
 

 

 

 

 

 

 

 

 

Copyright 

by 

Kevin Patrick O’Donnell 

2011 

 

 

  



The Dissertation Committee for Kevin Patrick O’Donnell Certifies that this 

is the approved version of the following dissertation: 

 

 

Pharmaceutical Technologies for Improving Drug Loading in 

the Formulation of Solid Dispersions 

 

 

 

 

 
Committee: 
 

Robert O. Williams III, Supervisor 

James W. McGinity 

Hugh Smyth 

Keith P. Johnston 

Nathan Wiederhold 



Pharmaceutical Technologies for Improving Drug Loading in 

the Formulation of Solid Dispersions 

 

 

by 

Kevin Patrick O’Donnell, B.S. Bio. 

 

 

 

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 2011 



Dedication 

 

To my amazing parents, Patrick and Maureen, my brother and sister, Brian and Kailey, 

and to Lauren, the love of my life. Your constant love and support throughout my studies 

have made all of this possible. 

 

 



 v

Acknowledgements 

 

I have been blessed throughout my life and studies with a number of individuals 

whose love, support and assistance have helped me to achieve my goals. First, I would 

like to acknowledge my parents, Patrick and Maureen, who have always supported my 

academic and personal endeavors. Their unconditional love and encouragement have 

helped me to succeed academically and to become the man I am today. I would also like 

to acknowledge my brother and sister, Brian and Kailey, for whom I have always strived 

to set a good example, for their love and genuine excitement for my accomplishments. I 

am truly proud of their individual successes, as they are with mine. I would also like to 

thank Lauren, the love of my life, for her unwavering support and love throughout my 

time in graduate school. I cannot express the depth of my gratitude for all she has done to 

help me through and consider myself the luckiest man alive to have her in my life. 

 

I am extremely fortunate and honored to have completed my graduate work under 

the supervision and guidance of such an accomplished and respected individual: Dr. 

Robert O. Williams III. His mentorship throughout my academic career has helped shape 

me into the scientist and person that I am today. I would also like to thank Dr. James W. 

McGinity for the research opportunities and mentorship he has provided me. I consider 

myself extremely privileged to have attended The University of Texas at Austin under the 

tutorage of such prestigious individuals. I would also like to thank the other members of 

my dissertation committee for their individual contributions to my body of work; 

specifically, Dr. Hugh Smyth, Dr. Keith P. Johnston, and Dr. Nathan Wiederhold. I 



 vi

would also like to thank Dr. Sean Kerwin and Dr. Chris Whitman for their willingness to 

discuss my work.  

 

I would like to acknowledge the staff of the College of Pharmacy whose 

friendliness and willingness to help truly make students feel welcome. Specifically I 

would like to thank Ms. Mickie Sheppard and Ms. Stephanie Crouch for their academic 

guidance throughout my time in graduate school. I would like to thank Mr. Steve 

Littlefield, Mr. James Baker, and Mr. Herman Schwarzer for their assistance in 

purchasing the items necessary for my laboratory work. I would also like to acknowledge 

the members of the College of Pharmacy Information and Technology Services 

department for their help with computer issues, streamlining presentations, and setting up 

off site conferencing.  

 

I would like to thank my fellow graduate students, with whom I am certain I will 

be lifelong friends, for making my time in graduate school enjoyable. Specifically, I 

would like to thank Dr. James C. DiNunzio, and Dr. Alan B. Watts for their guidance 

during my first months as a graduate student. I would also like to thank my labmates Dr. 

Wei Yang, Dr. Nicole Beinborn, Ms. Stephanie Bosselmann, Ms. Hélèn Dugas, Mr. Bo 

Lang, Mr. Yibo Wang, Mr. Justin Hughey, Mr. Justin Keen, Mr. Ryan Bennett, Dr. 

Ikumasa Ohno, Mr. Patrick Schmerler, Mr. Thiago Carvalho, Mr. Javier Morales, Mr. 

Matt Herpin, Ms. Simone Carvalho, Dr. Sandra Kucera, Dr. Justin Tolman, Mr. Tarik 

Khan, Dr. Yeon Ju Son, Ms. Sumalee Thitinan, Mr. Shih-Fan Jang and Mr. Zhubo Cai. 

Lastly, I would like to acknowledge those in Germany that I had the privilege to work 

with, especially Dr. Diego Gallardo, and Dr. Kathrin Nollenberger. 

 



 vii

Pharmaceutical Technologies for Improving Drug Loading in 

the Formulation of Solid Dispersions 

 

 

Kevin Patrick O’Donnell, Ph.D. 

The University of Texas at Austin, 2011 

 

Supervisor:  Robert O. Williams III 

 

It is estimated that 90% of new chemical entities in development pipelines exhibit 

poor aqueous solubility. For compounds not limited by biological membrane 

permeability, this poor aqueous solubility is the limiting factor in bioavailability. 

Therefore, the formulation of such drugs has primarily been centered on improving 

dissolution properties. Traditional approaches for overcoming poor aqueous solubility 

include salt formation of the active ingredient, complexation, the use of surface active 

agents, formulation into oil based systems, particle size reduction, or a combination of 

these methods. More recently amorphous solid dispersions have been explored. 

Currently, the drug loading within solid dispersions is limited resulting in large quantities 

of the formulation being required for a therapeutically relevant dose. In the frame of the 

work herein, Thin Film Freezing was utilized to generate high drug loaded amorphous 

solid dispersions of the poorly water soluble drug phenytoin utilizing a hydrophilic 

polymer or an amphiphilic graft copolymer for system stabilization. Additionally a new 

solvent removal technique, atmospheric freeze drying, was investigated for removal of 

the solvents used during Thin Film Freezing. The Thin Film Freezing materials were 

subsequently incorporated into a polymeric carrier for solid dispersion formulation by a 
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novel fusion production technique termed Kinetisol® dispersing. Studies of the solid 

dispersions produced by Thin Film Freezing revealed an amorphous system had been 

obtained for both stabilizing polymers. The formulation containing a hydrophilic carrier 

was capable of achieving supersaturation. Conversely, the amphiphilic graft copolymer 

demonstrated a phenytoin-polymer interaction resulting in poor dissolution. Atmospheric 

freeze drying of the Thin Film Freezing product demonstrated that the alternative drying 

technique generated powders with significantly improved handling properties as a result 

of reduced electrostatic interactions due to the increased pore size, reduced surface area, 

larger particle size, and higher, though acceptable, residual solvent levels. The use of 

Thin Film Freezing powders during Kinetisol Dispersing resulted in a single phase 

amorphous system while solid dispersions produced from physical mixtures of bulk 

materials were amorphous two-phase systems. This indicates that the use of amorphous 

drug compositions during solid dispersion production may increase drug loading in the 

final system while remaining single phase in nature. 
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Chapter 1: Preformulation Studies for Poorly Water Soluble Drugs 

 

Sections of this chapter were published as: K. P. O’Donnell and R. O. Williams III, 

Optimizing the Formulation of Poorly Water Soluble Drugs, In R. O. Williams III, 

D. A. Miller and A. B Watts (ed.), Formulating Poorly Water Soluble Drugs. In 

Press (Note: Co-Author R.O. Williams III is the supervisor of K. P. O’Donnell and 

corresponding lab) 

 

1.1 Introduction 

 

It is estimated that 60% of drugs in development pipelines are poorly water 

soluble. Many of these APIs are designated BCS Class II compounds (low solubility, 

high permeability) making their aqueous solubility the limiting factor in regards to 

bioavailability (Fahr and Liu 2007). This has led to novel formulation based approaches 

such as particle engineering, alterations of the API into a salt form, amorphization of the 

compound, the use of surface active agents or cosolvents, inclusion of polymeric 

stabilizers for supersaturation, the generation of solid dispersions/solutions as well as 

many other novel techniques. Each of these methods focuses on improving the extent or 

rate at which the drug enters solution in an effort to increase the bioavailability. During 

this formulation process it is important to perform the correct studies to ensure 

development is proceeding in the desired direction. This includes tests designed to gain 
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an understanding of the active pharmaceutical ingredient (API) alone, as well as 

experiments necessary in formulation optimization.  

 

In the following sections, numerous analytical and experimental techniques will 

be presented focusing on understanding and optimizing poorly water soluble drugs or 

formulations thereof during development including solubility testing, solid state 

characterization studies, in vitro dissolution work, and in vivo dose administration.  

 

1.2 Solubility Studies 

 

As mentioned, approximately 60% of drugs in company pipelines are poorly 

water soluble being designated BCS Class II compounds (low solubility, high 

permeability) making their aqueous solubility the limiting factor regarding bioavailability 

and thus formulation will focus on improving the extent or rate at which the drug enters 

solution (Fahr and Liu 2007). An understanding of a compound’s solubility is required 

for pharmacological, toxicological and pharmacokinetic studies as a solution of the drug 

is often required to perform such studies (Mashru, Sutariya et al. 2005; Teijeiro and 

Briñón 2006). Aqueous solubility determination has proven extremely difficult for poorly 

water soluble (PWS) drugs. This section describes both experimental and predictive 

(mathematical) methods for determining the aqueous solubility of a drug. 

 

1.2.1 Solubility Prediction 
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The solubility of a solid compound may be mathematically predicted using the 

equation developed by Yalkowsky and Valvani (Yalkowsky and Valvani 1980). Here the 

solubility (Sw) is defined in terms of the melting temperature (tm), octanol-water partition 

coefficient (Pc) and the entropy of melting (ΔSf) of the substance such that: 

 

log 	 	 1.00
1.11∆ 25

1364
0.54 

 

Analysis of multiple compounds led to a proposed universal value of 56.5 J-mol-1 

K-1 for the entropy of melting and a modification of the equation to: 

 

1.05 0.012 0.87 

 

When applying the equation to a new chemical entity the true entropy of melting 

should be experimentally determined (i.e. by differential scanning calorimetry) to be 

more precise. 

 

More recently Jain and Yalkowsky (Jain and Yalkowsky 2001) analyzed 580 

compounds and further refined the above equation such that: 

 

1.031 0.0102 0.679 
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This equation is commonly referred to as the general solubility equation (GSE) 

and can be used as an empirical estimation of the aqueous solubility of a new chemical 

compound. 

 

Baena et al. have employed these equations in the solubility prediction of 

acetanilide derivatives. All three equations provided accurate predictions of the aqueous 

solubility of acetanilide and phenacetin, however were not accurate at estimating the 

aqueous solubility of acetaminophen (Baena 2004). A similar study by Venkatesh et al. 

determined the solubility of cosalane by multiple methods. Indeed empirical estimation 

yielded a difference of 3 orders of magnitude compared to experimental determination for 

the PWS drug (Venkatesh, Li et al. 1996).  

 

Ran et al. analyzed 1026 non-electrolytes by the GSE and compared them to their 

respective experimentally determined aqueous solubilities. As can be seen in Figure 1.1, 

empirical calculation correlates well with experimental determination for many of the 

compounds analyzed (Ran, He et al. 2002). However these studies demonstrate that while 

empirical analysis may provide a good estimation of solubility and should be employed 

when limited quantities of drug are available, they are not accurate for all compounds and 

experimental testing must be performed to validate the calculated results. 

 

1.2.2 Experimental Aqueous Solubility Determination 
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The most widely employed experimental method for solubility determination is 

by direct determination in aqueous suspension. In this method, excess drug is placed in a 

designated volume of water and held at constant temperature. Samples are taken 

periodically and the drug concentration is determined analytically (i.e. HPLC analysis).  

For example, Seedher et al. analyzed the solubility of 7 PWS antidiabetic drugs. In their 

study excess drug was placed in 5 mL of water in a sealed container. The suspensions 

were held at 25°C under magnetic stirring for 24 hours at which point equilibrium was 

obtained. The suspensions were then centrifuged, filtered through a 0.45 µm membrane 

and analyzed by UV absorbance for drug quantification (Seedher and Kanojia 2009). 

Applying the same method the researchers also screened numerous cosolvents for their 

ability to enhance solubilization. It should be noted that the centrifugation and filtration 

steps are critical as they eliminate potential seeds for recrystallization and ensure no 

particulate matter is dissolved upon dilution for analysis which may provide inaccurate 

results. 

 

Teijeiro analyzed the solubility of AZT-Iso, a derivative of zidovudine, by direct 

determination in aqueous suspension using excess drug in 4 mL of water under constant 

shaking. Again filtration was applied following equilibration and the samples analyzed by 

UV absorbance (Teijeiro and Briñón 2006). 
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It is crucial that compounds analyzed by direct determination in aqueous 

suspension be allowed to reach equilibrium. The aforementioned studies required only 24 

hours to achieve equilibration however for many PWS drugs this time is insufficient. 

Venkatesh found that cosalane required 48 hours to reach equilibrium at 25°C. In 

contrast, Shaw et al. found that 5 days were required to attain equilibrium for ibuprofen at 

37°C (Shaw, Irwin et al. 2005). For a new chemical entity it is recommended that 

samples be taken every 8 hours up to 24 hours, and then every 24 hours after for 4 days. 

If the determined concentration has not reached a plateau the study may be continued for 

longer durations of time if necessary. 

 

1.2.3 pH solubility profiles 

 

The pH solubility profile of a PWS drug can be a driving factor in its course of 

development. Compounds such as itraconazole show a marked reduction in solubility 

upon entry into neutral media creating the need for gastric absorption or supersaturation 

in the intestine to enhance bioavailability.  

 

The direct determination in aqueous suspension method can be adapted to provide 

pH-solubility profiles. For example, Wang et al. placed excess sildenafil citrate in 10 mL 

of deionized water in multiple 15 mL vials. The pH values of individual vials were then 

titrated to a pH of 3-11 and these suspensions were then placed at 37°C for 48 hours. 

Following confirmation that no shift in pH had occurred, samples were filtered through 
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0.2 µm filters, diluted with mobile phase, and analyzed by HPLC (Wang, Chow et al. 

2008). Table 1.1 shows that indeed, the solubility of sildenafil drastically decreases above 

pH 4. Norfloxacin was analyzed in the same manner however in this case a solution of 

NaCl was added to each vial in amounts necessary to achieve constant ionic strength 

among samples (Ahumada 1993). The direct determination in aqueous suspension 

method was also employed for the pH-solubility profile of haloperidol free base and the 

corresponding hydrochloride and mesylate salts to identify the more soluble species (Li, 

Wong et al. 2005). In this iteration a single vial of each compound was prepared by 

adding excess solids to 5 mL of water. The suspensions were then titrated with either HCl 

or NaOH solutions to the desired pH and allowed to equilibrate at 37°C for 24 hours. At 

24 hours the pH was confirmed and an aliquot taken for analysis. The pH was then 

adjusted to the next desired level, the vials resealed and the equilibration and sampling 

processes repeated. Indeed such a process allows identification of the more soluble salt in 

aqueous media at physiological relevant pH values. 

 

A modified version of the method has been used to determine the solubility of a 

synthetic recombinant plague antigen (D'Souza, Ford et al. 2009). The researchers first 

prepared buffers with pH values ranging from 3-10. Aliquots of a stock solution of the 

monomer were then diluted with one of the buffers to a concentration of 360 µg/mL. This 

solution was then placed in a dialysis cassette and dialyzed against the respective diluting 

buffer for 15 hours under refrigeration. The dialysate was then filtered and analyzed by 

UV absorbance for solubilized compound. 
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The direct determination in aqueous suspension method is not without limitations. 

Substances with extremely low solubilities may fall outside of the detection limits for 

many available analytical techniques. Additionally, molecules with stability issues may 

undergo complexation or aggregation yielding inaccurate results. An alternative to the 

direct determination in aqueous suspension method was presented by Avdeef et al. in 

which the solubility is determined through acid base titration. Using experimentally 

determined pKa and log P values the solubility of 12 generic drugs was determined and 

compared to values obtained by direct determination in aqueous suspension. Indeed the 

data correlated well. Uniquely, the method allows for not only intrinsic solubility 

determination, but also provides a complete pH solubility profile for the drugs analyzed 

(Avdeef, Berger et al. 2000). This method was applied using the pSOL instrument and 

corresponding software in determining the solubility profile of an experimental PWS 

compound NP-647 (Khomane, Kumar et al. 2011). The dissolution titration method 

provided the researchers with both intrinsic solubility and pH-solubility data.  

 

1.2.4 Intrinsic Dissolution 

 

The intrinsic dissolution rate of an API is the rate of dissolution of the compound 

under constant conditions (i.e. identical surface area, temperature, agitation rate, pH and 

ionic strength of the dissolution media for all samples) and is used to demonstrate 

equivalency of raw components (i.e. comparison of salt vs. free base), physical mixtures 
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of drugs and excipients or final formulations (Viegas 2001; Lee, Zhang et al. 2011). USP 

32/NF 27 identifies 2 apparatuses for the determination of intrinsic dissolution: rotating 

disk and stationary disk. Regardless of the unit selected for dissolution analysis, the 

surface area of the material to be tested is held constant by generating a compact within 

the body of the device. This is done by attaching the body to a baseplate, filling the body 

cavity with a known amount of powder, placing a punch on top of the powder surface, 

and compressing the powder by means of a hydraulic press to a given pressure for a 

predetermined period of time. Figures 1.2 and 1.3 depict a rotating disk and stationary 

disk assembly respectively.  

 

1.2.4.1 Compact preparation 

 

The preparation of an adequate compact for analysis is crucial in intrinsic 

dissolution testing to ensure a constant surface area is maintained throughout the test. The 

term adequate compact refers to a compact which will not disintegrate during prolonged 

exposure to the dissolution media and that has been compressed sufficiently to remove all 

air from the powder bed thereby preventing the formation of capillaries and potential 

surface bubbles. The USP states that compression for 1 minute at 15 MPa is sufficient 

however this is not universal and the compression pressure and time must be tailored to 

the formulation at hand such that upon testing the compact does not disintegrate. High 

compression forces and excessive times may induce physical changes in a powder such 

as polymorphism or crystallization, and a compact formed by the selected parameters 
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should be analyzed for such transitions. For example a novel quinolinone derivative 

required compression at 196 MPa to yield a solid non-disintegrating compact. X-ray 

diffraction revealed that no transformations took place upon compression thereby 

validating the compaction procedure and obtained dissolution results (Kimura 2001). In a 

study of 13 different APIs a compression time of 1 minute was sufficient for all 

materials; however the compression force required varied between 1.96 and 19.6 MPa 

(Zakeri-Milani 2009). Viegas et al. applied a force of 2000 psi for 4-5 minutes to achieve 

a satisfactory disk (Viegas 2001). As can be seen the compression force will vary greatly 

between formulations, however a study by Yu and coworkers demonstrated that the 

compression force applied during compact formation does not influence the intrinsic 

dissolution rate of a material provided the compact does not undergo physical alterations 

(i.e. polymorphic transitions, crystallization) or disintegrate during testing. (Yu, Carlin et 

al. 2004). 

