been primarily 

applied for scaling amongst like-geometry equipment, limited studies exist in the 

field of pharmaceutics that examine scaling amongst different geometry equipment 

(9, 10). 

In our previous work, we optimized an extrusion process on a twin-screw 

co-rotating extruder with a 16 mm diameter (11). The Nano-16 extruder was 

designed to keep batch-size small to enable early formulation development and 

therefore has minimal free volume. Consequently, the material inside the extruder 

is exposed to a relatively high amount of shear as the depth of the screw elements 

is much shallower than in the larger extruders with more free volume. In this case, 

scaling to a larger extruder could offer an advantage by reducing shear and 

subsequently degradation. Larger equipment also introduces the possibility for 

additional unit operations which could also be used to reduce degradation or 

improve the quality of the processed material. Typical unit operations include 

vacuum capability and increased devolatilization as well as additional temperature 

control and process flexibility due to additional zones, side-stuffing or downstream 

feedings, and injection ports. Even with the potential for improved material 
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processing, there are still some considerations that should be made when scaling 

to larger equipment. Despite the lower peak shear from the smaller barrel wall 

surface area which could reduce degradation, venting, devolatilization, and heat 

transfer can become more challenging.  

The purpose of this study was to propose a strategy for scaling an optimized 

process between equipment with dissimilar geometries and additionally investigate 

any advantages that scaling the process up might have in terms of chemical 

degradation for a thermally labile and high melting compound. Due to the lack of 

examples from the pharmaceutical field, principles from the plastic industry were 

applied (6, 12). The ASD system, 10:90 meloxicam and copovidone, from our 

previous work was chosen as the model system (11). 

6.3 MATERIALS AND METHODS 

6.3.1 Materials 

BASF Corporation (Florham Park, NJ) kindly donated Kollidon® VA 64 

(PVPVA), a vinylpyrrolidone–vinylacetate copolymer with a weight average 

molecular weight of 65,000 g/mol. ShenZhen Nexconn Pharmatechs Ltd. 

(ShenZhen, China) supplied the meloxicam. Meglumine was purchased from EMD 

Millipore Corp. (Billerica, MA). High-performance liquid chromatography (HPLC) 

grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA). All other 

chemicals were of ACS grade or higher. 

6.3.2 Melt Extrusion 

Copovidone was dried at 70 °C for a minimum of four hours before extrusion 

studies to reduce moisture. A physical blend consisting of 10% (w/w) meloxicam 

and 90% (w/w) copovidone was prepared by geometric dilution and subsequently 
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mixed in a 16.0 cu. Ft. Twin Shell Dry Blender (V-Blender) (Patterson-Kelly, East 

Stroudsburg, PA) for 10 min. Four different extrusion studies were completed to 

scale the process. Experiments were performed on a Leistritz ZSE Micro-18 co-

rotating twin screw extruder (American Leistritz Extruder Corp., Somerville, New 

Jersey) both equipped with a 3-mm round die. A gravimetric feeder (Brabender 

Technologie, Ontario, Canada) was used to accurately feed the extruders. A 600 

mbar vacuum was pulled when necessary to remove moisture. The feeding zone 

was maintained at room temperature conditions with water circulation. The melt 

temperature and torque were recorded and monitored for all conditions. Following 

all extrusion studies, the rods of extrudate were milled using an impact mill 

(Intertek, Springfield, NJ) and passed thru a 70-mesh (210 µm) sieve prior to any 

characterization. 

6.3.2.1 Scale-up  

The design considerations from the optimized extrusion process on the 

Nano-16 extruder equipment were considered in order to scale to the Micro-18, 

40:1 L:D ratio extruder. Due to the geometry difference, SME was used as the 

primary means of scaling. The optimal SME for this system based on our prior 

work with the Nano-16 is 1.8 kW-hr/kg. Based on the equations for SME (13), 

 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊 · ℎ𝑟/𝑘𝑔) =  

  ( )

  ( / )
                                                       Eq. (6.3) 

 
𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑘𝑊) = 𝑚𝑜𝑡𝑜𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑊) ∗ 𝑡𝑜𝑟𝑞𝑢𝑒 (%) ∗

 

 
∗ 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 Eq. (6.4) 

screw speed and feed rate are the primary variables that can be altered to vary 

SME however, different combinations of parameters can achieve the same SME. 

In the first attempt, screw speed (200 rpm) was replicated and the temperature 
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profile of zones 1-7 and the die (120 °C -120 °C -130 °C -130 °C -130 °C -140 °C 

-140 °C -140 °C) was made to simulate zones 1-3 and the die of the Nano-16. 

Feed rate was adjusted to 0.41 kg/hr to achieve 1.8 kW-hr/kg SME on the Micro-

18.      