 

1.2.4.2 Intrinsic dissolution testing 

 

The above mentioned study by Yu additionally demonstrated that dissolution 

volume (provided sink conditions are maintained) and disk distance from the vessel 

bottom do not influence the intrinsic dissolution rate of a given compound. However 

Viegas showed that for both types of ID apparatuses the rotation speed or paddle speed 

greatly influenced the dissolution rate and therefore must be held constant when 

comparing formulations. The literature supports rotation speed values between 50 and 
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150 rpm, with slower speed being use for compacts more prone to disintegration. During 

dissolution testing the media is to be heated to physiological temperature of 37°C. The 

standard apparatus 2 volume of 900 mL is often used however smaller volumes such as 

250 mL can also be employed when larger volumes will result in concentrations below 

the limit of detection for the compound (Viegas 2001; Lee, Zhang et al. 2011).  

 

The media for dissolution testing must be adequately degassed prior to 

experimentation. This not only prevents potential oxidative degradation of dissolved 

compound but also prevents potential bubble formation on the surface of the compact 

during testing thereby disrupting the factor of constant surface area. Multiple methods 

can be employed to degas the media including: sparging with an inert gas (i.e. helium or 

nitrogen) for 30 minutes at 6 psi, stirring heated media under vacuum (41°C, 160 mm 

Hg), sonication (30 minutes), sonication under vacuum (60 mm Hg), and equilibration at 

37°C for 24 hours (Diebold 1998; Gao, Moore et al. 2006). Selection of the appropriate 

method for the study at hand is at the discretion of the researcher. 

 

Sampling time points will be dependent upon the compound under analysis. 

Sampling at 5 minute intervals for 1 hour has proven sufficient to obtain a dissolution 

profile with a region of linearity. Though no solid mass should be present as the compact 

is non-disintegrating, filtration of the withdrawn media through a 0.45 micron filter is 

recommended. Per the USPNF 32/27 the amount vs. time profile is plotted however only 

the initial linear region is used for intrinsic dissolution rate calculation. Regions of 
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nonlinearity are excluded from data analysis. The constant surface area dissolution rate 

(i.e. slope) is then reported in the units of mass sec-1 and the dissolution flux reported as 

mass cm-2 sec-1. Flux is obtained by dividing the calculated dissolution rate by the surface 

area of the compact and is the parameter to be reported in regards to intrinsic dissolution 

data.  

 

1.3 Solid State Characterization  

 

Solid state characterization of APIs, excipients, and combinations thereof is 

invaluable during product development. The techniques outlined in the following sections 

are utilized to gain an understanding of the API’s physical nature, interactions with 

excipients, and response to processing and environmental conditions. The following 

sections do not contain detailed information regarding the theory behind each technique. 

Rather a discussion of how the methods should be utilized during PWS drug formulation 

is provided. 

 

1.3.1 Thermal Analysis 

 

1.3.1.1 Differential Scanning Calorimetry 

 

Differential scanning calorimetry (DSC) is widely used for physical 

characterization of drugs and formulations thereof including identification of melting, 
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crystallization and thermal transition phenomena as well as the associated changes in 

entropy and enthalpy. DSC has the advantage of requiring minimal amounts of the 

compounds under study and a rapid timeline to completion. During analysis a sample and 

reference pan are subjected to a heating profile and the energy and temperatures 

associated with thermal events are assessed. For a detailed understanding of DSC theory 

the reader is referred to Craig et al. 2007 and Schick et al. 2009 (Craig 2007; Schick 

2009). The following sections discuss the application of DSC to preformulation studies 

including the selection of appropriate parameters, identification of prominent thermal 

events, and applications in polymorph and excipient screening. 

 

1.3.1.1.1 Method Parameters Selection 

 

As mentioned DSC has the advantage of requiring only amounts of the 

compounds under study and a rapid timeline to completion. Reported sample sizes range 

from 2 – 15 mg and can be selected to optimize the response profile. Increasing the 

sample size will increase the sensitivity of the system however this will also decrease the 

resolution of the trace. The converse holds true with smaller samples increasing the 

resolution at the sacrifice of sensitivity. It should additionally be noted that peak 

maximum temperatures for thermal events will increase with increasing sample size and 

thus the sample size must be held constant throughout a study.  
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While multiple pan types can be used for sample analysis (i.e. aluminum crimp 

top and aluminum hermetic) it is imperative that during preparation sample contact with 

the pan be maximized. Improper sample contact can increase thermal lag within the 

system creating inconsistent results. The most prevalent pan type for analysis is 

aluminum crimp top pans such as those offered by Perkin-Elmer. For materials which 

may undergo transitions induced by the pressure applied during crimping, a non-crimped 

pan with lid can be used, or pans capable of being hermetically sealed can be employed. 

Whichever pan type is selected, it is absolutely essential that the corresponding reference 

pan be identical to that containing the sample (lid included if utilized). Additionally, it is 

crucial that samples which may undergo volume expansion upon heating be limited in 

their sample size to prevent spillage from the pain to the DSC cell surface. Such events 

can also be prevented by selection of the correct pan type. If contamination of the cell 

surface occurs, the system must be cleaned following manufacturer guidelines and 

recalibrated prior to subsequent analyses. 

 

The heating rate selected for testing must be a compromise between resolution, 

sensitivity and time. While slower heating rates allow greater separation of thermal 

events (i.e. increased resolution), the sensitivity to these events is reduced and the run 

time for each analysis is greatly increased. Conversely, faster heating rates will decrease 

the resolution as thermal events separated by only a few degrees will overlap. However, 

faster heating rates generate greater sensitivity to thermal transitions allowing 

visualization of minor events while also drastically reducing the time for analysis. In fact, 
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a ramp rate of ≥100 K/min was required in order to detect weak transitions occurring in a 

lyophilized protein sample and corresponding formulations thereof (Carpenter 2009). 

Additionally, increases in ramp rates will alter the Tmax of the melting endotherm (Abbas, 

Kaloustian et al. 2008). Ramp rates for analysis of pharmaceutical materials of 2, 5 or 10 

K/min are most prevalent in the literature. Regardless of the rate selected all samples in a 

given study must be analyzed under the same heating rate for the purpose of comparison. 

 

It is necessary to calibrate the instrument using standards of known temperatures 

and enthalpies of melting under the identical conditions to be used during analysis. The 

reference material(s) should have melting temperatures near those of the analytical 

samples to ensure accuracy. Materials for calibration include zinc, indium, aluminum, 

lead, silver, tin, gallium and gold (Cammenga, Eysel et al. 1993). Additional calibration 

standards include naphthalene, benzyl, benzoic acid and anisic acid which have proven 

useful for calibrating temperatures between the melting temperatures of the metals 

indium and gallium (Charsley, Laye et al. 2006).  

 

Modulated differential scanning calorimetry (mDSC) provides a linear heating 

ramp with a superimposed temperature oscillation yielding a modulation in the heating 

profile. mDSC provides identical data as that obtained by conventional DSC analysis (i.e. 

total heat flow). However Fourier transform separation of the DSC signal allows the heat 

capacity related component (reversible signal) to be isolated. Furthermore, subtraction of 

the reversing component from the total heat flow allows for isolation of the non-reversing 
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component of the scan (Aldén, Wulff et al. 1995; Sauer, Kampert et al. 2000). This 

ultimately allows the researcher to better visualize thermal events as no exothermal 

events are present in the reversing signal. When mDSC is to be used the underlying 

heating rate should be selected as outlined above based on the required resolution-to-

sensitivity relationship. However additional parameters are required including the 

modulation temperature and frequency thereof. Selection of these parameters will be 

based on the applied heating rate as it is desired to have 6 modulations over the 

temperature range of a thermal event. As such, slower heating rates are often employed 

(i.e. 2-5 K/min) to ensure this criteria is met. Modulation amplitudes should range 

between 0.1 and 2 K as larger amplitudes may adversely affect data (Schawe 1996). 

 

1.3.1.1.2 Thermal Events 

 

Proper identification of the thermal events occurring upon heating of a sample can 

prove rather challenging in practice. The most prevalent thermal event identified by DSC 

analysis is that of melting. Upon reaching the melting temperature of a substance the 

sample will remain isothermal until the entire sample has melted as a length of time is 

required to overcome the thermal lag across the sample. During this time the trace yields 

an endothermic event however the manner in which the melting temperature (Tm) is 

reported based on this event varies among researchers. Tm has been reported at the initial 

deviation from baseline, at the temperature of onset of the endothermic peak, the 

temperature at the peak, or the temperature at which the thermogram returns to baseline. 
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While these values may vary by as little as 3°C for highly pure substances displaying 

narrow melting peaks, substances with low purity or compositions containing multiple 

crystalline forms (i.e. semicrystalline polymers) yield broad melting endotherms causing 

large differences in Tm based on the report method (Brown 2001; Craig 2007). As peak 

broadening may occur in the presence of various excipients, or the pure substance itself 

may have a broad melting endotherm, the initial deviation, onset and return to baseline 

temperatures may vary drastically among samples in a single study. However, the peak 

temperature is likely to remain relatively unchanged in the absence of formulation 

component interactions provided the sample size and heating rate are held constant 

making its selection as the reporting temperature more reliable (Abbas, Kaloustian et al. 

2008).  

 

Amorphous systems such as solid dispersions are becoming highly prevalent in 

the development of PWS drugs. Of great importance to these polymeric and amorphous 

systems is the glass transition temperature (Tg). The nature of the glass transition 

temperature has been discussed in numerous ways including relaxation processes and 

changes of free volume in a system, however at its simplest the glass transition 

temperature is a change in the heat capacity of the material and is observed as an 

endothermic step change in the baseline of the DSC trace. Analysis of the reversing heat 

flow obtained through mDSC provides the best visualization of the Tg event. The Tg of a 

material will vary slightly based on the selected heating rate and frequency for mDSC, 

with increased frequencies increasing the Tg, and therefore should be held constant for all 
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samples in a given study to ensure accuracy in their comparison (Schawe 1996). As will 

be discussed in a subsequent section, polymer miscibility is crucial for amorphous 

systems to ensure homogeneity and physical stability and often times the Tg(s) of a 

system are indicative of miscibility. The theoretical glass transition temperature of a 

system can be predicted using the Gordon – Taylor equation: 

 

 

 

Where Tg1 and Tg2 are the glass transition temperatures of raw components 1 and 

2 and w is the weight fraction of the corresponding components. The value of K, the ratio 

of the components’ free volume, is such that: 

 

∆
∆

 

 

With values for Δα being found in the literature. For materials in which Δα is not 

available, the value of K can be estimated using the true densities and Tgs of components 

1 and 2 such that: 

 

≅  
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Direct comparison of the theoretical (calculated) Tg to the experimentally 

observed Tg allows assessment of drug-polymer or polymer-polymer miscibility (Gordon 

1952; Boyer and Simha 1973).  

 

As the thermal event associated with the glass transition occurs over a broad 

temperature range (i.e. 10°C) the Tg has been reported in multiple ways including step 

onset, midpoint, and endpoint temperatures. Analogous to Tm the exact onset and 

endpoint temperatures may not be easily discernible on the trace. Therefore, calculation 

of the midpoint via the software associated with the unit at hand is the recommended 

means of interpreting Tg. Figure 1.4 depicts the reversing heat flow of formulations of 

itraconazole and hydroxypropylmethyl cellulose phthalate NF (HP55). Here, the glass 

transition temperature can readily be observed as a shift in baseline. As the ratio of drug 

to polymer changes, the Tg shifts and indeed this shift correlated well with the theoretical 

Tg predicted by the Gordon-Taylor equation above. It should be noted that at high drug 

loadings, the melting endotherm of itraconazole can be observed. This is attributed to 

recrystallization occurring upon heating without sufficient polymeric stabilization 

(Overhoff 2007).  

 

Recrystallization is an exothermic event and as such it is not observed on the 

reversing heat flow profile. Examination of the corresponding heat flow in the above 

example reveals itraconazole to recrystallize between 110 and 130°C depending on the 

polymer concentration of the system. Recrystallization occurs as a result of increased 
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molecular mobility and subsequent molecular rearrangement during heating and can be 

observed in poorly stabilized amorphous systems following the glass transition event but 

prior to the melting endotherm. This can also be observed following polymorphic 

transitions (to be discussed) in which following melting of form I the material 

recrystallizes into form II with subsequent melting of form II provided sufficient time is 

allowed for recrystallization (i.e. slow heating rates) (Alves 2010). As decomposition 

events may also appear as exothermic peaks, differentiation between the two must be 

confirmed. This can be accomplished by supplemental thermogravimetic analysis (TGA) 

which will be discussed in future sections. 

 

1.3.1.1.3 Polymorphic Transformations 

 

The presence of an undesired polymorphic form of an API within a formulation 

may drastically alter the performance of the product as the different polymorphs of a 

given API possess different physical properties. An understanding of these polymorphic 

forms in regards to their prevalence and transformations will assist the formulation 

scientist in optimizing the formulation. As physical properties are different for each 

polymorph of a given API, the Tm values of each polymorph can readily be used for their 

identification with exothermic events indicating species conversion (Bergese, Bontempi 

et al. 2003). For example DSC analysis of polymorph II of rifampicin exhibits an 

endothermic peak at 193.9°C due to melting. A subsequent exothermic recrystallization is 

observed at 209.4°C as polymorph II recrystallizes into form I (Alves 2010). When 
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attempting to identify the polymorphs present in a system it is imperative that the 

appropriate heating rate be selected for analysis to ensure that the energy applied by the 

system does not induce a transformation leading to improper identification within a 

formulation. The PWS drug nateglinide polymorphs B and H have Tms of 128 and 138°C 

respectively. In order to properly identify the two forms when analyzed together a heating 

rate of 10 K/min was employed. Indeed at rates faster than 10 K/minute the peaks 

overlapped hindering identification while slower heating rates allowed sufficient time for 

transformation of form B to H (Bruni, Berbenni et al. 2011). It was additionally shown in 

this example that the grinding process (mortar/pestle) for preparation of the mixtures of 

the polymorphs induced the B to H transformation. 

 

Transformations may occur as the result of processing conditions during 

production. As will be discussed in the next section, an understanding of API stability in 

the presence of the excipients to be used for the formulation is vital to ensure product 

performance. This includes assessment of process induced polymorphic transformations. 

For example, form II of an experimental compound (drug Z) displays desirable 

dissolution characteristics over form I. Development of the product for tableting led to 

the inclusion of stearic acid in the formulation to prevent sticking. However it was found 

that addition of stearic acid to the formulation with subsequent drying of the wet 

granulated mass at elevated temperatures induced a transformation to form I, thereby 

drastically reducing dissolution rates. This was confirmed via DSC analysis of granulated 

mass compared to thermograms of physical mixtures. Indeed the physical mixture of 
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form II in the presence of stearic acid displayed melting endotherms for both 

polymorphic forms indicating partial conversion to the undesirable form (Wang, 

Davidovich et al. 2010).  

 

1.3.1.1.4 Drug-Excipient Interactions 

 

It should be immediately noted that many of the API-excipient interactions 

observed in DSC analysis, as well as the polymorphic transformations previously 

discussed occur at temperatures drastically higher than those to be experienced in real 

world application, with the exception of thermal processing techniques such as hot melt 

extrusion. This must be considered when analyzing results to ensure that constituents are 

not incorrectly deemed incompatible.  

 

Determination of the stability of an API in the presence of excipients requires 

analysis of the raw components, a physical blend of the components, and a processed 

sample of the components. The physical mixture should be prepared in a manner that 

does not introduce heat, moisture or force into the system. Gentle blending of the 

powders in the desired ratio in a mortar with a spatula at ambient temperatures is 

recommended. The processed sample may be as simple as a co-ground mixture (i.e. 

grinding via mortar pestle for a minimum of 15 minutes), or may be a final formulation 

such a as a tablet or hot melt extrudate that has been ground for analysis. Analysis of the 

raw individual components will allow identification of thermal events associated with the 
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isolated material such as the melting, recrystallization and glass transition (if applicable) 

temperatures outlined above. Subsequent analysis of physical blends and processed 

material can then be inspected for shifts, disappearances or appearances of thermal events 

or variations in the enthalpy values thereof (Mura, Bettinetti et al. 1998). In order to 

promote interactions, concentrations of excipients are often employed which far exceed 

the amount to be present in the final formulation. For example a 1:1 physical mixture of 

carbamazepine-to-stearic acid (typically present in tablets at the 0.5-2% level) 

demonstrates a polymorphic transition that is unlikely to occur in a final formulation 

containing minimal amounts of the excipient (Joshi 2002). In contrast, the transition 

described above for drug Z occurred using the actual amount of stearic acid to be 

employed during the granulation process indicating a strong incompatibility. A 1:1 

physical blend of picotamide with various excipients demonstrated that ascorbic and 

tartaric acids resulted in degradation of the drug upon heating. The same effect was also 

observed for processed samples however, as mentioned above, the temperatures at which 

this interaction took place were drastically higher than those a final formulation would 

experience necessitating confirmation. Indeed analysis of freshly prepared samples and 

stored samples at room temperature by XRD revealed no interaction occurred and the 

DSC data was falsely identifying an incompatibility (Mura, Bettinetti et al. 1998; Mura, 

Faucci et al. 1998). 

 

The indication of drug-excipient interactions may not be detrimental to the 

formulation, but rather a desired interaction such as polymeric miscibility. DSC has been 
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widely used in determining drug-polymer interactions, with emphasis on drug solubility 

in the polymer during formulation of solid dispersions. Indeed identification of the 

polymer in which the drug is most miscible will aid in the formulation of a single phase 

system (Mora, Cirri et al. 2006). Prior to the analysis of formulations, physical blends of 

the drug and polymer are analyzed by DSC to isolate polymers displaying the highest 

miscibility with the API. A negative shift in the melting endotherm (i.e. melting point 

depression) indicates miscibility at the ratio tested. A complete disappearance of the 

melting endotherm indicates the absence of crystalline API and solubilization of the API 

within polymeric carrier (Konno 2008). Such an event also demonstrates amorphization 

of the API or inclusion complexation within a material such as cyclodextrins (Cappello 

2007). Polymers identified as being most highly miscible should be analyzed by TGA for 

verification that the absent melting endotherm is not due to degradation of the API 

(Hughey 2010). 

 

Upon formation of a solid dispersion the drug and polymer are intimately mixed 

such that the system, as described above, will have a single intermediate Tg. Miscible 

systems therefore should only display this intermediate value and the appearance of 

multiple Tgs is indicative of incomplete mixing, or drug or polymer rich domains. 

Though the presence of a single experimental Tg intermediate to that of the polymer and 

API alone is strong indicator of a homogeneous system it is necessary to perform 

supplemental studies to ensure such a product has truly been obtained. For example, 

Raman mapping of solid dispersions has demonstrated that a system displaying a single 
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Tg in fact contained drug rich domains ultimately leading to recrystallization related 

stability issues upon storage (Qian 2010). The PWS drug irbesartan has been prepared 

into solid dispersions with tartaric acid, mannitol, PVP and HPMC in an effort to increase 

aqueous solubility. mDSC analysis of the raw component (4-6 mg sample) revealed a 

melting endotherm at approximately 185°C. Preparation of a quench cooled sample 

allowed for analysis of amorphous irbesartan in the absence of any excipients which 

showed a single Tg at 71.7°C with no subsequent recrystallization event. DSC analysis 

revealed a single Tg for irbesartan-tartaric acid dispersions indicating good miscibility. 

However irbesartan-mannitol formulations presented two Tg values corresponding to the 

Tgs of mannitol and irbesartan suggesting an immiscible system. Similar results were 

obtained for both PVP and HPMC indicating the drug is not miscible in the selected 

carriers and that reformulation is necessary in order to achieve a true solid solution 

(Chawla 2008). 

 

1.3.1.2 Thermogravimetric Analysis 

 

A secondary thermal analytical technique which can stand alone or be 

complementary to DSC is thermogravimetric analysis (TGA). Similar to DSC a small 

quantity of sample (sample sizes range identically to DSC) is placed in a metal crucible 

and exposed to a heating profile under an inert atmosphere during analysis. However, as 

the name implies, TGA provides the researcher with variations in sample mass as a 

function of temperature, rather than the deviations in heat capacity. Such reactions 
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include the evolution of bound solvents, such as dehydration, or thermal decomposition 

of the product.  

 

Parameter selection (i.e. temperature range and heating rate) are dependent upon 

the intention of the data. If TGA is to be used complementary to DSC the identical 

temperature range and heating rate employed in for DSC must be selected for TGA. This 

will allow for super imposition of the thermal profiles and a direct comparison of thermal 

events. If superimposition of the data will not be performed, a unique heating profile may 

be assigned regardless of that used for DSC. This includes isothermal analysis at elevated 

temperature in the study of reaction rates. 

 

1.3.1.2.1 Thermal Decomposition 

 

TGA has been broadly used in the study of thermal decomposition however it 

must be noted that such studies are only appropriate for materials which exhibit a weight 

loss upon decomposition. A study of numerous pharmaceutical excipients provided 

information of their thermal stability. While many of the excipients demonstrated a single 

step weight loss upon reaching their respective thermal instability point, it is possible to 

observe multiple mechanisms concurrently. Lactose monohydrate exhibits multiple step 

weight loss under TGA. The first step, observed between 106-164°C can be attributed to 

the dehydration of the bound water molecule. The second step from 216-339°C is 

attributed to thermal decomposition (Filho, Franco et al. 2009). The thermal stability of 
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drugs can also be assessed as was demonstrated obidoxime chloride. Indeed the 

decomposition occurred over a wide range of temperatures, beginning at 118°C and 

continuing to 328°C. TGA revealed that the drug underwent a 10% weight loss at 208°C 

(Radha, Gutch et al. 2010). TGA profiles overlaid with DSC profiles of rifampicin 

demonstrated that the exothermic events evidenced in DSC analysis were indeed 

decomposition events (Alves 2010).  

 

1.3.1.2.2 Excipient interactions 

 

Similar to DSC, TGA allows one to study the thermal compatibility of an API 

with multiple excipients. Such information is invaluable for formulations intended for 

thermal production processes such as hot melt extrusion (HME). Indeed drug-excipient 

compatibility at elevated temperatures may be drastically reduced compared to ambient 

conditions. TGA analysis of hydrocortisone in the presence of the polymers HPMC E3 

and PVPVA 64 demonstrated that while all materials experienced decomposition at 

approximately 200°C, the presence of the polymer did not induce degradation of the API 

at lower temperatures (DiNunzio, Brough et al. 2010). Contrarily, TG analysis of an 

experimental compound (ROA) in the presence of Eudragit® L100-55 demonstrated a 

significantly higher weight loss than predicted based on the data obtained from the 

individual components indicating API-excipient incompatibility (Figure 1.5). Similar 

results were observed in the ROA-HPMCAS blends (Hughey 2010). In the above 

mentioned example of obidoxime chloride, the drug in the presence of multiple tableting 
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excipients was also assessed by TGA. Indeed it was shown that none of the tested 

excipients altered the decomposition profile of the API.  

 

1.3.2 Fourier Transform Infrared Spectroscopy 

 

Fourier Transform infrared spectroscopy (FTIR) allows one to gain information 

regarding the molecular confirmation of a material based on characteristic molecular 

vibrations that absorb in the infrared region. There are multiple variations of FTIR 

analysis including diffuse reflectance (DRIFT) and attenuated total reflectance (ATR). 

Each has their own advantages and selection of the appropriate unit will be at the 

discretion of the researcher, however the focus of the sections below will be on ATR-

FTIR as it requires minimal alteration of the sample prior to analysis. 

 

1.3.2.1 Sample Preparation 

 

Sample preparation will be dependent upon the type of FTIR analysis to be 

performed. For traditional FT-IR analysis the material to be analyzed is blended with a 

diluent such as potassium bromide (KBr) and compressed into a transparent pellet. This 

requires manual grinding of the sample prior to or concurrently with the KBr making 

preparation of hard or elastic materials problematic. Drug concentration within the pellet 

should be low; approximately 1% w/w. Once compressed the samples should be analyzed 

immediately and it is recommended that a co-ground powder not be allowed to stand for 
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long periods of time prior to pelletization for the purpose of stability. Products containing 

caffeine were analyzed by blending the pharmaceutical powder at a concentration of 1% 

w/w with KBr. Samples of this blend were then immediately compressed into a thin 

pellet for analysis while portions were stored for later analysis. Uniquely, the 

caffeine/KBr pellet proved to be stable once prepared for greater than 3 months 

displaying an identical concentration of caffeine on day 90 as on the day of preparation 

with no alterations to the absorption spectrum. In contrast, storage of the prepared, 

uncompressed caffeine/KBr powder revealed instability with pellets prepared 30 days 

post blending yielding drastically reduced caffeine concentrations (Baucells 1993). The 

preparation of biologic samples in this manner is not recommended. In fact, KBr 

compression has proven to lead to protein unfolding as well as protein aggregation and 

loss of enzymatic activity (Chan 1996; Wolkers 2005). Similar to traditional FTIR, 

diffuse reflectance IR (DRIFT) requires the use of a diluent in sample preparation. KBr 

or a similar species such as KCl have been used during analysis. However, unlike 

traditional FTIR the sample does not require mechanical compaction into a pellet. DRIFT 

does require that the blend be of uniform particle size for accuracy creating difficulties 

for materials that are difficult to triturate and materials which may be chemically altered 

by the grinding process. Additionally, samples such as the caffeine discussed above 

require immediate analysis to ensure stability of the physical blend (Hartauer, Miller et 

al. 1992; Sitar Curin 1997). 

 



 30

Attenuated total reflectance FTIR (ATR-FTIR) employs a crystal surface upon 

which the material to be analyzed is placed. For information regarding ATR-FTIR theory 

the reader is referred to Buffeteau et al. (Buffeteau 1996). ATR-FTIR has the unique 

advantage of minimal to no sample preparation prior to analysis. Powder blends or 

ground formulations (i.e. ground extrudates) do not require the addition of supplemental 

materials such as KBr. Additionally, it is possible to place an unground sample directly 

on the crystal for analysis, a method useful in assessing homogeneity at the surface of a 

product  The sample to be analyzed is placed directly on the internal reflection element 

(IRE), a high refractive index crystal such as diamond, and pressure is applied top down 

using a pressure applicator fit to the ATR-FTIR in use. The crucial element in ATR-FTIR 

sample preparation is ensuring even and reproducible contact between the sample and 

internal reflection element. It has been shown that improper contact will yield 

inconsistencies in absorption band intensities. This includes insufficient contact (i.e. too 

little pressure) as well as too strong contact with the latter capable of damaging both the 

sample and the crystal used as the IRE (Buffeteau 1996; Salari 1998). The pressure 

devices supplied by manufacturers are graduated nominally, such as a scale of 1-5 as that 

on the Foundation Series ATR attachments from Thermo Fisher Scientific. Selection of 

the correct application pressure must therefore be determined on a case to case basis. It 

should be noted that collection of the background spectrum must be performed without 

the pressure applicator engaged for powder samples. 

 

1.3.2.2 Polymorph Screening 
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As mentioned above, ATR-FTIR requires no sample preparation prior to analysis 

save minor compression to ensure contact with the IRE. As such, the potential for process 

induced polymorphism during sample preparation is limited making the technique 

advantageous in polymorph screening. Analysis of the fingerprint region of the IR 

spectrum allows for identification of characteristic absorption bands which are unique to 

each polymorphic form. When a given polymorph is analyzed alone spectral differences 

are readily apparent due to broadening of bands or the appearance and disappearance of 

absorption bands. Additionally it has been shown that the summated absorption spectra of 

blends of polymorphs allow for identification of the species present. In fact a study of the 

three ganciclovir polymorphs demonstrated that mathematical addition of the pure 

polymorphic spectra matched that of experimental blends of the polymorphs allowing 

their accurate identification in formulations (Salari 1998).  

 

1.3.2.3 Excipient interactions  

 

Appearance of new absorption bands, broadening of bands, or alterations in 

intensity are the primary events associated with excipient interaction (Abbas, Kaloustian 

et al. 2008). For an experimental compound BG 637 superimposition of the IR spectra of 

the drug obtained by DRIFT analysis over API-excipient blends yielded no alterations in 

the spectra indicating no interactions with the tableting excipients tested. This result was 

confirmed via DSC and X-ray diffraction.  
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ATR-FTIR analysis of omeprazole sodium isomers and isomer-mannitol blends 

was performed not only on raw powders but also on compacts thereof. While the spectra 

of the powder mixtures did not display any differences, disk samples (1 cm diameter, 2 

mm thickness) prepared via compression at 7 tons for 5 minutes proved unique indicating 

interaction with the mannitol. Samples of the R isomer compact displayed two distinct 

peaks corresponding to amino and imino group stretching (3425 and 3318 cm-1 

respectively) while the S isomer compact solely displayed stretching corresponding to the 

amino group (Agatonovic-Kustrin, Markovic et al. 2008). Such a method allows analysis 

of powder blends used for tableting as well as the final formulation in solid form. 

 

1.3.3 X-ray Diffraction 

 

X-Ray diffraction (XRD) is the measurement of the intensity of x-rays scattered 

by electrons bound to atoms and the corresponding phase shifts that occur as a result of 

the position of the atom. For a detailed explanation of XRD theory the reader is referred 

to (Dinnebier 2008). XRD is typically a non-destructive test (i.e. the analyzed material 

can be recovered) and, as will be discussed, is highly useful for determining differences 

in crystal structure (i.e. polymorphs), drug excipient interactions and identifying 

amorphous systems. 
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Prior to analysis, it is necessary to calibrate and optimize the device to be used for 

testing. This can be done by use of various reference standards such as those offered by 

the National Institute of Standards and Technology (NIST). Standard Reference Material 

674b consists of 4 oxide powders to be used as internal standards or calibrators for an 

XRD unit: ZnO, TiO2, Cr2O3, and CeO2. Alternatively standards of materials with well 

understood diffraction patterns can be used such as alumina, mica or silicon pellets. 

 

1.3.3.1 Parameter selection 

 

During sample analysis the operator will be required to input a number of 

parameters for each scan including the scan range in degrees on a 2Θ scale, the step size 

(degrees per step), and the count time for each step (often referred to as dwell time). 

Assigning the proper parameters is crucial to ensure adequate peak shape is obtained 

while minimizing processing time. For the first scan of a new API it is necessary to 

analyze a very broad range, such as 5 to 120° on the 2Θ scale. This will allow for 

identification of the characteristic crystalline peaks and subsequent analyses should be 

shortened to include only the footprint region. 

 

Twenty data points per peak are desired to ensure adequate peak shape. In order 

to obtain this value the researcher must alter the step size of each scan. For highly 

crystalline materials a step size of 0.02° is adequate to meet this requirement. For 

materials exhibiting broad peaks this value can be increased to shorten the run time while 
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still maintaining the 20 data points per peak. In order to optimize the step size the powder 

should be analyzed over a very narrow range, such as 2 to 5° 2Θ, in a region containing a 

characteristic crystalline peak(s) over a range of step sizes. Cameron and Armstrong 

analyzed quartz from 67-69° 2Θ and varied the step size from 0.1 to 0.01° 2Θ in order to 

find the optimum step. Identification of the step size in which the diffractogram decays to 

baseline following the peak was selected as optimum (Cameron 1988). If upon return to 

baseline the inception of a new peak is immediate, a shorter step size should be selected 

to increase resolution. 

 

Often times the step size and dwell time are considered together as a scan rate. 

For example analysis of tenofovir disoproxil fumarate (TDF) was reported as being 

conducted from 4-40° at a rate of 4° per minute (Lee 2010). Prevalent rates in the 

literature are between 0.5 and 4° per minute. 

 

The final parameter that must be determined is the dwell time. While a longer 

dwell time will increase the signal to noise ratio and improve counting statistics it will 

also drastically increase the duration of a run. This is especially true for methods utilizing 

small step sizes. Therefore in order to ensure timely analysis, the shortest dwell time that 

provides a strong signal of all characteristic peaks without significant interference from 

the baseline should be selected. This parameter will be most influential for systems 

lacking strong crystallinity, such as pharmaceutical systems containing a polymer, in 
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which case longer dwell times will aid peak structure. Dwell times of 1-5 seconds can be 

employed with times of 1-3 seconds being most prevalent in practice. 

 

1.3.3.2 Polymorph screening 

 

As mentioned, XRD analysis reveals phase shifts that occur as a result of atomic 

position within a material. Therefore, alterations in crystal structure that arise as a 

physical result of polymorphism can often be detected by XRD. This can be observed as 

a shift in a major characteristic peak, or the appearance or disappearance of peaks in the 

diffraction pattern. XRD analysis of the three polymorphs of TDF reveals that the 

diffraction patterns for forms B and I are similar making their definite distinction 

difficult. However, form A contains multiple peaks not present in the diffraction patterns 

of the other polymorphs as well as the absence of one characteristic peak near 30° 

making its identification absolute (Figure 1.6). Kirk et al. demonstrated that 3 of 4 

generated lactose polymorphs crystallize with monoclinic unit cells by XRD employing a 

range of 5-40° and a step size of 0.014767° and a 2 second dwell time (Kirk 2007). In 

another work, a variable temperature cell was utilized and the XRD pattern of 

mebendazole was analyzed as a function of temperature to assess polymorphic 

transformations that occur due to temperature variation (de Villiers 2005). Indeed it was 

seen that at temperatures above 180°C a transformation to the more thermodynamically 

stable polymorph occurred. 
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Olanzapine can crystallize into 25 different crystalline structures, 7 of which are 

active pharmaceutically. Identification and quantification of each polymorph is necessary 

throughout the development cycle of a formulation containing such a compound to ensure 

the final product is of acceptable quality. Tiwari et al. examined 2 polymorphs of the 

compound by XRD. Prior to analysis the unit was calibrated with a silicon pellet. The 

scan was then optimized by varying the dwell time and step size such that the maximum 

number of identifiable peaks were obtained. As can be seen in Table 1.2 a dwell time of 5 

seconds with a step size of 0.05° produced the greatest number of identifiable peaks in 

the shortest amount of time. In order to accurately quantify the amount of a given 

polymorph present in a mixture each form must be analyzed as a pure sample. The 

highest intensity peak is then selected and the intensity of the pure polymorph set to 

100%. The ratio of intensities for the selected peak in the mixture compared to the pure 

polymorph provides the percent present in the mixture. This however cannot be 

employed in the case of olanzapine as the highest intensity peaks overlap for multiple 

forms (Tiwari, Chawla et al. 2007). However, screening of mannitol demonstrated that 

even with similar polymorphic forms coupling sample rotation with particle size 

reduction increases the ability to differentiate the forms present. In the case of mannitol it 

allowed identification of the individual components down to approximately the 1% level 

(Campbell Roberts, Williams et al. 2002). 

 

1.3.3.3 Excipient Interactions 
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Changes in the XRD pattern may occur as a result of drug-excipient interactions. 

Such alterations include the conversion to a unique polymorphic form, or amorphous to 

crystalline transitions. For example, a sample of pure β-form carbamazepine displays a 

characteristic peak at 13° while the α-form displays this peak as well as an additional 

peak at 8.8° 2Ɵ. In a study of physical mixtures of pure β-form carbamazepine in 

combination with various tableting excipients it was seen that the characteristic peak at 

13° was present in all samples. However following storage at 55°C for 3 weeks a 

combination of carbamazepine and stearic acid displayed the additional peak at 8.8° 

indicating a conversion to the α-form. This was attributed to partial solubilization of 

carbamazepine in steric acid at elevated temperatures followed by recrystallization upon 

cooling (Joshi 2002). Indeed, stability studies, to be discussed later, often rely on 

alterations in XRD patterns as an indication of formulation stability. 

 

An amorphous material will yield an XRD pattern termed a “halo” which is a 

gradual rise and fall of the baseline with no distinct peaks. As many processing 

techniques focus on rendering the drug amorphous XRD can be utilized to identify 

whether or not a drug or formulation is amorphous. This can be complicated when 

polymeric systems are used as most polymers used in pharmaceutical applications are 

amorphous in nature. At low drug loadings the amorphous signal from the polymer may 

overshadow or mask the crystalline pattern of the drug. As such, physical mixtures 

identical in drug:polymer ratio to that used in processing must be analyzed to ensure the 

pattern is validated. Tobyn et al. analyzed an experimental compound as a solid 
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dispersion with PVP at various drug-to-polymer ratios. As can be seen in Figure 1.7, the 

bulk drug product is highly crystalline with many characteristic peaks (Parameters: 2-60° 

2Ɵ, 2°/min scan rate, calibration with mica and alumina reference standards). At a 50:50 

ratio of drug-to-PVP the formulation produced an amorphous halo indicating 

amorphization of the drug. This was confirmed using a dry blend of the materials at the 

same ratio. While a decrease in peak intensity can be observed for the 50:50 physical 

mixture the peaks are still present indicating that processing indeed rendered the drug 

amorphous. Additionally it can be seen that at higher drug loading levels the process did 

not generate or stabilize the drug in the amorphous form (Tobyn, Brown et al. 2009). 

 

1.3.4 Specific Surface Area 

 

Many formulation approaches have been applied to overcome aqueous solubility 

issues including, but not limited to, the addition of solubilizing agents (i.e. cremophor 

EL), complexing agents (i.e. cyclodextrins) or the generation of a salt form of the API. 

As an alternative to formulating the API in one of these novel ways, many researchers are 

focusing on particle engineering techniques which decrease particle size or generate a 

porous system as a means of increasing aqueous solubility.  

 

Substantial particle size reduction, or the formation of a porous system will yield 

a significant increase in surface area for the powder (Figure 1.8). The Noyes-Whitney 

equation describes the dissolution velocity as: 
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Here, dW/dt is the dissolution rate, A is the surface area, C is the API 

concentration in the bulk dissolution media, Cs is the concentration of API in the 

diffusion layer around the solid, D is the diffusion coefficient and L is the diffusion layer 

thickness. It can be observed that an increase in the surface area value, A, will increase 

the dissolution velocity (Junghanns 2008; Lenhardt 2008). Furthermore, a substantial 

decrease in particle size will cause an increase in dissolution pressure resulting in higher 

saturation solubilities (Mosharraf 1999).  

 

Measurement of the surface area may therefore offer insight into the relative 

dissolution rate of an engineered or processed powder, serving as a screening process 

between batches or production methods. 