Additional optimization was performed. The degree of fill, which is described 

by Eq. 6.5, was increased. 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐹𝑖𝑙𝑙 (%) =
  ∗

∗
  

 
∗ ∗  

∗ 100                    Eq. (6.5) 

The feed rate is in kg/h, K is a constant, V is the free volume in the extruder, SG 

is the specific gravity of the feed material, and screw efficiency relates to the 

forward-conveying efficiency of the screw design (14). The free volume in the 

Micro-18 extruder is 2.0 cc/m, the constant K is 0.277 g/s, SG was assumed to be 

1 g/cc, and the screw efficiency was assumed to be 0.35 based on a moderate 

screw design. Screw speed and feed rate were varied with increased degree of fill. 

A list of the conditions is presented in Table 6.1. The optimized screw design is 

presented in Figure 6.1, and consists of three mixing zones. The first mixing zone 

contains moderate 30° and 60° kneading blocks, followed by a short more 

aggressive 90° kneading block, and finally three 90° kneading blocks in the final 

mixing zone. The barrel configuration consisted of two vents in zones 2 and 4, 

vacuum in zone 6, and a closed zone before the die.  
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Table 6.1: Extrusion conditions comparison for Micro-18 and Nano-16 with 
same SME 

Figure 6.1: Screw design and barrel configuration for the ZSE 18 mm extruder 
with 40:1 L:D ratio. 

6.3.2.2 Reduced Melt Residence Time 

In order to achieve minimal residence time, downstream feeding of 

meloxicam was employed. Copovidone was introduced into the feed zone of the 

extruder by a gravimetric feeder at 0.54 kg/hr and the screw speed was varied from 
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100-600 rpm in 100 rpm intervals. Meloxicam was introduced manually at the 

second vent in zone 4 (see Figure 6.1), after which it went through a set of 

kneading elements and an additional vent before exiting the extruder. Residence 

time was measured with a previously reported method (15) using the presence of 

indigo carmine. Briefly, 1 g of indigo carmine was charged at the zone 2 vent along 

with meloxicam and this was denoted as t = 0. The extrudate exiting the die was 

monitored with a light and the residence time was denoted as the time when dye 

was first seen exiting the die. This was also confirmed with in-line monitoring and 

will be further explained in Section 6.3.3. 

6.3.2.3 Reduced Meloxicam Particle Size Study 

A lab-scale Aljet air jet mill (model 00 Jet-O-Mizer, Fluid energy, Telford, 

PA) was used to micronize meloxicam to a particle size with a d90 of approximately 

8 µm. The grind pressure was set to 70 psi and the pusher nozzle to 50 psi. 

Meloxicam was fed into the mill at 5 g/min. The micronized meloxicam was then 

blended with copovidone as reported in Section 6.3.2 and subsequently extruded 

with the optimal conditions from the scaling study presented in Section 6.3.2.1. 

6.3.2.4 Meloxicam-Meglumine Extrusion Study 

For this study, 10% (w/w) or 20% (w/w) of meloxicam in the blend was 

maintained; however, a 1:1 molar ratio of meloxicam to meglumine was introduced 

by replacing the appropriate amount of copovidone with meglumine. The blend 

was prepared as described in Section 6.3.2. All optimized process parameters with 

the exception of barrel temperature were used. The temperature profile utilized 

was 140 °C, 140 °C, 140 °C, 140 °C, 144 °C, 144 °C, 144, and 144 °C for zones 

1-7 and the die respectively.   
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6.3.3 In-line UV Spectroscopy to monitor degradation 

In-line UV-VIS spectroscopy was performed during the extrusion runs. A 

transmission polymer melt probe (TPMP) (ColVisTec AG, Berlin, Germany) 

equipped with a 5 m fiber optic cable was used to take real-time spectral 

measurements from 220-820 nm. The probe was calibrated with a 5 mm gap and 

positioned at the exit of the extruder before the die. Blank measurements of 

PVPVA were also used to calibrate the probe. Spectral absorbance was used to 

monitor the undissolved meloxicam and increasing level of degradants in the 

extrudate. The data presented is a representative spectrum from the respective 

extrusion condition after reaching steady-state.  

6.3.4 Particle Size Analysis 

The particle size distribution of the micronized meloxicam was analyzed 

using a HELOS laser diffraction instrument (Sympatec GmbH, Germany) using 

RODOS dispersion at 3 bar. Measurements were taken every 10 ms following 

powder dispersion. Measurements between 10-20% optical densities were 

averaged to determine the particle size distribution. An n=3 measurements was 

taken for the milled material and averaged. 