 

1.3.4.1 BET Surface Area Analysis 

 

Surface area (SA) analysis of pharmaceutical powders is often assessed via gas 

adsorption methods. In these methods a non-reactive gas is adsorbed to the surface of the 

material at or near the boiling point of the liquid adsorptive at a single or multiple 

pressures. The quantity of gas molecules required to form a monolayer of adsorbed gas 
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on the powder surface is determined and using the average diameter of a single molecule 

the SA is determined (Condon 2006). This is done via mathematical modeling of the 

adsorption isotherms (amount adsorbed vs. adsorptive pressure) with the most established 

model being BET analysis. For a detailed summary of the theory behind BET isotherm 

analysis the reader is referred to Condon 2006. 

 

1.3.4.1.1 Sample Preparation 

 

As vials for BET analysis are often extremely narrow at the opening, it is 

imperative that care be taken not to damage or alter the sample during loading. This is 

especially true for porous materials which may be collapsed if pressure is applied as well 

as brittle systems which may fracture during loading. Fracture may yield inaccurate 

higher surface areas while collapse results in substantially reduced values.   

 

1.3.4.1.2 Degassing 

 

The removal of gases and vapors physically adsorbed onto the surface of the 

powder being tested, termed degassing, is essential prior to determining the specific 

surface area (SSA, i.e. m2/g) of any sample. Failure to do so may result in a reduction in 

the calculated surface area or a high variability in obtained SSA values (USP 32 – NF 27 

General Chapter 846). It has been suggested that an adsorbed impurity will not alter the 

BET surface area calculation provided its boiling point is at least 3 timed higher than the 
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adsorption temperature (Joy 1953). However, such impurities may influence the 

calculated heat of adsorption (C-value). Therefore, in order to ensure accurate, 

reproducible surface area measurements, proper sample preparation must be employed. 

 

Due to factors such as temperature sensitivity, variations in surface energies, 

particle sizes, and porosity no single method may be applied universally that guarantees 

complete removal of adsorbed gases and vapors to the powder surface, however two 

methods are often applied: vacuum pumping and purging by use of an inert gas (Lowell 

1991). 

 

When applying a vacuum, a pressure of 10-5 torr has been stated as sufficient in 

outgassing procedures. The application of elevated temperatures will increase the rate at 

which impurities/contaminants leave the powder surface, reducing the time required to 

hold the vacuum (Fagerlund 1973). However heat liable products must be monitored with 

care, and glass vessels used in most BET equipment have a threshold of 400°C (Igwe 

1991). Additionally elevated temperatures may cause rapid water loss form the sample 

surface resulting in altered morphology or sample collapse. Samples that are sensitive to 

heat should be degassed at ambient temperatures under vacuum for long periods of time, 

such as 12-24 hours, in order to reach constant weight (Lowell 1991; Engstrom 2007). 

 

Alternatively, flushing the powder sample with an inert gas may also be used to 

clean the surface. This purge gas must be of extremely high purity and dry so as not to 
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introduce contaminants or induce moisture related phenomena such as crystallization. 

Heat may also be provided in this method as well to aid in desorption (Sing 1985). For 

samples in which heat may not be applied, multiple absorption-desorption cycles may be 

employed to clean the surface with 3 to 6 cycles providing sufficient cleanliness for 

reproducible measurements (Dios Lopez-Gonzalez 1955). This may also be done using 

gas blends such as nitrogen (10% v/v) in helium (Pendharkar 1990). 

 

Regardless of the chosen degassing method the sample must be monitored by 

some means to ensure degassing is complete. In regards to vacuum pumping, literature 

often describes the method of ensuring all adsorbed gases and vapors are removed as 

monitoring of the system pressure. Web and Orr (1997) state that isolated samples 

displaying a pressure rise of < 10-3 torr per minute are indicative of adequate degassing 

(Webb 1997). Similarly, Gregg and Sing (1982) state a pressure of 10-4 torr as sufficient, 

while Sing states ~10 mPa is satisfactory (Gregg 1982; Sing 1985). Allen (1997) states 

outgassing to be complete if, following 15 minutes of isolation from the vacuum, no 

pressure increase is observed upon reintroduction to vacuum while Igwe deems 

completion as maintaining a pressure between 10-4 and 10-5 mmHg for a substantial 

period of time following isolation from the pumping line and cold trap (Igwe 1991; Allen 

1997).  

 

As mentioned, purging with an inert gas may be used to clean the sample. In this 

case, the effluent gas may be monitored via mass spectroscopy, or a thermal conductivity 
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detector which may detect impurities in the range of a few parts per million. Once the 

level of contaminants and foreign material is below detection, adequate removal of the 

adsorbed material has been achieved (Sing 1985; Lowell 1991).  

 

Again, no single method can be employed universally to properly degas a sample 

prior to analysis. Understanding the morphology (i.e. porosity) and thermal sensitivity of 

a powder will aid in determining degassing time and temperature as a more porous 

network will require increased times. However, once a sample has been run under a given 

set of parameters, it is recommended that a second sample be run using an extended 

degassing time (i.e. 1.5-2 x the original time). If the results are statistically significantly 

different the first results may be discarded and the second set of parameters selected. 

Additionally it is recommended that powders be analyzed at least in triplicate using three 

individually prepared samples, especially for powders with a large particle size 

distribution. 

 

1.3.4.1.3 Sample Analysis 

 

Prior to any sample analysis the BET unit to be used should be properly calibrated 

for accurate results. This is can be performed using commercial reference standards such 

as silica, garnet or kaolinite (Antila 1991). These can most readily be purchased from the 

manufacturer of the equipment in use, such as the alumina pellets offered by 

Quantachrome, and range in SSA values from below 1 to greater than 150 m2/g. Standard 
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selection will depend upon the samples to be analyzed as the standard SSA should be 

near that of the samples. For example, Swinkels et al. used a kaolinite reference standard 

with a specific surface area of 16.2 m2/g to verify that no drift had occurred prior to 

sample analysis of the experimental samples (SSA 26-32 m2/g) (Swinkels 1994).  

 

Following calibration sample analysis can be performed. As mentioned, care must 

be taken when adding the sample to the analysis bulb and the weight of the added powder 

must be known. The analysis bulb should be weighed empty on an analytical balance, the 

powder then added, and the final weight of the bulb measured and recorded. Subtraction 

of the bulb weight from the final weight of the filled bulb allows accurate determination 

of the true amount of sample added. The amount of powder added will depend on density 

as most commercial BET units require a minimum surface area rather than minimum 

sample weight. For example the Nova® Series offered by Quantachrome requires a 

minimum of 0.01 m2 for accurate analysis. While sample sizes may be low for high 

surface area powders such as those produced by spray freezing into liquid (200 mg 

(Rogers 2002)), higher amounts are necessary for lower surface area materials (5 g 

(Swinkels 1994)). Sample degassing can then be performed utilizing the appropriate 

method from those outlined above. Post degassing the weight of the sample should again 

be taken to ensure accuracy when calculating SSA as some weight will be lost during the 

degassing process (Sing 1985). Analysis is then carried out with nitrogen often used as 

the adsorptive gas, however for powders exhibiting extremely low SSA values it is 

necessary to use an adsorptive gas of lower vapor pressure. In such cases krypton can be 
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employed. It must be noted that differences in SA values will be obtained based on the 

gas used for the study as the size of the gas molecules forming the monolayer will differ 

resulting in differences in pore penetration (Sandell 1993).  

 

During analysis the sample is repeatedly lowered into a liquid nitrogen bath. 

While this process is automated by today’s units, the researcher is still required to 

maintain the level of liquid nitrogen in the Dewar to ensure proper submergence of the 

sample. Failure to do so will result in inaccurate results. Data reduction can then be 

performed and the results reported as m2/g material. 

 

1.3.5 Residual Solvent Analysis 

 

Many synthesis processes as well as formulation production processes used for 

PWS drugs such as spray drying, rotoevaporation, precipitation methods, and freeze 

drying methods require the use of various organic and inorganic solvents. The 

physicochemical properties of the material in use such as crystallinity have proven to 

influence the amount of residual solvent levels within the product (Witschi and Doelker 

1997). Since many of these solvents are highly toxic it is imperative that they be present 

only at extremely low levels, if at all, in the final product to reduce the risk to the end 

user. The following sections discuss residual solvent acceptance limits as well as methods 

for determination of residual solvents present in final products.  
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1.3.5.1 Residual Solvent Guidelines 

 

The primary concern for residual solvents in pharmaceutical products is organic 

volatile impurities (OVIs). ICH guideline Q3C (R4) from February 2009 separates OVIs 

into 3 classes: class 1 includes solvents that are known or suspected human carcinogens 

as well as environmental hazards. Class 1 solvents should be avoided if possible. Class 2 

solvents include solvents that are non-genotoxic animal carcinogens or possible causative 

agents of irreversible toxicity (i.e. neurotoxicity) as well as significant but reversible 

toxicities. Class two solvents are to be limited in final formulations. Class 3 solvents are 

solvents with low toxic potential to man such that no specific exposure limit is required. 

Class 3 solvents have permitted daily exposure levels of 50 mg or more per day. Table 

1.3 outlines prevalent class 1, 2 and 3 solvents used in pharmaceutical applications. It 

should be noted that these residual solvent guidelines do not apply to new chemical 

entities, excipients or drug products during clinical research stages of development 

(Dwivedi 2002). 

 

1.3.5.2 Analytical Determination of Residual Solvent Levels 

 

If only class 3 solvents are used during production, non-specific methods such as 

loss on drying may be used for quantitation of residual solvent. This includes LOD 

apparatus analysis as well as TGA described above. When class 1 or 2 solvents have been 

used their residual levels must be quantitated by a specific means. The USP 32/NF 27 
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specifies gas chromatography with flame-ionization detection (GC-FID) as the preferred 

method of detection and quantitation. Additionally, it is specified that a 0.32 mm x 30 m 

fused-silica column coated with a 1.8 µm layer of phase G43 be used for analysis. This 

may be substituted with a 0.53 mm x 30 m wide bore column coated with a 3.0 µm layer 

of phase G43. Carrier gasses of nitrogen or helium are acceptable. It is stated that the 

column temperature be maintained at 40°C for 20 minutes and then raised at 10°C/min to 

240°C. This temperature is then held for 20 minutes. Injection port and detector 

temperatures of 140°C and 250°C are specified respectively. Additional methods such as 

GC-mass spectroscopy have been employed however due to the low molecular weights of 

many of the listed solvents such methods have proven difficult and only qualitative with 

quantitation limited (Mulligan 1995; Pavon 2006). 

 

The USP provides reference standard solutions for class 1 and 2 solvents (USP 

Class 1 Residual Solvents Mixture RS and USP Residual Solvents Class 2 – Mixture A 

RS) which can be used for system optimization and method development. 

 

Headspace analysis is the preferred sampling technique for GC analysis. In head 

space analysis the sample is placed in a sealed vial and equilibrated at elevated 

temperatures. The temperatures must be high enough to allow for evolution of the bound 

solvent without combustion or damage to the material under analysis especially for 

materials which evolve gasses upon decomposition. An aliquot of the evolved gas phase 

is then injected for analysis. During sample preparation it is often necessary to grind the 
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powder such that the internal area of the formulation is exposed. This process however 

can lead to solvent evolution thereby leading to inaccurately low results and care must be 

taken during preparation to prevent this.  

 

A novel liquid phase extraction method was developed by (Liu and Jiang 2007). 

Using the PWS drug adefovir dipivoxil solutions were prepared by adding 100 mg of API 

to a 5mL headspace vial. The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate 

(bminBF4) was then added to each vial (2 mL) and the material dissolved. The vials were 

then crimp sealed and placed in an autosampler for analysis. GC-FID was employed for 

analysis of all samples. Indeed all 6 analyzed solvents could be identified making the 

method ideal for materials which are PWS and poorly soluble in organic solvents often 

used for liquid phase extraction such as DMSO and toluene. 

 

1.4 Stability Testing 

 

Development of PWS drugs often relies on the use of an altered drug form such as 

a less stable but more soluble polymorph or the amorphous form of the compound. While 

each of these solutions may enhance aqueous solubility they bring with them numerous 

stability issues such as conversion to a more stable polymorph, recrystallization of the 

amorphous material or reduced chemical stability. Indeed conversion to a different 

polymorph may yield drastic reductions in solubility or complete loss of therapeutic 

activity. These conversions can be exasperated in the presence of excipients or by the 
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environmental conditions of the region for distribution (Bott 2007). As such, it is 

necessary to gain a detailed understanding of the stability of the drug itself as well as all 

potential formulations throughout the development cycle.  

 

1.4.1 Stability Monitoring 

 

For stability studies of an API or formulation such as those outlined in the 

following sections samples are to be taken at designated time points throughout the study 

and the formulations analyzed for any significant changes. These changes may arise as 

loss of potency, the formation of impurities, alterations in drug form, moisture uptake or 

changes in dosage form performance (i.e. dissolution profile, color, hardness, leakage, 

brittleness, pellicle formation) and can be monitored by the solid state characterization 

methods described in previous sections or alternative analytical methods. Formulations 

which may uptake significant amounts of moisture should be analyzed for moisture 

content by Loss on Drying (LOD) studies or Karl Fischer titration (Williams 2004). Karl 

Fisher titration of PWS drugs can be performed by dissolving a known amount of the 

compound in anhydrous methanol and analyzing the solution. Alternatively, the powder 

for analysis can be added directly to the titration vessel provided it dissolves in the media 

therein (Rogers 2002). Thermally liable substances are likely to be damaged by standard 

LOD testing (typically 105-130°C). For such a material, LOD studies should be 

conducted at ambient temperatures in the presence of strong desiccants (Bizzi 2011). For 

all of these studies a deviation of 5% from initial value following storage is considered 
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significant. While dissolution testing parameters should be based on USP general chapter 

711, solid state characterization methods must be optimized for the formulation at hand 

as described above to ensure adequate assessment of stability.  

 

Validation or development of analytical methods capable of detecting impurities 

or degradation products is essential for new formulations or new chemical entities. Often 

times such method development will be performed concurrently with the chemical 

stability studies outlined below. Selective methods include but are not limited to High 

Pressure Liquid Chromatography (HPLC), Thin Layer Chromatography (TLC), Gas 

Chromatography (GC), Liquid Chromatography Mass Spectroscopy (LCMS), Gas 

Chromatography Mass Spectroscopy (GCMS) and Raman spectroscopy. Reflectance 

spectroscopy has proven useful for determining changes in appearance and color of solid 

dosage forms. This process may also be sufficiently selective in isolated cases to be used 

for degradation quantitation (Stark 1996). The method selected must be capable of 

separating the drug from degradation products as well as from excipients used during 

formulation. HPLC is perhaps the most widely employed analytical method for stability 

indicating assays. Belal et al. developed a reverse phase HPLC method for quantification 

of quetiapine as well as its two degradation products, quetiapine N-oxide and quetiapine 

lactam. Chromatographic conditions included a mobile phase composed of acetonitrile 

and 0.02 M phosphate buffer (50:50) at pH of 5.5 with a flow rate of 1 mL/min and 

detection at 254. Separation was achieved using a 250 mm x 4.6 mm i.d., 5 µm particle 

size Zorbax SB-Phenyl column. This method proved sufficient for quantification of drugs 
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and degradation products in both tablets and human plasma samples. For additional 

examples of stability indicating assay method development, especially regarding HPLC, 

the reader is referred to (Cuiping 1993; Stanisz 2006; Ahuja 2007; Belal 2008; 

Corrandini 2011). 

 

1.4.2 Chemical Stability 

 

Prior to studying formulations of a given compound it is imperative that the raw 

drug component’s stability be assessed. While the above mentioned analytical techniques 

such as DSC and TGA can be used to identify degradation or transitions at elevated 

temperatures, the influence of moisture is absent from these studies. As such suspensions 

of the PWS drug under study should be prepared at multiple pH values similarly to the 

solubility studies previously described and analyzed for degradation, polymeric 

conversions, recrystallization of amorphous material and the dissociation of salt forms of 

APIs. For a detailed understanding of potential reaction pathways and kinetics thereof the 

reader is referred to (Waterman and Adami 2005). For example, the 2 metastable 

polymorphs of mebendazole were studied to understand the interconversion between 

polymorphic forms in the following manner: 500 mg of the polymorphs were placed in 

glass vials, half of which also contained water, the vials sealed and placed at 5, 50 or 

100°C. Samples were removed at predetermined time points over a 75 hour period and 

analyzed by XRD and DRIFT-IR for transformations. Indeed it was found that in the 

absence of moisture even elevated temperatures of 100°C did not induce crystal 
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transformations. However, the samples containing drug suspended in water at elevated 

temperatures demonstrated partial conversion of form B to C after 25 hours. Additionally 

it was found that suspensions of form C stored at 100°C converted entirely to form A 

within 50 hours (Brits 2010). A lack of understanding of such phenomenon can lead to 

processing difficulties during development. For example, dissociation of the salt form of 

an API to the free base can occur upon moisture uptake or introduction to the system. 

Using in line Raman spectroscopy it was shown that the extended exposure to moisture 

during the wet granulation process employed prior to tableting of an experimental 

compound led to significant dissociation of the hydrochloride salt yielding the free base 

(Williams 2004).  

 

The ICH has set forth multiple guidelines regarding stability testing of APIs. 

Photostability studies must expose samples to an overall illumination of ≥ 1.2 million lux 

hours and ≥ 200 watt hours/square meter of near UV energy. Control samples protected 

by aluminum foil or a similar means must be placed next to the exposed samples to 

ensure authenticity (ICH guideline Q1B). Following the ICH guidelines the photostability 

of fexofenadine hydrochloride was assessed via exposure to 1800 watt hours/m2 of UV 

light and demonstrated a reduction in potency of 43% (Bhalekar, Shete et al. 2010). The 

ICH also outlines stress testing requirements for determination of potential degradation 

pathways including acidic/alkali degradation, oxidative degradation and thermal 

degradation (ICH guideline Q1A). Such studies can be conducted on drug powders, 

suspensions or solutions. Valsartan and amlodipine were studied for these 4 degradation 
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pathways in the following manner: 1 mL of 0.1 M HCl (acidic degradation), 0.1 M NaOH 

(alkali degradation) or 3% H2O2 was added to 9 mL of drug solution (final concentration: 

16 µg/mL) and allowed to stand at ambient conditions for 24 hours. A solution of 

identical concentration in water was placed at 50°C and allowed to stand for 24 hours. 

Following the 24 hour period samples were analyzed by a validated HPLC method for 

degradation products. Results demonstrate that valsartan degraded at elevated 

temperatures and in the presence of hydrogen peroxide while amlodipine was degraded 

under all conditions (Chitlange 2008). Ezetimibe was placed under similar stress 

conditions, however in order to achieve a desired 0.5 mg/mL solution 30% acetonitrile 

was added to each vial under study (final solution 70:30 H2O:ACN). In this case the 

acidic (0.1 M HCl), neutral (water) and alkali (0.1 M NaOH) solutions were heated to 

80°C and held for 8 hours to reduce the duration of the study. This was repeated at 40°C 

as well. Oxidative studies were carried out under 3 and 20% hydrogen peroxide solutions 

at room temperature for 24 hours. Photodegradation was assessed in water and 1 M HCl 

by exposing the solutions to sunlight for 2 days (60,000-70,000 lux). In this study the 

bulk drug powder was also studied for thermal liability via exposure to dry heat: 50°C for 

45 days and 60°C for 7 days. These studies revealed the primary degradation pathway to 

be alkaline hydrolysis (Singh, Singh et al. 2006). Knowledge of the potential degradation 

pathways of an API will greatly aid the formulation scientist ensuring processes which 

may induce degradation are avoided. Studies such as these should be carried out 

concurrently with or prior to solubility studies to ensure the solubility values obtained are 

not skewed by degradation. 
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1.4.3 Stability Testing Conditions 

 

Stability testing of potential formulations of an API must be performed to 

understand the synergistic influence of environmental conditions and time on the dosage 

form. Indeed a stable API can become unstable in the presence of another material as 

exemplified in the carbamazepine:stearic acid example provided in the section regarding 

XRD, or in the presence of moisture or elevated temperatures as shown above (Bott 

2007).  

 

The ICH has set guidelines (ICH Q1A (R2)) for stability testing of formulations 

relative to the intended storage conditions upon distribution as well as geographical 

region for distribution. This includes products intended for storage at room temperature, 

in a refrigerator, or in a freezer. Table 1.4 outlines the storage conditions to be used for 

short term, long term and accelerated stability tests based on the intended storage location 

of the final product. Long term studies must be conducted on 3 primary batches if an 

NDA is to be filed and must cover a 12 month period. If the proposed shelf life is greater 

than 12 months the stability study must be continued for the duration of the expected 

shelf life. Accelerated conditions are often employed during preformulation studies as the 

timeline is significantly shortened however such a study is supplemental to and does not 

replace the long term storage data. Indeed the elevated conditions of accelerated stability 

testing can induce changes which may not occur under normal storage. If any significant 
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change occurs over the 6 month storage period at accelerated conditions, an intermediate 

study must be conducted as well (Gad 2008).  

 

Tests should be carried out in the container identical to that intended for 

distribution. This has led to a revision of the proposed conditions for stability testing to 

include conditions for semipermeable containers. In this case testing temperatures are 

identical to those provided in Table 1.4 however relative humidity values are altered such 

that long term storage is carried out at 40% RH (35% RH if 30°C is selected for testing) 

intermediate testing is set to 65% RH, and accelerated conditions employ no more than 

25% RH.  

 

For systems that are amorphous the Tg of the formulation must be strongly 

considered when selecting testing conditions. Indeed accelerated conditions may employ 

temperatures near or above the Tg of a product yielding alterations in physical form and 

complicating data interpretation. Improper selection of temperatures at or above the Tg of 

a system may lead to under-prediction of the shelf life of a product (Duddu 1996). 

Amorphous systems which have a high Tg however do not necessitate the selection 

special conditions and can be studied under the accelerated conditions outlined in Table 

1.4 (Lakshman 2008).  

 

Following development of indomethacin into coprecipitates and solid dispersions 

with Eudragit® polymers with subsequent tableting of the formulations stability studies 
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were conducted at -20, 4, 37, 45 and 55°C with relative humidity values of 11, 51 and 

91%. Tablet samples were removed from storage at intervals of 1 month over a six month 

period and tested for transformations by XRD and DSC as well as for changes in 

dissolution profiles using rotating basket dissolution apparatus.  Indeed storage at 

extremely low temperatures as well as elevated temperatures in a humid environment 

slowed the dissolution rates of the drug (Khan 2000). Solid state characterization 

demonstrated this was likely due to an increase in crystallinity of the product. A similar 

study utilized 10 tablets per container with 2 containers per storage condition (4, 25, 37, 

45, 55°C, and 37°C with 11, 51 and 91% RH). Nine tablets were removed at time points 

of 0.5, 1, 3, 6, 9 and 12 months and characterized by XRD and DSC and tested for 

dissolution properties (Goskonda 1998). Tablets however may not be the intended final 

formulation as is the case with solid dispersions which can be filled into capsules. In this 

instance the formulation should be assessed for stability in powder form. For example, 

DiNunzio et al. placed 2 grams of solid dispersion powder into 30 mL high density 

polyethylene bottles which were then induction sealed. Samples were placed under 

accelerated storage conditions (40°C, 75% RH). At time intervals of 1, 3 and 6 months 

samples were removed and tested for crystallinity. The samples were allowed to 

equilibrate to room temperature for 24 hours prior to analysis. It was shown that 

formulations containing a plasticizer (Tg = 54°C) exhibited recrystallization under 

accelerated conditions while formulations lacking the plasticizer (Tg = 101°C) did not 

(DiNunzio 2010). 
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1.5 Dissolution Testing 

 

As mentioned, BSC Class II APIs are limited in their bioavailability based on 

their dissolution rate or extent. Therefore many formulators attempt to overcome this 

barrier by generating systems capable of achieving solubilization significantly higher 

than the intrinsic solubility of the compound (i.e. supersaturation). The ability to achieve 

supersaturation in physiological relevant medias can indeed be a strong indicator of 

enhancement of bioavailability. However this can only truly be confirmed by 

transitioning optimized formulations into animal models. 

 

Dissolution studies are often carried out under sink conditions however for many 

PWS drugs such conditions cannot be met due to the extremely high volumes of 

dissolution media that would be required. As such, studies using sink conditions will not 

be discussed, rather the focus of the following sections will be on supersaturation studies 

and in vivo studies of optimized formulations 

 

1.5.1 Dissolution Studies 

 

1.5.1.1 Sample Handling 

 

During dissolution testing samples will be taken at various time points to assess 

drug release from and supersaturation ability of the formulation. Proper handling of these 
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samples ensures accuracy in the assay used to assess drug in solution. Filtration is a 

widely used technique for removing undissolved materials, both drug and insoluble 

excipients, from the analytical sample. This is done by placing a withdrawn dissolution 

sample in a syringe and passing through an attached syringe filter. Filter sizes often used 

in literature are 0.45 µm, 0.22 µm, and 0.1 µm with the syringe size selected based on the 

withdrawn sample size. A wide variety of filter membrane materials exist for this 

application including but not limited to nylon, hydrophilic and hydrophobic 

polytetrafluoroethylene (PTFE), poly-vinylidene fluoride (PVDF), and cellulosics such as 

cellulose acetate (Okazaki 2008; Ferrari 2009; Tho, Liepold et al. 2010; Xia 2010). 

 

Prior to use in dissolution studies it is important to assess filter membrane 

compatibility with the API and sampling solution. Indeed drug adsorption to the filter 

membrane can lead to inaccurately low results. Additionally membrane degradation in 

the presence of solvents used may allow the passage of undissolved drug into the 

analytical sample which may dissolve upon dilution yielding inaccurately high results. To 

validate a filter an API stock solution of known concentration is prepared in the media(s) 

to be used during dissolution testing.  Aliquots of the stock solution are then filtered and 

diluted and compared to a diluted unfiltered sample. If the filtered sample displays 98-

102% recovery of the API the filter is considered acceptable (Fortunato 2005). Such a 

method was employed for dissolution studies of the PWSD lamotrigine. A stock solution 

of lamotrigine was prepared at a concentration of 11 µg/mL in 0.1 M hydrochloric acid. 

The solution was sonicated for 15 minutes in a sonication bath to ensure complete 
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dissolution of the API. A 4 mL aliquot of the stock solution was then diluted with 0.1 M 

HCl to a final volume of 20 mL in a volumetric flask as an unfiltered control. The 

remaining solution was passed through the filter under study and a 4 mL aliquot of the 

filtrate diluted to 20 mL with 0.1 M HCl. UV spectroscopy of the filtered and non-filtered 

samples revealed less than 2% variability between the solutions indicating the filter was 

acceptable (Martins, Paim et al. 2010). Though not a PWS API, a study of 3 potential 

filters and 3 potential dissolution medias (0.01, 0.1 M HCl and pH 6.8 phosphate buffer) 

to be used during dissolution testing of citalopram was conducted in a similar manner. 

The analysis revealed that the quantitative and 0.45 µm nylon filters were acceptable for 

use during dissolution studies while the 3 µm filter under study was not (Menegola, 

Steppe et al. 2007). This method was also used in filter evaluation for dissolution studies 

on the BSC Class IV compound entacapone. In this iteration 50 mL of stock solution was 

prepared in the dissolution medium at a concentration of 44.44 µg/mL. Complete 

dissolution was ensured by sonication for 30 minutes in a sonicating bath. Samples were 

then filtered through quantitative and nylon filters and compared to an unfiltered diluted 

sample. It was found that both filters were within the limits of acceptance for use during 

the studies. Additionally it was shown that the quantity of methanol to be used for 

dilution did not alter the filter functionality (Paim 2010).  

 

In addition to membrane filter type selection, the appropriate pore size must be 

selected based on the formulation at hand. Following solubility studies of fenofibrate in 

bio-relevant medias, Juenemann et al. analyzed the dissolution of nanosized formulations 
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of the API. Filters of various pore sizes were assessed and the 24 hour fenofibrate 

concentrations obtained via dissolution studies were compared to the 24 hour solubility 

study data. It was shown that pore sizes of 0.45 or 0.2 µm yielded concentrations higher 

than those obtained during solubility studies while pore sizes of 0.1 µm or less generated 

concentrations similar to those of the solubility studies. Indeed the colloidal fenofibrate 

was too fine to be withheld by filters of larger pore sizes which, upon sample dilution 

with solvents, resulted in apparent supersaturation (Juenemann, Jantratid et al. 2011).  

 

If adequate recovery cannot be achieved via filtration, samples may be 

centrifuged instead and the supernatant sampled for analysis. In the above mentioned 

study regarding lamotrigine a stock solution was centrifuged at 3000 rpm for 10 minutes. 

A 4 mL aliquot of the supernatant was then diluted to 20 mL in dissolution media. The 

remaining supernatant was filtered and a 4 mL aliquot of the filtrate diluted to 20 mL in 

dissolution media. Samples were analyzed via UV spectroscopy and revealed less than 

2% variability. This confirms the acceptance of the filter to be used as well as the 

potential for centrifugation in place of filtration. While centrifugation may be used as a 

reference during filter analysis, it can also be used for sample purification in place of 

filtration. This can be employed when an acceptable filter cannot be identified due to 

membrane interactions (Fortunato 2005). To ensure adequate sedimentation of all 

particulates present, high-speed centrifugation is employed. For example centrifugation at 

14,000 rpm for 10 minutes was used for dissolution sample preparation for capsule 

dissolution studies of an experimental compound (Zhao 2009). Dissolution studies 
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performed directly in the centrifuge tube (discussed below) have been subjected to 

rotation at 13,000 x g for 1 minute prior to sampling to ensure adequate sedimentation 

(Friesen 2008).  

 

1.5.1.2 Excipient Screening for Supersaturation Maintenance Ability 

 

The ability to achieve supersaturation is highly promising in regards to increasing 

bioavailability. However, the ability to maintain supersaturation can prove even more 

beneficial. APIs with pH dependent solubilities may rapidly precipitate from solution 

upon transition from the stomach to the intestine. Therefore, prevention of this 

formulation collapse may allow greater time for absorption and increased bioavailability. 

A novel approach in the screening of excipients capable of maintaining supersaturation 

has been presented by Vandecruys et al. (Vandecruys 2007). In this method, various 

excipients of interest were dissolved at a level of 2.5% w/v in 10 mL of the 

corresponding medias of interest; 0.01 N HCl, USP pH 4.5 buffer, USP pH 6.8 buffer or 

water. Separately, various drugs of interest were dissolved at a concentration of 50-100 

mg/mL in N,N-dimethylformamide (DMF) or dimethylacetamide (DMA). For a given 

test, the desired dissolution media containing the excipient to be studied was placed under 

magnetic stirring and equilibrated to 37°C. The selected API solution was then added 

drop-wise to this stirring media until a precipitate was just noticeable visually. Samples 

were then taken at 5, 30, 60 and 120 minutes following the completion of drug addition, 

filtered, and analyzed for drug content via UV spectroscopy. Application of this method 
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to excipient blends may allow for an even deeper understanding of the formulation 

requirements for the maintenance of supersaturation. 

 

The above method was adapted in the screening of various HPMC grades for their 

ability to supersaturate itraconazole in neutral media (intrinsic solubility ~1-5 ng/mL). In 

this iteration, 75 mg of the excipient was dissolved in 1 L of pH 6.8 phosphate buffer. 

Itraconazole was separately dissolved in 1,4-dioxane at a concentration of 18.75 mg/mL. 

Following equilibration of the dissolution media to 37°C a 2 mL aliquot of the 

itraconazole solution was added to the dissolution vessel and samples were withdrawn at 

5, 10, 15, 30, 45, 60, 90, 120, 180, 240, and 1440 minutes. Withdrawn samples were 

immediately passed through a 0.2µm filter and diluted 1:1 with mobile phase (70:30:0.05 

acetonitrile:water:diethanolamine) and subsequently analyzed for itraconazole 

concentration utilizing HPLC (DiNunzio 2010). Application of the method identified 

HPMCAS grades as the most promising and these polymers were subsequently used in 

the production of solid dispersions. 

 

1.5.1.3 Supersaturation Dissolution Studies 

 

Following production of lead formulations their ability to achieve supersaturation 

must be assessed. This can be accomplished by adding an amount of formulation to a 

dissolution vessel such that the amount added contains an excess amount of drug relative 

to the intrinsic solubility thereby upon complete dissolution a theoretical level of 
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supersaturation is achieved. For example, in a study of HME itraconazole formulations, 

180 mg of milled extrudate (containing 60 mg itraconazole) was added to each 

dissolution vessel. Assuming complete dissolution this amount corresponds to 80 µg/mL 

representing 20x supersaturation (intrinsic solubility under acidic conditions: 4 µg/mL) 

(Miller 2008). A similar work employs itraconazole at a level equivalent to 10x 

equilibrium solubility (DiNunzio 2010). In a separate work 7 mg of tacrolimus 

formulations were added to 100 mL small volume dissolution vessels containing acidic 

media corresponding to 28x the equilibrium solubility of the native API (Overhoff 2008). 

Using identical conditions, the ability to maintain supersaturation upon pH transitions 

was assessed by transitioning the pH of the dissolution media to 6.8 via addition of 

appropriate amounts of 0.2 M Na3PO4.  

 

Such studies are not limited to supersaturation of GI media. Using simulated lung 

fluid containing 0.02% dipalmitoylphosphatidylcholine and small volume (100 mL) 

dissolution vessels, 100 µg of itraconazole in a colloidal dispersion corresponding to 

100x equilibrium solubility was added in the assessment of a nanostructured formulation 

for inhalation. In fact, it was shown that the formulation was capable of achieving 27x 

supersaturation versus crystalline itraconazole (Yang 2008). 

 

Crucial to each of these studies is the prevention of precipitation in the withdrawn 

samples, which can lead to inaccurately low results, as well as accidental solubilization of 

withdrawn particulates yielding positive deviations. To prevent these occurrences, 
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removed samples must be treated immediately upon withdrawal as discussed above and 

diluted with an appropriate organic solvent, such as the mobile phase employed in the 

aforementioned screening studies. Analysis of the diluted samples via a specific method 

such as HPLC can be utilized on the diluted samples and the determined concentration 

adjusted for dilution via minor calculations.  

 

Additional methods not employing a dissolution apparatus have also been used in 

supersaturation dissolution testing. Curatolo et al. developed two novel approaches for 

assessing supersaturation ability. In the first method, 7.5 mg of a formulation was placed 

in an empty disposable 10 mL syringe. A 20 gauge needle was attached and used to draw 

10 mL of model fasted duodenal fluid at 37°C into the syringe. The needle was then 

removed, a 13 mm, 0.45 µm filter attached and the syringe shaken for 30 seconds. 6 

drops were then expelled as waste followed by collection of 13 drops as a sample. The 

plunger was then pulled back to introduce an air bubble and promote mixing, and the 

syringe with attached filter was placed on a rotating wheel in a temperature controlled 

box held at 37°C to mix. Sampling was then repeated in the identical manner at various 

time points. All samples were diluted with mobile phase to prevent precipitation. 

 

In a second method by the same group 1.8 mg of the formulation was placed into 

an empty microcentrifuge vial and 1.8 mL of model fasted duodenal fluid added. The 

tube was then vortex mixed for 60s and then allowed to stand for 6 minutes without 

disruption. Following the equilibration period the sample was centrifuged at 13000 x g 
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for 60s. A sample of the supernatant was then taken. Following sampling the vial was 

vortexed for 30 seconds to resuspend the material and allowed to stand for a designated 

period of time. At the next set time point the material was again centrifuged and sampled 

as described previously (Curatolo 2009). All samples were diluted 1:1 with mobile phase 

upon withdrawal to prevent precipitation. No filtration was applied as centrifugation 

removed all particulate matter from the sampling media. 

 

1.5.1.4 Alternative Dissolution Studies 

 

The use of bio-relevant dissolution medias such as simulated lung, gastric and 

intestinal fluids may provide stronger in-vitro-in-vivo correlations and more accurate 

predictions of formulation performance. However, the use of such fluids introduces new 

molecular variables into solution. For example, fasted state simulated gastric fluid 

comprises sodium taurocholate, lecithin, pepsin, sodium chloride and hydrochloric acid 

while simulated the lung fluid previously mentioned contains 0.02% 

dipalmitoylphosphatidylcholine (Vertzoni 2005). A detailed discussion including 

instructions on the preparation of various simulated intestinal fluids can be found in 

Jantratid et al. 2008 (Jantratid, Janssen et al. 2008). Two concerns are raised during the 

use of such dissolution media. First, upon dissolution multiple species may form in 

solution. Friesen et al. describes 7 potential species based on size that may form upon 

dissolution of a polymeric formulation in such media. These include free/solvated drug, 

drug in bile-salt micelles, free/solvated polymer, polymer colloids, amorphous 
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drug/polymer nanostructures, small aggregates of amorphous drug/polymer 

nanostructures, and large precipitates (Friesen 2008). As the free drug is the primary 

absorbed species and of chief concern during dissolution studies such systems require 

unique handling during drug analysis to ensure no interference from undesired 

components. Filtration as described above has proven sufficient in separating undissolved 

drug from simulated fasted state intestinal fluids and certain gastric fluids. However more 

complex medias may require additional steps. For example, a study in milk based media 

required preliminary filtration of undigested samples through a 5.0 µm nylon filter 

followed by dilution with acetonitrile (protein precipitation), centrifugation at 4000 rpm 

for 10 minutes at 8°C, and final filtration of the supernatant through 0.45 µm regenerated 

cellulose filters. Similarly, digested samples were first centrifuged under the above 

conditions to separate the aqueous phase from not only the undissolved drug but also the 

digested and lipid phases. Aqueous phase samples were then diluted with acetonitrile and 

re-centrifuged with subsequent filtration through the aforementioned 0.45 µm 

regenerated cellulose filter (Fotaki, Symillides et al. 2005).  It should also be noted that 

lipid based formulations require centrifugation to remove non-emulsified lipid droplets 

prior to aqueous phase sampling (Jantratid, Janssen et al. 2008).  