6.3.5 Sample Preparation for Impurities Analysis 

The milled and sieved extrudates were weighed and accurately transferred 

to volumetric flasks in triplicate to prepare 100 µg/mL solutions of meloxicam. A 

50:50 volume ratio of methanol to 0.1 N NaOH mixture was used as the diluent. A 

small volume of diluent was added to the volumetric flask and sonicated for five 

minutes before filling to volume. The solutions were then filtered through 0.22 µm, 
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13-mm PTFE filters (Whatman, Pittsburgh, PA) and immediately transferred to 2-

mL HPLC vials for analysis. 

6.3.6 HPLC Analysis 

Meloxicam and any degradant content were analyzed with a Thermo 

Scientific Dionex UltiMate 3000 HPLC System (Thermo Scientific, Sunnyvale, CA, 

USA). An Ultimate 3000 Autosampler was utilized to inject 20-µl samples. The 

HPLC system also included dual UltiMate Pumps and an UltiMate RS Variable 

Wavelength Detector operating at 254 nm. The aqueous mobile phase (MP) 

consisted of 0.1% (v/v) phosphoric acid while the organic phase consisted of 

acetonitrile. A gradient that operated at 0.8 mL/min ran from 5% organic MP to 

95% organic MP over 15 minutes separated impurities. Injections were passed 

through a Waters SunFire™ C18 reverse phase column, 4.6 mm x 150 mm, with 

4.6 µm packing (Waters Corporation, Milford, MA, USA) kept at room temperature. 

The retention time of meloxicam was approximately 12.8 min. Purity was reported 

as an average of the percentage peak area of meloxicam with respect to all 

impurity peaks.  All analyses maintained linearity in the range tested. Chromeleon 

Version 6.80 software (Thermo Scientific, Sunnyvale, CA, USA) was used to 

process all chromatography data. 

6.3.7 Powder X-Ray Diffraction  

Powder X-Ray diffraction (PXRD) analyses were conducted on a Rigaku 

Miniflex600 (Rigaku Americas, The Woodlands, Texas, USA) instrument equipped 

with a Cu-Kα radiation source generated at 40 kV and 15 mA. Samples were 

scanned in continuous mode with a step size of 0.02° over a 2θ range of 10-40° at 

a rate of 1° min-1. No significant diffraction peaks were seen below 10° 2θ or above 
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40° 2θ for the materials during the initial screening. Data were compiled using 

Microsoft Excel and plotted in GraphPad Prism 6 software (GraphPad Software 

Inc., La Jolla, CA). 

6.3.8 Polarized Light Microscopy 

Trace crystalline meloxicam was evaluated with polarized light microscopy 

(PLM). Milled extrudate was dusted onto a glass slide with a drop of mineral oil 

and covered with a glass coverslip. Analyses were conducted on an Olympus BX-

53 (Olympus, Waltham, MA) polarizing light microscope with a first-order red 

compensator at 200x magnification. To detect any light refractions, the stage was 

rotated at least 90° while observing each sample. Images were taken with a 

QICAM digital camera (QImaging, BC, Canada) with Qcapture, v 2.0.13 

(QImaging, BC, Canada). 

6.4 RESULTS AND DISCUSSION 

6.4.1 Optimizing SME input for larger extruder and different geometry 

Differences in screw geometry will have a major impact on the scale-up of 

the process from the Nano-16 to the Micro-18 (5). The Nano-16 was designed for 

early development and has a low free volume of 0.9 cc/diameter. The clearance 

between the barrel wall and the outer diameter of the screws is small and the 

screws are trilobal resulting in high shear along the barrel wall. The Micro-18 

extruder has a free volume of 2.0 cc/diameter, which is more than double the Nano-

16. The screw geometry is bilobal allowing for less peak shear against the barrel 

wall. The different screw geometries are presented in Figure 6.2. The difference in 

peak shear between the two geometries is depicted in the diagram. The trilobal 

screw geometry allows for three places of high shear (indicated in red) whereas 
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the bilobal screw geometry only has two (also indicated in red). Additionally, the 

bilobal screws have a larger pitch or deeper threading which reduces the surface 

area of material pressed against the barrel wall. The other impact that the low free 

volume has on the extrusion process is the temperature control. Materials in the 

Nano-16 will be impacted by the barrel temperature more than in the Micro-18 (3). 

Due to the larger L:D ratio, 40:1 versus 25:1, and consequential mixing rotations, 

the energy generated by the screws play a more significant role on the melt 

temperature in the Micro-18.  

Figure 6.2: Cross-sectional view of different screw geometries; a) bilobal TSE 
screw elements; b) trilobal TSE screw elements. 

 

a 

b 
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Our initial attempt to scale-up the process was to use SME, which 

incorporates all four major extrusion processing parameters (feed rate, screw 

speed, barrel temperature, and barrel configuration/screw design). Feed rate and 

screw speed are directly related (Eqs 6.3 and 6.4) while the other two parameters 

are built into the % torque term of the expression. To indicate the importance of 

factoring in the screw geometry difference as well as SME, screw geometry was 

initially ignored and the conditions of the Nano-16 were replicated as closely as 

possible. Both conditions are presented in Table 6.1 for your reference. The 

resultant materials were brown and bubbly indicating significant degradation. 