 

The implementation of dialysis methods for dissolution studies minimizes the 

need for sample handling. As dialysis membranes with specified molecular weight 

cutoffs can be used such that only solubilized drug is able to pass through, subsequent 

filtration or centrifugation are not required. It is recommended that filtration still be 
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carried out on samples however to remove any potential external contaminates such as 

dust which may enter the sampling media during lengthy studies. Dialysis dissolution has 

been used on micellar solutions of paclitaxel (molecular weight cut off of 3,500) by 

loading the membrane bag with the solution and placing it in 20 mL of phosphate 

buffered saline (pH 7.4). The media was held at 37°C and agitated by an orbital shaker at 

160 rpm. Sampling was performed by complete dissolution media removal and 

replacement with fresh PBS. Dissolution was allowed to continue for 30 days (Yang, Wu 

et al. 2009). Similarly, 5 mL of a suspension of chitosan nanoparticles in pH 7.4 buffer 

was placed in a dialysis bag and placed in pH 7.4 buffer reception media. Agitation by 

orbital shaking (110 rpm) was applied and samples were taken at predetermined time 

points by complete media replacement (Syam 2010). It should be noted that dialysis 

methods may require equilibration periods depending on the formulation. Indeed drug 

nanoparticles placed in a dialysis bag exhibited significantly lower dissolution rates 

compared to basket and paddle methods over the initial 60 minute time period (Heng, 

Cutler et al. 2008). 

 

BSC Class II compounds are characterized by a higher degree of permeability 

than dissolution rate making the dissolution rate the limiting factor in bioavailability. In 

order to more accurately depict the in-vivo performance of such drugs, biphasic 

dissolution studies have been developed which provide an absorptive sink via a 

partitioning approach (McAllister 2010). In such studies the dissolution media is 

composed of a bio-relevant aqueous phase as well as an organic phase such as octanol. 
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The dissolution rate will therefore dictate the amount of drug available in solution for 

partitioning into the organic phase. Advantages of biphasic dissolution studies include 

prevention of accumulation of the drug in the aqueous phase which may lead to crashing 

out phenomena and no post sampling handling to eliminate undesired species as the 

partition process acts as a filter. In a study by Shi et al. a USP Apparatus II vessel was 

filled with 250 mL of 80 mM phosphate buffer (pH 6.8) and 200 mL of octanol. A 

standard USP II paddle was modified with a secondary paddle to allow agitation of both 

the aqueous and organic phases. The formulation to be tested was placed in an external 

flow through cell and the aqueous dissolution media was circulated through the cell by 

means of a piston pump and Teflon tubing (Figure 1.9). Pre-optimized parameters of 75 

rpm paddle speed and 30 mL/min pump flow rate were used during testing as 

unpublished data demonstrated they provide the strongest in-vitro-in-vivo correlations. 

Samples were taken from both the aqueous and organic phases at predetermined time 

points (Shi, Gao et al. 2010). A similar study has been performed in a USP Apparatus II 

dissolution vessel not incorporating the external flow through cell. Here 500 mL of a 

sodium dihydrate phosphate buffered aqueous phase and 100 mL of n-octanol we placed 

in a dissolution vessel held at 37°C and the formulation to be studied placed directly in 

the dissolution vessel. Uniquely, an automated pH titration and controlling device was 

placed in the vessel to apply a pH gradient over the duration of the test. During analysis, 

the pH was initially held at 2 for 1 hour mimicking gastric conditions. The media was 

then adjusted to pH 5.5 within five minutes to simulate gastric emptying into the upper 

intestine. At 5 hours the pH was adjusted to 6.8 where it remained for the duration of the 



 69

study to simulate transit through the lower GI. Sampling was performed on both aqueous 

and organic phases at predetermined time points. The solubility of the compounds tested 

was significantly higher in acid than either basic media or n-octanol. Therefore 

dissolution profile analysis reveals a significant amount of drug in solution while acidic 

conditions were held. However following pH adjustment, the aqueous solubility dropped 

markedly. The presence of the organic phase allowed maintenance of sink conditions and 

prevented precipitation within the aqueous phase (Heigoldt, Sommer et al. 2010).  

 

1.5.2 In Vivo Testing 

 

The above outlined in vitro testing allows the researcher to select lead 

formulations based on their performance in dissolution testing. However these studies are 

only indicative of performance, not absolute, as the physiological environment is far 

more complex than the conditions used in the laboratory. Though simulated biological 

fluids such as the model fasted duodenal fluid and simulated lung fluid mentioned above 

allow for a closer approximation to in vivo conditions, in order to truly understand the 

ability of a formulation to provide enhanced bioavailability of a poorly water soluble 

compound animal models must be employed.  

 

Unfortunately there is no single surrogate animal species acceptable for all in vivo 

testing requiring selection of the appropriate model by the researcher. Selection of the 

appropriate animal model will depend on numerous factors; however in all cases the 
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smallest viable model should be used. Some factors influencing the choice of model 

should include the dose size, route of administration, required surgeries, the number of 

blood draws, and whether or not a cross over design is to be used. Rat models are often 

used for single and multiple oral dose pharmacokinetic studies as multiple blood draws 

can be taken without significant risk of anemia. Rat models however are inappropriate for 

cross over studies as their growth rate is too rapid to allow for proper comparison of 

bioavailability between formulations. In such a case a larger model such as a canine 

model may be required. Regardless of the model chosen, the protocol to be carried out 

must be approved by an institutional review board (IRB) and be in accordance with the 

Institutional Animal Care and Use Committee (IACUC; if applicable) or similar 

governing body at the location of the study. The following examples describe 

experimental protocols for both oral and inhalation studies of PWS drugs including 

information on dosing methods and sampling protocols, focusing on rodent models. 

Extraction methods for blood and tissue analysis will not be presented. 

 

1.5.2.1. Administration via Inhalation 

  

The surface area of the distal airway is approximately 102 m2 while the 

conducting airways is only 2-3 m2, allowing for much greater contact with the inspired 

gas or therapeutic aerosol (Patton 1996). Additionally the thickness of the cell layer 

which makes up the respiratory region is progressively reduced from approximately 60 

µm in the upper airway, to sub-micron thickness in the alveoli (Patton 2007). Similarly, 
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the fluid layer at the cell surface decreases from 8 µm to approximately 70 nm in direct 

correlation with the decrease in cell thickness. These factors, coupled with the lack of 

digestive enzymes and bypass of first pass metabolism, make pulmonary delivery an 

attractive route of delivery for PWS drugs.  

 

In an effort to allow passive inhalation of a drug aerosol a whole body chamber 

was designed which allowed up to 14 mice to be dosed simultaneously. The solution or 

dispersion to be administered could be nebulized directly into the chamber exposing the 

unrestrained animals to the dose. Restraint during dosing may lead to physiological 

changes such as temperature regulation and can adversely affect an in vivo study. 

Therefore elimination of the restraint may regulate rodent physiology reducing variability 

in received dose. The whole body apparatus was employed in the study of nebulized 

itraconazole nanoparticle dispersions. Using 10 mice the formulation was first assessed 

for dose uniformity and it was shown that whole body exposure yielded a variation of 

13% relative standard deviation (Figure 1.10). An in vivo study was then conducted to 

determine the lung concentration and residence time of the nebulized itraconazole. Three 

groups of 14 mice each were exposed to the aerosol generated by a 20 mg/mL dispersion 

for 20 minutes. Following dosing, 2 mice were sacrificed at time points of 0.5, 1, 2, 4, 6, 

10 and 24 hours, the lungs harvested, itraconazole extracted and the concentrations 

normalized for weight (i.e. µg/g lung tissue). As can be seen in Figure 1.11 significant 

drug levels could not only be achieved but also maintained following administration via 

inhalation (McConville 2005; McConville 2006). A similar study utilizing the same 
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apparatus demonstrated enhanced bioavailability of itraconazole amorphous 

nanodispersions, with both lung and blood (cardiac puncture) samples being taken at each 

sacrifice time point (Yang 2008). 

 

While restraint-free whole body dosing may provide the advantages of dosing 

many animals at once and minimizing stress to the animal, one must consider the fact that 

these units provide whole body exposure. Therefore, drug absorption through dermal and 

ocular routes as well as the oral route as the animals may consume drug deposited on 

their fur during grooming is possible. This last fact may not be influential when looking 

strictly at lung deposition, however it will be crucial for biodistribution studies as the oral 

dose may be selectively cleared by a specific organ (i.e. kidney or liver) (Phalen 1984; 

Roy 2003). 

 

To limit whole body exposure and prevent potential oral, dermal and ocular 

exposure, nose-only dosing chambers have been developed for rodent models. These 

include commercial tower units in which rodents are attached perpendicular to the air 

flow. The generated aerosol flows vertically downward across the subjects’ noses and the 

restrained animals passively breathe it in. A custom built laboratory scale unit was used 

in a pharmacokinetic study of inhaled amorphous colloidal dispersions of itraconazole. 

Pre-catheterized (jugular vein) Sprague-Dawley rats were restrained using nose-only 

restraints (Battelle) and connected to a horizontal chamber such that only the nose of each 

rodent was inside the chamber. The dispersion was then nebulized with a circulating fan 
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provided a constant airflow of 1 L/min to propel the generated aerosol horizontally 

through the system and the attached rats were allowed to passively inhale the aerosol for 

10 minutes. Animals were then returned to their cages and blood draws were taken 

through the jugular vein catheter at 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12 and 24 hours post 

dosing. Collected samples were placed in pre-heparinized tubes to prevent clotting. 

Lungs were harvested from two rats immediately after each dosing to assess lung 

deposition, with all others being sacrificed and lungs harvested at 24 hours (Yang 2010).  

It should be noted that prior to any dosing the animals must be acclimated to the restraints 

over a period of days to prevent any significant physiological changes during dosing 

resulting from stress. 

 

While nose-only dosing chambers have proven effective for assessment of 

pulmonary formulations, deposition can occur in the upper airways as well as around the 

mouth. While this is likely to be only minor external deposition, there is still a risk of an 

oral dose as a result of grooming and potential poor deposition due to rodent activity 

within the restraining device. To avoid deposition in the upper airway or oral cavity a Dry 

Powder Insufflator (DPI), such as that offered by Penn-Century (Figure 1.12) can be used 

to administer a dry powder formulation directly to the lungs of an animal. Using an 

attached syringe to generate air flow, the powder under study can be expelled 

intratracheally for deep lung deposition. Such a device was used on anesthetized rats (via 

diethyl ether) to deliver 5 mg of PLGA nanocomposite particles loaded with TAS-103, a 

PWS antitumor agent. Following dosing, blood was collected at 0.5, 1, 2, 4, and 8 hours 
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through the retro orbital plexus region. Withdrawn blood was then centrifuged at low 

temperature (5°C) for 10 minutes and a sample of the supernatant collected for 

subsequent plasma concentration analysis. Lung tissue was also harvested for deposition 

analysis (Tomoda 2009). Another study examined pulmonary delivery utilizing the same 

device. Using a dose of 10 mg/kg, scutellarin was loaded into the tip of the DPI, attached 

to a syringe and inserted into the trachea of the anesthetized rat. Depression of the syringe 

plunger produced the aerosol for delivery directly to the lungs. This pulmonary powder 

formulation was compared directly to intratracheal administration of a solution using a 

Penn-Century Model IA-1B with a volume of 1 mL/kg. In both cases the animals were 

held in the upright position for 1 minute following removal of the delivery device to 

ensure deposition (Liu 2008). It should be noted that the dose administered in the above 

studies is much greater than a dose receivable by a murine model. To accommodate for 

the necessary reduction in dose, 200-300 µg of powder was loaded into polyethylene 

tubing (1 cm in length) by dipping the tubing directly in the dry powder. This loaded tube 

was then inserted in the hole leading from the insufflator chamber to the cannula and a 

syringe was attached. 250 µL of air was used to during dosing to disperse the powder. If 

necessary, additional puffs of air at identical 250 µL increments were used to disperse the 

material from the device (Morello 2009). Additional studies using DPIs have proven 

successful in additional animal models including guinea pigs (Sung 2009) and Beagle 

dogs (Surendrakumar 2003). 

 

1.5.2.2 Oral Administration 
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The oral route of administration is highly desired for an end formulation due to 

high patient compliance and ease of administration. However the gastrointestinal tract 

presents numerous obstacles preventing successful oral delivery including environments 

of varied pH, reactive enzymes and biological clearance systems. These factors combined 

with limited aqueous solubility make oral delivery of PWS drugs especially challenging 

(O'Donnell 2011). As discussed above, many formulators are attempting to generate 

systems capable of supersaturating the GI milieu in an effort to overcome bioavailability 

issues associated with poor aqueous solubility. While these systems may prove promising 

during in vitro supersaturation studies, success upon in vivo application must be 

determined via animal modeling. 

 

As PWS drugs are often not formulated as solutions, administration to the animal 

model via the oral route relies upon the dosing of powder formulations. This can be 

accomplished using a size 9 capsule and corresponding dosing syringe such as those 

offered by Torpac and Capsugel. Assuming a powder density of 1 g/cc these capsules 

hold up to 25 mg of powder and dissolve within the rodent stomach within 10 minutes. 

These capsules have been utilized for low density amorphous solid dispersions of 

tacrolimus prepared by ultra-rapid freezing. A nominal dose of 5 mg/kg was dosed to 

male Sprague-Dawley rats (300 gram rats; approximately 1.5 mgs/capsule) using the size 

9 gelatin capsules from Torpac. In order to ensure adequate GI media was present for 

dissolution of the capsule and that no esophageal sticking had occurred 0.4 mL of water 
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was immediate given via oral gavage following capsule administration. As these rats 

were pre-catheterized, blood draws could easily be taken at 0.5, 1, 1.5, 2, 3, 4, 6 and 24 

hours post dose. At each sampling time point the withdrawn blood was replaced with 

heparinized normal saline (6 units/µL) (Overhoff 2008).  In a study of the PWS drug 

letrozole a rat model was selected utilizing both male and female rats. The drug was then 

administered in one of 3 ways: oral gavage, orally via a Torpac size 9 capsule, or IV 

infusion via the ophthalmic venous plexus. For capsule administration, an amount of 

formulation equivalent to 1.0 mg API was placed in the capsule and administered orally. 

Similar to the previously discussed study, a bolus of water (500 µL) was provided 

following administration of the capsule. Oral gavage was performed by generating a 

suspension of the native compound in a 12.5% aqueous ethanol media to yield a 

suspension. Sonication provided adequate dispersion of the material immediately prior to 

dosing. The test formulations for oral gavage were made into solutions using the same 

12.5% aqueous ethanol media. IV dose solutions were prepared into 1 mg/mL solutions, 

filtered through a 0.45 µm filter, and immediately dosed. In order to generate a 

comparable IV dose of the native compound, the API was first dissolved in DMSO, and a 

300 µL aliquot of this stock solution was diluted to 10 mL using saline to yield a 0.297 

mg/mL solution. This was then filtered and dosed. Contrary to the precatheterized rodents 

from the previous study, tail-vein collection of blood samples was performed using mini-

capillary blood collection tubes pretreated with EDTA di-potassium salt. Samples were 

stored at -80°C until analysis (Wempe, Buchanan et al. 2007). Figure 1.13 depicts the 

pharmacokinetic profiles of the IV vs. capsule administered API in the presence and 
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absence of HBenβCD. As can be seen a drastic difference in bioavailability was observed 

for male vs. female rats depicting the importance of not only proper species selection but 

gender selection thereof. 

 

For PWS drugs in which a solution cannot be prepared for oral gavage and a 

capsule is not capable of holding a sufficient dose, a suspension or dispersion can be 

prepared as was done with the native letrozole. As previously mentioned, the 

bioavailability of itraconazole is significantly hindered by its poor aqueous solubility, 

especially upon pH transition to neutral media. Therefore supersaturating the neutral 

media of the GI following stomach emptying may enhance bioavailability. Formulations 

of itraconazole with polymeric stabilizers were prepared by HME and dosed to male 

Sprague-Dawley rats at a nominal dose of 30 mg/kg. Dosing was performed by preparing 

an aqueous dispersion of the formulations immediately prior to dosing such that a 400 µL 

aliquot contained 9 mg API. This dispersion was then provided via oral gavage and blood 

draws taken through a jugular vein catheter. Indeed these formulations provided a 3-fold 

increase in itraconazole absorption (Miller 2008). In a similar study engineered particles 

of itraconazole were dispersed in deionized water at a concentration of 4 mg/mL and 

dosed by oral gavage. Unique to this study is the comparison of the engineered material 

to the marketed multiparticulate capsule formulation, Sporonox. As the marketed 

capsules are far too large to be dosed to a rodent, 10 capsules were opened and the 

potency per pellet determined. An appropriate number of pellets to reach a dose of 15 

mg/kg were then place in a size 9 capsule and dosed with the corresponding syringe. 
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Indeed the novel particle formulation outperformed the marketed product providing a 

significant improvement in bioavailability (Figure 1.14) (DiNunzio 2008). If a method is 

to be used in which the drug is dispersed in a liquid carrier it is important to understand 

the maximum volume that can be dosed to the selected species without interrupting GI 

function. For example, doses should be kept below 4 mL/kg in rat models to prevent 

spontaneous release through the pyloric sphincter (Alban 2001). 

 

1.6 Conclusions 

 

In order to optimize the formulation of a poorly water soluble drug it is imperative 

to gain an understanding of the physical and chemical nature of the compound. This can 

be accomplished through preformulation studies including solubility screenings, solid 

state characterization, dissolution testing and in vivo studies. Proper application of these 

methods as described above will aid the formulation scientist in directing the 

development of a poorly water soluble compound in the most promising direction. 
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Solvent Concentration limit (PPM) 

Class 1 Solvents 

Benzene 2 

Carbon Tetrachloride 4 

1,2-dichloroethane 5 

1,1-dichloroethene 8 

1,1,1-trichloroethane 1500 

Class 2 Solvents 

Acetonitrile 410 

Chlorobenzene 360 

Chloroform 60 

Cyclohexane 3880 

1,2-dichloroethene 1870 

Dichloromethane 600 

1,2-dimethoxyethane 100 

N,N-dimethylacetamide 1090 

N,N,-dimethylformamide 880 

1,4-Dioxane 380 

2-Ethoxyethanol 160 

Ethyleneglycol 620 

Formamide 220 

Hexane 290 

Methanol 3000 

2-Methoxyethanol 50 

Methylbutyl ketone 50 

Table 1.3 – Residual Solvent levels in pharmaceutical products. Reproduced from 
ICH Guideline Q3C (R4). 
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Methylcyclohexane 1180 

N-Methylpyrrolidone 530 

Nitromethane 50 

Pyridine 200 

Sulfolane 160 

Tetrahydrofuran 720 

Tetralin 100 

Toluene 890 

1,1,2-trichloroethene 80 

Xylene 2170 

Class 3 Solvents 

Acetic Acid Heptane 

Acetone Isobutyl acetate 

Anisole Isopropyl acetate 

1-butanol 3-Methyl-1-butanol 

Butyl acetate Methylethyl ketone 

Tert-butylmethyl ether Methylisobutyl ketone 

Cumene 2-Methyl-1-propanol 

Dimethyl sulfoxide Pentane 

Ethanol 1-Pentanol 

Ethyl Acetate 1-Propanol 

Ethyl ether 2-Propanol 

Ethyl Formate Propyl Acetate 

Formic Acid  

 

Table 1.3 – Continued 
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Stability Study Type Stability Storage Conditions Minimum Time Period 

Covered by Data at 

Submission (Months) 

Marketed API Intended for Room Temperature Storage Conditions 

Long Term 25°C ± 2°C/60% RH ± 5% RH  
or  
30°C ± 2°C/65% RH ± 5% RH 

12 

Intermediate 30°C ± 2°C/65% RH ± 5% RH  6 

Accelerated 40°C ± 2°C/75% RH ± 5% 

RH 

6 

Marketed API Intended for Storage in Refrigerator 

Long Term 5°C ± 3°C 12 

Accelerated 25°C ± 2°C/60% RH ± 5% 

RH 

6 

Marketed API Intended for Storage in Freezer 

Long Term - 20°C ± 5°C 12 

 

Table 1.4 – Stability testing conditions for products with various intended storage 
conditions. 
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Chapter 2: Research Objectives 

 

2.1 Overall Objective 

 

 In the past decade the number of new chemical entities in drug development 

pipelines displaying poor aqueous solubility has increased dramatically. For compounds 

which are not limited by permeability related issues, overcoming the solubility related 

issues can result in a significant improvement in bioavailability creating the need for 

novel processing and formulation methods, including the production of solid dispersions. 

The primary objective of the work herein was to improve the drug loading of solid 

dispersions through processing technologies, specifically: to generate high drug loaded 

solid dispersions via a cryogenic technology while assessing an alternative post 

production solvent removal technique, and to utilize these amorphous compositions to 

supersaturate a polymeric carrier during fusion production of solid dispersions through 

Kinetisol® Dispersing.  

 

 In the first research study, discussed in Chapter 3, solid dispersions of the poorly 

water soluble compound phenytoin were prepared at significantly higher drug loadings 

than have been previously reported. The solid dispersions were prepared by the cryogenic 

process of Thin Film Freezing utilizing either a hydrophilic or amphiphilic polymeric 

stabilizer to maintain the drug in the amorphous state. The solid state properties of these 
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materials were assessed and in vitro dissolution testing was performed to determine the 

improvement in aqueous solubility compared to the unprocessed drug. 

 

 The process of Thin Film Freezing requires the use of large quantities of organic 

solvents during production. While this solvent removal can be achieved via 

lyophilization, the economic and time burdens of lyophilization create the need for an 

alternative method of solvent removal. Therefore in the second research study, discussed 

in Chapter 4, the alternative solvent removal process of atmospheric freeze drying was 

explored in order to determine the influence of various process parameters on the 

resulting powders. Using itraconazole as a model compound, drug solutions were frozen 

by Thin Film Freezing and subsequently dried by either atmospheric freeze drying or 

lyophilization. The resulting powders were then characterized for differences in solid 

state properties, with a focus on chargeability as the drying method clearly influenced the 

extent to which the powders interacted electrostatically with their surroundings. 

 

 The production of solid dispersions often requires the use of a low drug loading 

for a successful product. While polymers can be selected to improve drug loading, a 

polymer with desirable characteristics in regards to product performance may be 

neglected during development due to drug loading limitations. Therefore, in Chapter 5, 

the amorphous compositions described in Chapter 3 were utilized in an attempt to 

supersaturate a polymeric carrier during the fusion production of solid dispersions to 

improve drug loading capabilities. The fusion production process Kinetisol® Dispersing 
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was utilized in order to generate the solid dispersions of phenytoin in 

hydroxypropylmethylcellulose – acetate – succinate. Solid dispersions produced with the 

amorphous compositions as well as solid dispersions produced with previously 

unprocessed materials were studied for differences in solid state properties and in vitro 

dissolution performance. 

 

 The results of the work within this dissertation demonstrate that the linking of 

these technologies may be highly beneficial in the production of solid dispersions. It is 

desired that the results herein aid in improving the drug loading and production of solid 

dispersions of poorly water soluble compounds for the improvement of bioavailability.   
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Chapter 3: High Drug Loaded Amorphous Solid Dispersions of a High Melting 

Point Drug in Hydrophilic and Amphiphilic Polymeric Carriers Produced by Thin 

Film Freezing 

 
3.1 Abstract 

 

High drug loaded amorphous solid dispersions of the high melting point 

hydrophobic drug phenytoin (PHT) were prepared by Thin Film Freezing (TFF) utilizing 

PVPVA64 as a hydrophilic polymeric carrier or Soluplus® as an amphiphilic polymeric 

carrier. Screening studies demonstrated that a drug:polymer ratio of 3:1 resulted in an 

amorphous product for both polymers while lower levels failed to do so. Solutions 

containing up to 10% total solids content processed by TFF maintained amorphicity for 

both polymers. DSC analysis revealed a glass transition temperature (Tg) of 18.35°C for 

PHT. Tgmix values of 22.01°C and 23.60°C were observed for the 3:1 PHT:PVPVA64 and 

PHT:Soluplus® TFF products respectively which are in close agreement to theoretical 

values obtained via the Gordon-Taylor equation. In addition Tg values for polymer rich 

domains and drug rich domains were observed indicating particle separation during 

freezing. Contact angle analysis revealed similarly high values for both TFF formulations 

due to surface composition similarities as a result of the high drug load. Supersaturated 

dissolution studies demonstrated the PVPVA64 TFF products to be capable of achieving 

supersaturation of PHT in 0.1 N HCl. In contrast, TFF PHT:Soluplus® failed to achieve 

even equilibrium solubility. Additionally, dissolution of the physical mixture resulted in a 
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reduction in the equilibrium solubility over the duration of the testing period. 

Solubilization studies indicate this phenomena is occurring as the components are 

undergoing dissolution simultaneously prior to micelle formation as blending of PHT and 

Soluplus® solutions did not result in drug removal from solution. Thin Film Freezing is 

capable of generating a high drug loaded amorphous solid dispersion of the high melting 

point drug phenytoin utilizing the hydrophilic polymer PVPVA64 or the amphiphilic 

polymer Soluplus® as a stabilizing agent.  

 

3.2 Introduction 

 

It was reported in 2002 that approximately 40% of new chemical entities (NCE) 

in drug development pipelines are poorly water soluble (Lipinski 2002) however recent 

reports indicate this number has grown substantially to nearly 90% (Hauss 2007). For 

those which fall into the Biopharmaceutics Classification System (BCS) Class II (low 

solubiliy; high permeability) (Amidon 1995) this low aqueous solubility severely limits 

the compound’s bioavailability. Therefore the formulation scientist must identify 

methods capable of increasing the active pharmaceutical ingredient (API) solubility or 

dissolution rate in order to achieve therapeutic and reproducible concentrations within the 

blood and thus a successful drug product.  

 

Conventional formulation approaches for increasing an API’s aqueous solubility 

or dissolution rate include the generation of a salt form of the API, formulation into oil 
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solutions, or formulation into aqueous solutions employing co-solvents, wetting agents or 

complexing agents to hold the drug in solution (Merisko-Liversidge 2003). While these 

may be met with some success, each formulation based approach is limited by the API’s 

physicochemical properties; i.e. the molecule must be appropriately sized to fit within the 

complexing ring of β-cyclodextrin (Wang 2009) or be ionizable for salt generation 

(Serajuddin 2007). 

 

Alternative to these conventional methods, particle size reduction techniques or 

alterations in surface morphology may be employed to yield improved dissolution rates. 

The Noyes-Whitney equation describes the dissolution velocity as: 

 

 

 

Where dW/dt is the dissolution rate, A is the surface area, C is the API 

concentration in the bulk dissolution media, Cs is the concentration of the API in the 

diffusion layer at the solid liquid interface, D is the diffusion coefficient and L is the 

diffusion layer thickness. A substantial reduction of particle size, or the formation of a 

porous network, will significantly increase the surface area of a given pharmaceutical 

powder thereby increasing the surface area value, A, in the equation resulting in 

increased dissolution velocities (Junghanns 2008; Lenhardt 2008). Furthermore, a 

substantial decrease in particle size will yield an increase in the dissolution pressure 
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resulting in higher saturation solubilities (Cs) again improving the dissolution velocity 

(Mosharraf 1999).  

 

Additional approaches have focused on rendering the API amorphous in nature to 

improve solubility as the high free energy associated with the amorphous state can result 

in an increased saturation solubility and dissolution rate (Yu 2001). However, the 

amorphous state is metastable in nature with a potential to undergo recrystallization 

(Matsumoto 1999). In order to prevent this conversion amorphous materials have been 

stabilized via formulation into solid dispersions using various polymeric and 

nonpolymeric materials for stabilization (Leuner 2000; Van den Mooter, Wuyts et al. 

2001). Such formulations impart an antiplasticizing effect on the amorphous compound 

yielding an increase in the glass transition temperature thereby reducing molecular 

mobility (Mashru, Sutariya et al. 2005; Chawla 2008; Konno 2008; Lakshman 2008). 

However, in order to achieve adequate stabilization these solid dispersions are often 

produced with a low drug load requiring a large dose to ensure therapeutic efficacy.  

 

In the past decade, Thin Film Freezing (TFF) has emerged as a technology 

capable of generating amorphous nanostructured solid dispersions of multiple drugs 

including tacrolimus, bovine serum albumin, itraconazole, repaglinide and lysozyme 

(McConville 2006; Overhoff 2007; Purvis 2007; DiNunzio 2008; Engstrom 2008; Yang 

2008; Tam 2010; Watts, Peters et al. 2011) The solid dispersions have been formulated 

with various polymeric and non-polymeric carriers for stabilization of the material in the 
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amorphous state and have proven capable of generating dissolution enhancement and 

improved bioavailability. Indeed TFF has proven successful at producing formulations 

employing a high drug loading thereby limiting the amount of material necessary per 

dose. For example itraconazole has been formulated with enteric polymers with drug 

loadings of 60% resulting in single phase systems while drug loadings of 70% resulted in 

2-phase systems exhibiting drug rich domains (Overhoff 2007). 

 

Phenytoin (PHT) is an antiepileptic compound with a concentration dependent 

half-life used in the treatment of generalized tonic-clonic and partial seizures (Al-

Humayyd 1996; Leppik 2006) as well as for treatment of heart rhythm disturbances 

(Dylag 2004). As a weak organic acid it displays very poor aqueous solubility directly 

resulting in erratic and low bioavailability (Barillaro 2008). In order to overcome this, 

approaches including synthesis of derivatives, particle size reduction through milling, 

complexation, and formation of solid dispersions using a variety of carriers have been 

performed (Fujii 1988; Tanino 1999; Franco 2001). PHT is a highly crystalline 

compound which displays a melting temperature of approximately 295-299°C and 

decomposes upon melting making its formulation into amorphous solid dispersions 

difficult (Thakur and Gupta 2006) especially at high drug loadings. Indeed traditional 

methods such as the melt method have proven unsuccessful at reducing the compound’s 

crystallinity and yielding the high energy state (Stavchansky 1984).   
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As a hydrophobic API, the formulation of PHT into a solid dispersion with a 

hydrophilic polymer was shown to greatly facilitate dissolution (Barillaro 2008), however 

as mentioned these formulations rely on low drug loading levels. This in turn results in 

large dose requirements for the patient which can increase the half-life drastically 

resulting in improper blood level maintenance. It has been shown that high melting point 

drugs exhibit poor absorption compared to lower melting point compounds and that this 

phenomenon may be dose dependent furthering the need for a dose reduction while 

maintaining adequate dissolution (Chu 2009). Due to the extremely rapid freezing rate of 

the TFF technology, it may be possible to formulate a solid dispersion of PHT and a 

hydrophilic carrier via TFF and utilize the advantages of amorphicity and extremely high 

surface areas that are characteristic of TFF powders to provide greatly enhanced 

dissolution of the API without the need for large quantities of the polymeric carrier. 

Alternatively formulation with an amphiphilic polymer may aid in product performance 

as the hydrophobic region can stabilize the amorphous drug whilst the hydrophilic 

portion facilitates wetting and promotes dissolution. The amphiphilic graft copolymer 

Soluplus® was designed for applications in hot melt extrusion, however its application in 

spray drying indicates that solvent removal techniques may be employed without risk of 

damaging the polymer’s functionality. Therefore, the aim of the present work was to 

generate an amorphous nanostructured PHT powder using the minimum amount of 

hydrophilic stabilizing polymer necessary to achieve stabilization to improve dissolution. 

Additionally, a novel amphiphilic graft copolymer Soluplus® was explored for its ability 



 136

to be processed cryogenically and to stabilize amorphous PHT in a solid dispersion to 

enhance dissolution.  

 

3.3 Materials  

 

Phenytoin (PHT) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

HPLC grade methanol and ACS grade 1,4-Dioxane were purchased from Fisher 

Scientific (USA). Soluplus® (polyvinyl caprolactam-polyvinyl acetate-polyethylene 

glycol graft copolymer) and PVPVA64 (Fine Grade) were gifts from BASF 

(Ludwigshafen, Germany). Eudragit® L100-55 and RLPO were donated by Evonik 

(Piscataway, NJ, USA). HPMC E15 was a gift from The Dow Chemical Company 

(Midland, MI, USA). 

 

3.4 Methods 

 

3.4.1 Thin Film Freezing 

 

For each batch prepared during polymer screening a 2% w/v drug solution was 

prepared by dissolving the appropriate amounts of drug and polymer in 25 mL of 1,4-

dioxane under magnetic stirring. Each solution was then frozen drop wise on a rotating 

cryogenic substrate, the temperature of which was controlled (-60°C ± 3°C) via an 

internal liquid nitrogen feed. The surface temperature was monitored in real time via a 
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DiGi-Sense® Type K thermometer (Cole-Parmer Instrument Company, Vernon Hills, 

IL). Frozen discs were removed from the substrate by means of a stainless steel blade 

mounted against the surface and collected into liquid nitrogen. The collection trays were 

then covered with a laboratory Kimwipe (Kimberly-Clark Co., Roswell, GA), placed in a 

-80°C freezer until nitrogen boil off was completed, and lyophilized as described below. 

Stabilizing polymer concentrations of 5, 10, 15, 20 and 25% w/w relative to the total 

solids content in the formulation were screened for the ability to stabilize PHT in the 

amorphous state. For formulations containing HPMC E15 a 1% w/v solution of the 

polymer in cold deionized water was first prepared under magnetic stirring for 24 hours. 

An aliquot of this solution was then added to the dioxane:PHT solution to achieve the 

desired polymer content for a given formulation. For these formulations a total solvent 

volume of 25 mL was maintained. 

 

Batches of selected formulations were produced altering the solids content in the 

feed solution. Levels of 2, 5, and 10% solids (w/v; 25 mL batch size) were prepared in an 

identical manner as described above in order to assess the influence of solids content on 

amorphicity.  

 

Selected formulations were additionally produced in which the stabilizing 

polymer was first dehydrated prior to preparation of the feed solution. Polymers were 

dried in a vented oven (VWR, Model 1305U, USA) maintained at 70°C and assessed for 
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water content at 8 and 24 hours. All polymers were dried for a minimum of 24 hours 

prior to use. 

 

3.4.2 Lyophilization 

 

TFF batches were kept in the original collection trays during drying. Following 

liquid nitrogen boil off the covered tray was placed in a VirTis Advantage bench top tray 

lyophilizer (The VirTis Company, Inc., Gardiner, NY). The initial shelf temperature was 

-40°C and the condenser coil temperature was -80°C; an initial vacuum of 200 mTorr 

was employed. Initial conditions were held for 20 hours followed by a linear ramp to 0°C 

over 20 hours and corresponding vacuum reduction to 100 mTorr. A subsequent linear 

ramp to +35°C over 20 hours was employed at which point the vacuum was reduced to 

50 mTorr. This temperature and pressure were then held for 20 hours with a subsequent 

ramp to +25°C over 1 hour while maintaining a system pressure of 50 mTorr. Final 

conditions were held for a minimum of 12 hours. Upon completion of the drying cycle 

samples were removed and transferred to glass beakers, covered with a laboratory 

KimWipe, and stored under vacuum in a desiccator. 

 

3.4.3 Powder X-Ray Diffraction 

 

Powder samples were examined by wide angle powder X-ray diffraction (PXRD) 

on a Philips Model 1710 X-ray diffractometer (Philips Electronic Instruments Inc., 
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Mahwah, NJ). Samples were placed on a glass stage and analyzed in the 2Θ range of 5 to 

45° with a step size of 0.1° and a dwell time of 2 seconds. Data analysis was performed 

on Jade software, version 9.0 (Materials Data, Inc., Livermore, CA). 

 

3.4.4 Modulated Differential Scanning Calorimetry 

 

Modulated differential scanning calorimetry (DSC) testing was performed on a 

TA Instruments Model 2920 DSC (New Castle, DE) with data analysis carried out using 

TA Universal Analysis 2000 software. Samples of TFF powders (5 ± 2 mg) were 

prepared by filling a tableting die (6mm id x 22mm long) with the TFF powder. The 

powder was then manually compressed with the resulting compact placed and weighed in 

an aluminum-crimped pan (Kit 0219-0041, Perkin Elmer Instruments, Norwalk, CT). 

Bulk and physical mixture samples were prepared by directly adding powder to the 

aluminum-crimped pan (5 ± 2 mg). For all samples testing was conducted from 0 to 

300°C at a ramp rate of 10°C/min with a modulation of 1°C and a modulation frequency 

of 60 seconds. All samples were run under nitrogen purge at a flow rate of 40 mL/min. 

 

3.4.5 Loss on Drying 

 

Moisture loss on drying was assessed on an MF-50 Moisture Analyzer (A&D Co., 

Tokyo, Japan). For a given polymer 2-3 grams of powder was evenly distributed on the 

aluminum sample pan. The temperature was rapidly ramped to 105°C and held until 
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constant weight was achieved. Moisture loss was recorded as a percent weight loss from 

the initial sample weight.  

 

3.4.6 True Density 

 

True density values were determined on a Micrometrics AccuPyc 1330 helium 

pycnometer (Micrometrics, Norcross, GA). Powder samples were weighed directly into 

the sample chamber until approximately two thirds of the volume was filled. Samples 

were purged 4 times with dry helium at 19.85 psi with 3 subsequent analytical runs at 

19.85 psi. Equilibration was achieved at a rate of 0.005 psi/min. 

 

3.4.7 Scanning Electron Microscopy (SEM) 

 

Powders morphologies were imaged using an FEI Strata DB235 scanning electron 

microscope (Hillsboro, OR). Samples were mounted on an aluminum stage by means of 

conductive carbon tape without any pressure applied to the added particles. Adhered 

powders were then sputter coated with 60:40 Pd:Au for 2 minutes, placed within the 

SEM sample holder, and imaged at various magnifications. 