Fortunately, SME can be achieved with a different combination of processing 

parameters so that it can be scaled to accommodate for geometry differences 

between the Nano-16 and Micro-18 extruders.   

The optimized barrel configuration is presented in Figure 6.1. The scaled 

process incorporated vacuum to remove moisture, as our previous work showed 

that meloxicam degrades by hydrolysis during extrusion (11). Despite pre-drying 

the polymer before extrusion, some moisture remained. Implementing vacuum into 

the process required seals in the screw design to effectively create a vacuum pull. 

Initially, this was a concern due to high peak shear in the seals leading to 

degradation. However, based on the lower peak shear in the Micro-18, an 

aggressive screw design was necessary for amorphous conversion. The 

temperature profile of zones 1-7 and the die were 122 °C, 122 °C, 133 °C, 133 °C, 

144 °C, 144 °C, 155 °C, and 155°C respectively which achieved a melt 

temperature of approximately 151 °C. At barrel temperatures higher than these, 

significant degradation was observed as indicated by dark brown and bubbly 
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extrudate, and high torque was observed below these temperatures which 

exceeded the limit of the gearbox preventing extrusion.  

Next, the final two processing parameters, screw speed and feed rate, were 

optimized. The equation for feed rate when scaling between different screw 

geometries, Eq. 6.2, was used to calculate an approximate scaled feed rate 

(2.6 kg/hr) however, this equation assumes the L:D ratio remains the same so 

adjustments were made to account for this difference. Screw speed and feed rate 

were varied to see the impact of SME at the Micro-18 scale. The conditions are 

presented in Table 6.2.  

 
Table 6.2: Extrusion Processing Conditions, Extrudate Appearance, and 

Percentage Purity after Extrusion 

None of the attempted conditions achieved 100% purity of meloxicam. 

Additionally, none of the ASDs had complete amorphous conversion unless they 

experienced significant degradation (Batches 1 and 2). Based on the dark brown 

extrudate, SME was reduced between Batch 2 and 3 by increasing feed rate. 
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Batch 3 was greatly improved as indicated by its purity which is 91.6% up from 

79.2% of Batch 2. However, the extrudate remained darker than the optimized 

material from the Nano-16. Screw speed was reduced to 333 rpm to further reduce 

the SME. The feed rate was set to 1.8 kg/h. The extrudate had improved purity of 

94.5% however was opaque. The degree of fill under these conditions, 12.9%, was 

not enough to ensure efficient mixing. Feed rate was increased back to 2.0 kg/hr.  

This extrudate appeared yellow and translucent. Increasing the feed rate for 

Batch 5 with all other conditions held constant from Batch 4, SME is reduced and 

the expectation is that degradation would also decrease. However, purity 

decreased from 94.5% to 92.7%. The purity of Batch 4 is high because the 

amorphous conversion was not as efficient due to the low degree of fill in the 

screws.  Batch 5 conditions were the best and therefore used to investigate the 

impact of vacuum. Batch 6 was processed using the optimized conditions of Batch 

5 without a vacuum pull. There is a small different in the purity. Despite the lack of 

vacuum, Batch 6 still had a significant amount of venting and polymer was pre-

dried. We expect the difference in the results to be larger if there was less venting 

and if polymer was not dried before extrusion. However, running an experiment 

like this is challenging. We attempted it in our previous study (11), but residual 

moisture in the system also plasticized the system and did not allow for good 

amorphous conversion.  

Though Batch 5 was optimal from this study, crystalline material, not visible 

to the eye, was detected by PXRD (Figure 6.3) in the formulation. This small 

crystalline peak in the diffraction pattern was verified by PLM (data not shown). 
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Figure 6.3: PXRD diffractograms of copovidone, 10% meloxicam-copovidone 
physical blend, extrudate from the optimized conditions, and the 
extrudate from jet milled meloxicam with optimized conditions. The 
optimized condition extrudate has a crystalline peak, indicated by the 
black circle, while the jet milled extrudate is completely amorphous. 

6.4.2 Reduced Melt Residence Time by Downstream Feeding Study  

Reducing the melt residence time and thermal exposure of drug substances 

in the extruder has been successful in the past (15, 16). Reduced melt residence 

time was attempted because none of the initial scaled processing conditions 

resulted in 100% purity of meloxicam and because it had improved purity on the 

Nano-16. In order to achieve a short melt residence time on the Nano-16, the 

temperature was kept well below the suppressed melting point of meloxicam until 

the last zone where the temperature was increased and a set kneading blocks 

were put to ensure amorphous conversion. This technique could not be achieved 

with the Micro-18 due to torque constraints and the longer L:D ratio. Reduced melt 

residence time could be achieved on the Micro-18 by increasing feed rate and 

screw speed or by downstream processing. Downstream processing afforded two 

advantages; 1) reduced melt residence time and, 2) removal of moisture before 
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meloxicam exposure to copovidone. Based on this added advantage, downstream 

processing was chosen as the strategy for reducing melt residence time. 

Copovidone was introduced in the feeding zone and meloxicam was added 

downstream at the second vent. This reduced the melt residence time from 3-

5 minutes down to < 30 seconds. However, the results were not as expected. 

Amorphous conversion of meloxicam could not be achieved at the low residence 

times; the extrudates from the downstream feeding were opaque. In order to 

improve the conversion, barrel temperatures as high as 190 °C and screw speeds 

as high as 600 rpm were employed. However, the extrudate remained opaque with 

visible residual crystalline meloxicam. 

While these results were not expected, they illustrate the mechanism behind 

the mixing of meloxicam and copovidone in the extruder. Because the extruder is 

operated at a temperature below the melting point of meloxicam, the process of 

forming an ASD is a dissolution process rather than liquid-liquid mixing. Therefore, 

the process requires time in order for meloxicam to fully dissolve in copovidone. In 

this case, the minimal melt residence time is not optimal.  

6.4.3 Reduced Meloxicam Particle Size Study 

Due to the persisting degradants from the initial scale-up work and the 

residual crystalline meloxicam from the downstream feeding experiment, we 

hypothesized that increasing the dissolution rate of meloxicam in copovidone 

would be advantageous. Reducing the time for the amorphous conversion would 

improve the results both by allowing for a reduced melt residence time for reduced 

degradation and by decreasing the amount of energy required for amorphous 
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conversion of meloxicam. Dissolution can be described by the Noyes-Whitney 

Equation (17); 

 

𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝐴 (𝐶 − 𝐶 )                             Eq. (6.4) 

 

where A is the surface area of the material, D is the diffusion coefficient, d is the 

thickness of the boundary layer, and Cs and Cb are the concentration of the 

substance at the surface and in the bulk, respectively.  In this expression D, Cs 

and Cb are fixed, so in order to increase the dissolution rate either the boundary 

layer thickness needs to be reduced or the surface area needs to be increased. In 

this case, the easiest way to increase the dissolution rate was to increase the 

surface area by reducing the particle size of meloxicam. Meloxicam was 

micronized down to a d90 of 8 µm from an initial d90 of 40 µm using a jet mill and 

subsequently extruded with the optimized parameters from the scale-up study. The 

conditions and resultant extrudate from this run are presented in Table 6.2, 

Batch 7.  The purity level of the material was increased to 97.2% which is the 

optimal level of purity which was achieved on the Nano-16. Additionally, with the 

processing conditions held constant, more meloxicam was able to dissolve. The 

jet milled extrudate was amorphous by PXRD (Figure 6.3) and PLM (Figure 6.4). 
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Figure 6.4: PLM images of the extrudate prepared from jet milled meloxicam at 
a) 100x and b) 200x magnification. 

6.4.4 In-line UV-VIS spectroscopy for extrudate quality monitoring in 
real-time   

In-line monitoring was applied during scale-up to facilitate optimizing the 

process in real-time. Advantages of optimizing with in-line monitoring include no 

sampling, no material loss, and real-time adjustments for efficient optimization 

(18). In-line monitoring has previously been implemented during extrusion with the 

use of near-infrared (NIR) and Fourier transform infrared (FTIR) probes (19, 20).   

The fiber optic probe employed in this study is capable of measuring 

translucent molten materials. When the measurement is disrupted by opaque 

material such as undissolved meloxicam, the resulting spectrum has scattering. 

An example of the scattering in the transmittance from undissolved meloxicam 

(incomplete amorphous conversion) from the optimized formulation is given in 

Figure 6.5, shown in blue. In comparison, there is little to no scattering in the 

spectrum from the jet milled meloxicam extrudate, shown in orange. These results 

are consistent with the PXRD (Figure 6.3) results where crystalline (undissolved 
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meloxicam) was detected in the optimized conditions extrudate but not in the jet 

milled extrudate.  

Figure 6.5: In-line UV-VIS transmittance from scaled-up extruder conditions of 
the optimized formulation and from the jet milled meloxicam 

Additionally, the in-line UV-VIS monitoring allowed us to track the relative 

level of degradation. The shape of the band in the spectrum is shifted to the visible 

range as the level of degradant increased. A diagram of the phenomenon we 

observed is shown in Figure 6.6. Both impurities, generated by hydrolysis during 

extrusion (see (21)), have strong absorption in the UV range at ~260 nm whereas 

meloxicam itself has a strong absorption at 360 nm, closer to the visible range. 

Instead, the shift towards visible range may be related to the color of the extrudate. 

Meloxicam extrudate, which has little impurities, is clear and yellow in color. 

Alternatively, when a high level of impurities are present, it appears dark brown. 

The brown color could shift the spectrum to lower frequency wavelengths in the 
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visible area. This is consistent with the shit observed, the absorption became 

stronger >500 nm in the extrudates with more degradation. In order to apply the 

in-line monitoring as a quantitative technique, further characterization of the 

spectra of both the pure and degraded extrudate is necessary.  

 From these observations, the extrusion could be altered to improve the 

results in real-time without having to sample, analyze the extrudate, and adjust the 

extrusion conditions. While the UV-VIS monitoring was exploratory in this study, 

the method could be used quantitatively in future studies both for amorphous 

conversion and level of degradation.         

Figure 6.6: Diagram of in-line transmittance trends observed during extrusion 
including effect of undissolved meloxicam and degradation on the 
UV-VIS transmittance. 

6.4.5 Meloxicam-Meglumine Extrusion Study 

Despite advantages of scaling from the Nano-16 to the Micro-18 extruder, 

the purity of meloxicam could not be improved upon from the Nano-16 process. 

Additional unit operations such as vacuum, downstream feeding, and additional 

screw configurations due to the 40:1 L:D ratio, were all only able to achieve the 
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same purity level (~97%) that was achieved in the Nano-16. These additional unit 

operations and the reduced peak shear associated with the bilobal screw geometry 

were not sufficient for full amorphous conversion. As was observed on the Nano-

16, when processing conditions alone were not sufficient, a formulation adjustment 

can be made to achieve 100% purity (22).   

6.4.5.1 Addition of meglumine for 100% purity 

We previously showed that meglumine improves the purity after extrusion 

on a Nano-16 extruder in a meloxicam-copovidone ASD (11). The presence of 

meglumine in the extruder ionizes meloxicam so that it can form an ionic interaction 

(in situ salt formation) with meglumine. This interaction disrupts the hydrolysis of 

meloxicam. Meglumine was added in a 1:1 molar ratio to meloxicam which was 

identified as the ideal molar ratio and extruded on the Micro-18 with the optimized 

conditions with the exception of barrel temperature which was increased due to 

increased torque. The new temperature profile was 140 °C, 140 °C, 140 °C, 140 

°C, 144 °C, 144 °C, 144, and 144 °C for zones 1-7 and the die respectively. The 

increase in torque can be explained by anti-plasticization from the strong ionic 

interaction between meloxicam and meglumine. Despite the fact that the melting 

point of meloxicam is further suppressed in the presence of meglumine to a 

temperature of 110 °C (11), the processing temperature required is actually higher. 

This behavior has been observed before (23-25). Mistry et al. measured the 

molecular mobility of ketoconazole with three polymers where ketoconazole 

exhibited different interactions including ionic, hydrogen bonding, and dipole 

interactions. They concluded that molecular mobility was most reduced with the 

strong ionic interaction. 
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The results from the extrusion run with meglumine are presented in 

Table 6.3 (batches 8 and 9). In comparison to the extrudate without meglumine, it 

was slightly darker, but appeared translucent and yellow. When processed with 

meglumine, there is complete amorphous conversion and 100% purity. Therefore, 

the formulation modification used for small-scale production was also successful 

for extruding on the larger scale.   

 
Table 6.3: Processing conditions and results from batches with 10% and 20% 

meloxicam with and without meglumine 

6.4.5.2 Addition of meglumine for increased drug loading 

Amorphous conversion of meloxicam was difficult on the Micro-18 extruder. 

Reducing particle size of the material enhanced the conversion but did not allow 

for full conversion. The meloxicam-meglumine-copovidone ASD had full 

conversion with little difficulty. Based on this, we believed that meglumine was not 

only stabilizing meloxicam but could also improve the solubility of meloxicam in 

copovidone. As a result, increased meloxicam loading was extruded with and 

without meglumine for comparison. The 1:1 molar ratio of meloxicam to meglumine 

was maintained. The results are presented in Table 6.3 (batches 10 and 11). The 
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increased meloxicam loading (20%) formulation with meglumine had 100% purity 

and was mostly amorphous by PXRD (Figure 6.7). The control, without meglumine, 

had similar purity as the 10% meloxicam loading however, the extrudate had low 

amorphous conversion. It had an opaque appearance (Error! Reference source 

not found., batch 9) and contained a lot of residual crystalline meloxicam by PXRD 

and PLM (Figure 6.7). These results verify the added solubility advantage of 

meglumine. Meloxicam has pH dependent solubility and is more soluble in basic 

pH. Copovidone has a slightly acidic pH (4-7) (26) due to cleavage of acetyl groups 

during manufacturing. The presence of meglumine increases the pH of the system 

and therefore increases the solubility. Additionally, meglumine further suppresses 

the melting point of meloxicam from ~175 °C in the presence of copovidone to 110 

°C (11). This drop in temperature should allow for more liquid-liquid mixing of 

meloxicam reducing the energy and time required for full amorphous conversion. 
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Figure 6.7: PXRD diffractograms of the 10% and 20% meloxicam (MLX) 
extrudate, as well as the extrudates which contain meglumine (MGL). 
PLM images of the 20% MLX extrudate and 20% MLX MGL 
extrudate are included.  

6.5 CONCLUSIONS 

While larger scale extrusion equipment offers additional flexibility in terms 

of screw design, unit operations, and residence time as well as reduced peak shear 

when going from a trilobal to bilobal screw geometry, the impact on chemical 

degradation of drug substances is complex. We were unable to improve the purity 

after extrusion of meloxicam from the Nano-16 to the Micro-18. Instead, important 
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findings regarding the scaling between dissimilar geometries and the mechanism 

of formation were reported. Barrel temperature, specific mechanical energy input, 

and degree of fill were all critical to scaling the process. Due to the reduced peak 

shear of the bilobal geometry, full amorphous conversion of meloxicam was a 

challenge. A more aggressive screw design was employed in addition to 

micronized meloxicam which reduced the time and energy required to convert 

meloxicam. Meglumine was added to the formulation to stabilize meloxicam when 

process conditions alone were not sufficient. In addition to stabilizing meloxicam it 

also improved the solubility of meloxicam allowing for increased drug loading. We 

demonstrated that scale-up of an extrusion process across dissimilar geometries 

can be achieved and that findings from small scale equipment are indicative of 

larger scale findings. 
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 Appendix: Investigation of Itraconazole-Hypromellose 
Amorphous Solid Dispersions Prepared with Varied Energy 

Input 

A.1 HYPOTHESIS AND RESEARCH OBJECTIVE 

The hypothesis is that there are differences in amorphous solid dispersions 

(ASDs) prepared with different energy input that are not easily identified with 

traditional characterization techniques.  

The objective of this investigation was to demonstrate the need for more 

advanced analytical techniques to discriminate differences in melt extruded ASDs. 

In order to accomplish this, ASDs prepared with varied energy input were 

generated and characterized with traditional techniques such as differential 

scanning calorimetry (DSC), powder X-ray diffraction (PXRD), and non-sink 

dissolution without discrimination.  

A.2 PURPOSE AND BACKGROUND 

Identifying the mechanism influencing the instability of spray-dried material 

is feasible with current characterization methods. However, this is not the case 

with differences in stability of ASDs made from melt extrusion with different 

processing parameters. In particular there are not good analytical methods to 

characterize the difference in energy states of these samples, which we believe is 

the key. In theory, ASDs of the same composition can exist in different energy 

states as the result of different processing and storage conditions (1, 2). We 

propose that pseudo-polyamorphism can be used to describe these states. 

However, unlike polymorphs referring to the distinct energy states of a crystalline 

material, there are no distinct energy levels in amorphous materials. But, we 

believe that ASDs at a higher energy state have a higher transient solubility than 
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those at a lower state. This could explain the increased performance observed by 

Abbott when testing the performance of an itraconazole (ITZ) ASD processed with 

different energy input (1). Abbott’s patent shows improved in-vivo bioavailability 

with increased energy input in an ITZ/hydroxypropyl methylcellulose (HPMC) 

system. However, there is still a lack of understanding why this occurs and also 

how to predict performance.  

We anticipate formulations with high screw speed and low feed rate which 

are those with higher specific energy input will result in a higher energy state 

pseudo-polyamorphous form (1, 2). As a result, they should have higher 

supersaturation concentrations in the dissolution testing and better physical 

stability.  

A.3 MATERIALS AND METHODS 

A drug to polymer ratio of 40:60 was fixed as a controlled variable 

throughout the study. HPMC E5 LV was selected as the polymer for this study 

because it is currently used in a commercial extruded ITZ tablet. There are two 

primary ways to vary the energy input into the ASD with the other variables held 

constant: 1) feed rate and 2) screw speed. Screw speed with a constant feed rate 

directly influences the specific energy input. Three amorphous solid dispersions 

were prepared with low, medium, and high energy input. Low energy input material 

was prepared using a bench-scale extruder, the Mini HAAKE™ (ThermoFisher) 

which utilizes two conical screws with only conveying screw elements. To prepare the 

higher energy materials, a Leistritz nano-16 mm co-rotating twin screw extruder with 

zones 1, 2, and 3 set at 90 °C, 175 °C, 175 °C or 90 °C, 190 °C, 190 °C respectively 

to accommodate the viscous polymer was used. The screw designs and conditions 
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are presented in Figure A.2. A moderate screw design, screw speed of 200 rpm, 

and 3 g/min feed rate was used to prepare the medium energy input amorphous 

solid dispersion. An aggressive screw design with multiple mixing zones, 300 rpm 

screw speed, and 3 g/min feed rate was used to prepare the high energy input 

amorphous solid dispersion. Extrudate was milled with a Fitzmill at approximately 

5,000 rpm and sieved to collect particles <125 μm. Afterwards, the ASDs were 

placed on accelerated storage (above the Tg of the ASD and below the Tm of the 

drug for up to 24 hours; 60 °C/75% RH open container for up to two weeks) to 

monitor the recrystallization of ITZ. Non-sink dissolution of the milled ASDs was 

performed in 0.1 N hydrochloric acid (HCl) in order to compare the supersaturation 

performance of the formulations. 

Figure A1. Chemical structure and physicochemical properties of itraconazole 
and hypromellose. 
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Figure A2. Screw design and barrel configuration, barrel temperature, and screw 
speed of low, medium, and high energy input extrusion conditions. 

A.4 RESULTS AND DISCUSSION 

A.4.1 Initial Characterization 

Extrudate prepared with all three energy inputs was amorphous by PXRD 

after extrusion (Figure A.3, initial). Additionally, all three amorphous solid 

dispersions had one glass transition between the glass transition temperature of 

ITZ and hypromellose as (Figure A.4). Based on PXRD and DSC no differences 

were detected in the materials. Finally, non-sink dissolution was performed at pH 

1.2, according to the USP method for Onmel®, the commercial ITZ/hypromellose 

product. There was no significant difference in the dissolution results despite the 

significant difference in their manufacturing (Figure A.5). Based on the patent from 

Abbvie (1), we know that despite being unable to discriminate the materials, they 

could have variable performance in vivo. This is critical for developing and 

maintaining the quality of an amorphous solid dispersions product. In order to  
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Figure A.3: PXRD of (a) low energy, mini HAAKE; (b) medium energy; and (c) 
high energy input ASDs before and after 3, 8, and 14 days at 60 °C. 
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Figure A.4: DSC data immediately after preparing the amorphous solid 
dispersions. 

Figure A.5: Non-sink dissolution of low energy (Mini Haake), medium energy 
(Non-aggressive) and high energy (Aggressive) ASDs at pH 1.2. 
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Figure A.6: Non-sink dissolution of low energy (Mini Haake) and high energy 
(Aggressive) ASDs at pH 3.0. 

elucidate a difference, non-sink dissolution was performed again, this time at pH 

3.0. Even at pH 3.0, there was no discernible difference between the ASDs 

(Figure A.6). After no differences were detected, the ASDs were placed on 

accelerated storage.  

A.4.2 Characterization after Storage 

The ASDs were placed in accelerated storage conditions (60 °C) for two 

weeks and assessed at 3, 8, and 14 days for differences in physical stability. ASDs 

prepared at all three energy inputs were amorphous by PXRD (Figure A.3) 

throughout storage. The small peak in the diffractogram is attributed to 

hypromellose. This peak is from NaOH which is used in the manufacturing of 

hypromellose. DSC, which is known to be more sensitive than PXRD, was able to 
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capture phase separation of the lowest energy input material after two weeks 

(Figure A.7). The second thermal event is faint and required two weeks at elevated 

temperature to elucidate. Additionally, the low energy material was prepared on a 

lab bench extruder which is not indicative of pilot-scale or commercial-scale 

extrusion equipment. The screws did not contain any mixing elements and the 

material was prepared as a minimal energy extreme. Both ASDs prepared with the 

larger scale equipment were remained amorphous by PXRD and DSC even at 

accelerated storage conditions. 

 Figure A.7: DSC data after two weeks storage at 60 °C of the amorphous solid 
dispersions prepared with three energy input levels.
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A.5 CONCLUSIONS AND FUTURE WORK 

Based on a previous in vivo study (1), we know that materials prepared with 

different energy input can have different performance. This study demonstrated 

the need for better analytical techniques to distinguish between ASDs prepared 

with different processing conditions or energy input. Differences in the materials 

immediately after processing were undetectable with standard characterization 

techniques. After accelerated storage only the low energy input showed phase 

separation. There is a need to identify other techniques to detect differences. 

This work was done as proof of concept. Future work in the Zhang lab 

involves utilizing more sensitive techniques to detect phase separation or 

nanocrystalline particles early on. Techniques may include solid state nuclear 

magnetic resonance (NMR) (3), atomic force microscopy (AFM) (4), or confocal 

Raman (5). Additionally, the difference should be identifiable during dissolution. 

Enhanced solution analysis methods including ultracentrifugation, solution NMR, 

and identification of nanoparticulate in solution by dynamic light scattering (DLS) 

are currently being developed. 
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