 

3.4.8 Contact Angle Measurement 
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Contact angle measurements were taken on a Ramé-Hart model 100-00115 

goniometer (Mountain Lakes, NJ) with corresponding Olympus TGHM optical light 

source operating at an output level of 5. Compacts were prepared on a Carver hydraulic 

press (Model 4350 L, Wabash, IN) using a 13 mm die and an applied force of 2500 lbs. 

All measurements were made in duplicate. 

 

3.4.9 Specific Surface Area 

 

Specific surface area values for the produced powders were determined on a 

Monosorb BET surface area analyzer (Quantachrome Instruments, Boynton Beach, FL).  

Samples (~10mg) were carefully added to the glass BET vessels and degassed under 

nitrogen purge for 24 hours at 30°C. The system was calibrated each day prior to 

analysis. Samples were then analyzed by automated single point BET using an adsorptive 

gas mixture of He:N2 (70:30). All samples were analyzed in triplicate. 

 

3.4.10 Supersaturated Dissolution 

 

Supersaturation dissolution testing of the TFF powders, physical mixtures and 

bulk drug were performed in 0.1 N HCl on a Varian VK7010 dissolution apparatus with a 

paddle speed of 50 rpm. A VanKel VK7500 bath heater maintained the dissolution media 

temperature at 37.5°C. Approximately 84 mg of TFF powder or 63 mg of bulk API was 

added directly to the dissolution media (~2X supersaturation) and samples were taken by 
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means of a Vankel VK 8000 autosampler with attached 10 µm filters on the sample ports 

(Varian, Inc., Palo Alto, CA) at time points of 15, 30, 45, 60, 120, 240, 360 minutes 

without media replacement. The withdraw samples were immediately filtered through a 

Millex-HV filter (Millipore, Billerica, MA, USA) (0.45 µm) and diluted 1:1 with HPLC 

grade methanol. Diluted samples were transferred to 1 mL HPLC vials and phenytoin 

was quantified via HPLC analysis as described below. 

 

3.4.11 Solubilization 

 

Solubilization of PHT in the presence of Soluplus® was assessed in 0.1 N HCl. 5 

mg of PHT was added to a 200 mL volumetric flask. Approximately 150 mL of 0.1 N 

HCl was added to the flask and sonicated for 30 minutes. The flask was then cooled to 

room temperature and brought to volume. This was then placed on an environmental 

shaker and held at 37°C at 120 rpm for 24 hours. A solution containing 1.25 mg of 

Soluplus® was made in an identical manner. A third flask was prepared containing 5 mg 

of solid PHT and 1.25 mg of solid Soluplus® without preblending of the powders. 

Following equilibration, 5 mL of each solution was filtered through a 0.45 µm filter. A 1 

mL aliquot of the PHT solution and the PHT/Soluplus solution were individually diluted 

1:1 with methanol (n=3 for each) and the concentration determined by HPLC as 

described below. Additionally, 1 mL of the PHT solution was blended with 1 mL of the 

Soluplus® solution, vortex mixed, diluted 1:1 with methanol, and the concentration 
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determined by HPLC (n=3). 3 Additional blended samples were prepared and allowed to 

equilibrate on the environmental shaker for 24 hours prior to HPLC analysis.  

 

3.4.12 High Performance Liquid Chromatography (HPLC) 

 

The HPLC method was adapted from Miller and Strom as described by Xu and 

Trissel (Miller 1988; Xu 2003). Dissolution and solubilization study samples were 

analyzed on a Waters (Waters Corporation, Milford, MA) HPLC system comprised of 

binary Waters 515 HPLC pumps with inline degasser, a Waters 717plus Autosampler, 

and a Waters 996 photo diode array. A Waters Sunfire 5 µm C18, 250 mm x 4.6 mm 

HPLC column with corresponding Sunfire guard column was employed as the stationary 

phase. The mobile phase consisted of 60:40 methanol:water with an isocratic flow rate of 

1.25 mL/min. A 20 µL aliquot of the diluted dissolution sample was injected via the 

autosampler and detection was performed at 245 nm.  

 

3.5 Results 

 

3.5.1 PXRD 

 

PXRD revealed that a polymer content of 20% or below during production did not 

stabilize PHT in the amorphous state as indicated by the presence of characteristic 

crystalline peaks in the diffraction pattern (Figure 3.2). At a polymer content of 25% both 
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Soluplus® and PVPVA64 successfully stabilized PHT in the amorphous state as 

evidenced by the absence of any characteristic crystalline peaks while Eudragit® RLPO, 

L100-55, and HPMC E15 failed to do so (Figure 3.3).  

 

PXRD analysis of the 25% polymer batches also revealed that incomplete solvent 

removal by the lyophilization process resulted in product inconsistency with some 

batches displaying minor crystallinity. Additionally, the water content of the polymers 

prior to freezing proved influential in regards to crystallinity with the high water content 

of PVPVA 64 resulting in minor crystallinity in some samples. All polymers were 

therefore dried in an oven at 70°C for 24 hours prior to use. For both PVPVA 64 and 

Soluplus® this resulted in a water content of less than 1% (Table 3.1). This in addition to 

application of the drying scheme described in the methods section ensured complete 

solvent removal and resulted in consistent amorphous products.  

 

Analysis of formulations consisting of 25% w/w dehydrated Soluplus® or 

PVPVA64 in which the solids content of the feed solution was altered revealed 

amorphous halos for solids contents of up to 10% indicating maintenance of amorphicity 

regardless of the solids content in the feed solution (Figure 3.4A and 3.4B). Both the 3:1 

PHT:PVPVA64 and 3:1 PHT:Soluplus® were stable for > 2 weeks when stored in a 

desiccator, however after 1 month of storage minor crystalline diffraction peaks were 

observed. 
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3.5.2 DSC 

 

DSC analysis was performed on samples which were determined to be amorphous 

by PXRD. Analysis of the reverse heat flow signal of the bulk API revealed a melting 

endotherm at 296.67°C which is in agreement with the reported literature values of 295-

299°C. Analysis of the heat flow signal revealed rapid decomposition of the bulk API 

following melting (Figure 3.5A). The 3:1 PHT:PVPVA64 formulation displayed 2 glass 

transition temperatures (Tg) at 18°C and 62°C. An alteration of the scan parameters to 0-

50°C at 2°C/min (1 second modulation, 60 second frequency) revealed an additional Tg at 

22.01°C (data not shown). The 3:1 PHT:Soluplus® formulation also displayed two glass 

transition events, the first at 23°C and the second at 75°C (Figure 3.5B). The 

characteristic melting endotherm was present for both the TFF PVPVA64 and Soluplus® 

formulations. Additionally, an exothermic recrystallization event was observed for both 

the 3:1 PHT:PVPVA64 and 3:1 PHT:Soluplus® formulations at 122°C (Figure 3.5C). 

 

3.5.3 Contact Angle Measurements 

 

Contact angle measurements were taken for bulk PHT, PVPVA64 and Soluplus®, 

as well as the products obtained via 2% and 10% solids in the feed solution for both 

stabilizing polymers. The contact angles of PTH alone, PVPVA64 alone, TFF PVPVA64  

10% solids content and TFF PVPVA64 2% solids content were 93.5°, 36°, 60°, and 
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60.75° respectively. The contact angles for Soluplus® alone, TFF Soluplus® 10% solids 

content and TFF Soluplus® 2% solids content were 63.5°, 65.5°, and 63.5° respectively.  

 

3.5.4 SEM 

 

Scanning electron microscopy was performed on powders prepared using 2% 

solids content in the feed solution or 10% solids content in the feed solution for each 

stabilizing polymer to assess differences in powder morphology. Regardless of the 

stabilizing polymer used, products obtained from a 2% solids feed solution displayed a 

porous network characteristic of TFF powders. This was also the case for the products 

obtained with a feed solution containing 10% solids when PVPVA64 was used as the 

stabilizing polymer, though more surface features were apparent for this formulation. In 

contrast, powders prepared using Soluplus® as a stabilizing polymer and 10% solids 

content in the feed solution resulted in a unique surface morphology. While a high degree 

of porosity was maintained, the pore structure appeared horizontally elongated with an 

influence in horizontal layering within the powder and regions lacking porosity (Figures 

3.6A-3.6D).  

 

3.5.5 Dissolution 

 

Figure 3.7 depicts PHT concentration/Equilibrium concentration as a function of 

time for TFF PHT stabilized with PVPVA 64 manufactured with 2% or 10% solids 
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content in the feed solution, as well as the physical mixture of the two components and 

the bulk drug (error bars equivalent to ± standard deviation). Analysis of the area under 

the dissolution curve (AUDC) (Table 3.3) shows a rank order of performance of TFF 2% 

> Physical Mixture > TFF 10% > Bulk PHT. Both bulk PHT and the physical mixture of 

PHT:PVPVA 64 3:1 yielded an observed dissolution Cmax of 30 ug/mL (Ceq). In contrast 

the 2% and 10% solids content formulations yielded observed dissolution Cmax values of 

41.89 and 37.96 µg/mL respectively (1.40 and 1.27 times equilibrium solubility, 

respectively). 

 

Figure 3.8 depicts the PHT concentration/Equilibrium concentration as a function 

of time for TFF PHT stabilized with Soluplus® manufactured with 2% and 10% solids 

content in the feed solution, as well as the corresponding physical mixture and bulk API. 

AUDC analysis revealed a rank order of performance of Bulk PHT > TFF 2% > Physical 

Mixture > TFF 10%. The TFF 2% and TFF 10% formulations yielded Cmax values of 

28.10 and 21.51 µg/mL (0.94 and 0.72 times equilibrium solubility, respectively). The 

observed dissolution Cmax of the bulk drug and physical mixture were 30 and 20.89 

ug/mL respectively (1 and 0.70 times equilibrium solubility, respectively) (Table 3.3).  

 

3.5.6 Solubilization Assessment 

 

PHT dissolved in 0.1 N HCl in the absence of Soluplus® via sonication and 

equilibration on an orbital shaker for 4 hours yielded a concentration of ~23 µg/mL. 
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When aliquots of the PHT and Soluplus® solutions were blended together at a 1:1 ratio 

(1:4 Soluplus:PHT w/w), no reduction in PHT concentration was observed for either 

freshly blended samples, or samples equilibrated for 24 hours at 37°C. The solution in 

which both PHT and Soluplus® were solubilized together (1:4 Soluplus:PHT w/w) 

yielded a PHT concentration of ~12 µg/mL. No precipitates were observed in the blend 

of presolubilized materials. The solution in which the materials were dissolved together, 

though containing undissolved drug was clear and did not appear turbid. 

 

3.6 Discussion 

 

Amorphous solid dispersions have proven highly successful in achieving rapid 

dissolution and supersaturation compared to the native crystalline API or physical blends 

of the API and excipients. However these systems often contain low drug loading (i.e. 

15%) resulting in a large quantity of powder being necessary for a therapeutic dose 

(Okonogi 2006). For example, at drug loadings of 5 or 10% solid dispersions of naproxen 

in PEG 6000 demonstrated greatly improved dissolution enhancement which was reduced 

at higher drug loadings due to partial crystallinity indicating the lower loaded formulation 

to be more desirable in the final dosage form (Lin 1996). Similarly, ritonavir in PEG 

8000 required a drug:polymer ratio of 1:9 to achieve 100% release indicating a large 

quantity of product will be necessary for each dose (Law, Krill et al. 2001). While these 

systems have success at the lab scale the additional mass of the excipients formulated 

with the low drug loaded solid dispersion during dosage form development may prevent 
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production of a dosage form of acceptable size (Leuner 2000; Sinha, Ali et al. 2010). 

Therefore the generation of a high drug loaded solid dispersion may be highly beneficial 

in regards to both the amount of powder required per dose and that required in the 

subsequent dosage form design. However, the generation of a high drug loaded solid 

dispersion is problematic in regards to successfully rendering the system amorphous 

since the polymer intended for stabilization is present in very limited quantities. Yet, 

hydrophobic molecules may benefit from higher drug loadings in regards to physical 

stability due to a decreased tendency to adsorb moisture (Andrews, AbuDiak et al. 2010). 

Thin film freezing has proven capable of successfully stabilizing a drug in the amorphous 

state using both low and high drug loading levels with the final product being amorphous 

with a high specific surface area (SSA). The goal of this study was to generate an 

amorphous, high SSA, solid dispersion of a high melting point poorly water soluble 

compound using a minimal amount of hydrophilic or amphiphilic stabilizing polymer to 

improve dissolution.  

 

In order to successfully stabilize PHT in the amorphous state the amphiphilic or 

hydrophilic polymeric stabilizers Soluplus® or PVPVA64 were employed at various 

drug:polymer ratios. Additionally HPMC E15, Eudragit® L100-55, and Eudragit® 

RLPO were screened for their ability to stabilize PHT as each of these polymers has 

proven successful in the production of solid dispersions. However, at polymer contents of 

up to 20% all formulations failed to stabilize PHT in the amorphous state as evidenced by 

the presence of characteristic crystalline peaks in the XRD diffraction patterns (Figure 
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3.2). At a polymer content of 25% however, PVPVA 64 and Soluplus® proved capable 

of generating an amorphous product as evidenced by the amorphous halo observed by 

XRD (Figure 3.3) and remained amorphous for products produced with up to 10% total 

solids content in the feed solution (Figure 3.4A-B). It was observed that TFF of PHT with 

PVPVA64 or Soluplus® at a 3:1 ratio and 7.5-10% solids content in the feed solution did 

not yield a consistently amorphous product. However, LOD analysis revealed a 

significant amount of water present in the bulk polymers (Table 3.1). This water may 

have remained at low levels during and following lyophilization thereby resulting in 

system plasticization and recrystallization (Hancock 1994). Therefore, the polymers were 

dried prior to use such that 1,4-dioxane was the only solvent present in the system. 

Indeed dehydration of the polymers prior to use yielded reproducible amorphous products 

for both formulations at all solids content levels. As 3:1 PHT:PVPVA64 and 

PHT:Soluplus® were the only two formulations capable of stabilizing PHT in the 

amorphous state, the remainder of the analyses and thus discussion is focused on these 

two formulations produced with the highest and lowest solids content in the feed solution. 

 

Soluplus® is an amphiphilic graft copolymer with an HLB value of 14 designed 

for solubilization enhancement of poorly water soluble drugs (Djuric 2009; Ali 2010). It 

has been used for solubilization enhancement of multiple BCS Class II compounds and 

has proven capable of forming amorphous solid dispersions via hot melt extrusion, 

Kinetisol dispersing, spray drying and electrospinning (Hughey ; Smithey ; Hardung 

2010; Hardung 2010; Onike 2010; Nagy, Balogh et al. 2011). However, in each of these 
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studies the highest drug loading used was 1:1 Soluplus®:API (Onike 2010) and no study 

has focused on cryogenic processing methods.  

 

In the present study, Soluplus® was employed at a ratio of 3:1 PHT:Soluplus® 

and solid dispersions were produced via TFF. DSC analysis of the TFF PHT:Soluplus 

product revealed two Tgs at 23°C and 75°C (Figure 3.5C). Due to the rapid degradation 

of PHT upon melting, a quench cooled sample of pure PHT could not be produced to 

directly determine the Tg of the amorphous drug alone. However, the Tg of Soluplus® has 

been reported to be approximately 70-79°C (Ali 2010; Nagy, Balogh et al. 2011) 

indicating the second Tg to be that of a highly polymer rich phase. The low value of the 

first glass transition implies that upon mixing a reduction in the Tg of the polymer should 

be observed yielding an intermediate Tg value (Tgmix) as described by the Gordon-

Taylor/Kelly-Bueche  equation and modified by the Simha-Boyer rule (Gordon 1952; 

Kelly 1961; Boyer and Simha 1973) such that: 

 

 

 

Where Tg1 and Tg2 are the glass transition temperatures of raw components 1 and 

2 and w is the weight fraction of the corresponding components. The value of K, the ratio 

of the components’ free volume, is such that: 
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≅  

 

However no intermediate Tg was observed between the two reported values. This 

leads to two plausible explanations: first, the Tg of amorphous PHT is lower than 23°C 

and the Tg at 23°C is in fact the intermediate Tgmix. However, DSC analysis of 

temperatures down to -30°C did not reveal any additional Tg values for this formulation. 

Alternatively, the two Tg values are indeed that of the drug and polymer such that nearly 

complete phase separation occurred during the freezing process. In such a case the 

amorphous nature of the system is due to steric hindrance imparted by the polymer. 

Similar to the Soluplus® formulation, two Tg values were observed for the PVPVA64 

formulations. The Tg of pure PVPVA64 is 106-108°C (Six 2004; Janssens 2008). As this 

value falls within the recrystallization event it could not directly be observed. This results 

in the lower Tg being designated as a drug rich phase due to phase separation as a result 

of the high drug load. The recrystallization of the API observed at 122°C with a 

subsequent melting endotherm confirms that phase separation occurred during the 

freezing process and particle formation and that the lower Tg value is indeed a drug rich 

domain (Overhoff 2007). By adjusting the DSC scan parameters in order to better 

visualize the lower temperature range (Craig 2007) an additional Tg value at 22°C in the 

PVPVA64 formulation was observed confirming the value of 18.35°C as that of pure 

amorphous PHT. Using a value of 18°C in the above equation for the Tg of pure PHT, a 

Tg of 75°C for Soluplus®, densities of 1.29 (Otsuka and Matsuda 1996) and 1.16 g/mL 
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for PHT and Soluplus® respectively, and weight fractions of 0.75 and 0.25 respectively, 

the theoretical Tg12 of 3:1 PHT:Soluplus® is 23.06°C. This shows that the first Tg 

observed in the Soluplus® formulation is indeed the intermediate mixing Tg. Due to the 

broad nature of Tg events associated with Soluplus® it is likely that this event overlapped 

with the Tg of the drug alone preventing its identification in this formulation. However, 

for both formulations, the presence of multiple Tg events is a strong indicator of 

inhomogeneity (Qian 2010) and their low values indicate that the products may not 

display strong physical stability against recrystallization at elevated temperatures and 

humidity (Royall, Craig et al. 1998). 

 

It has been shown that amorphous API can, at high concentrations, act as a 

plasticizer for the polymeric carrier (Lakshman 2008). Due to the extremely high drug 

load of the system and the apparent drug rich phase, the theoretical mixing Tg of the 

PVPVA64 formulation would be 23.64°C which is in strong agreement with the observed 

value of 22.01°C. Therefor the Tg of 62°C observed for the PVPVA64 formulation is 

indeed a polymer rich phase which has been plasticized by the amorphous API thereby 

lowering the observed Tg of the polymer (Janssens 2008). Though the addition of the 

vinyl acetate groups into the vinyl pyrrolidone polymer chain lowers the hygroscopicity 

of PVPVA64 compared to other PVP grades, the hygroscopic nature of PVPVA64 may 

have brought water into the system during sample handling thereby plasticizing the 

system further to yield the final observed value of 62°C (Hancock 1994; Folttmann 

2008).  
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In previous studies it has been shown that powders produced by TFF exhibit high 

specific surface areas (SSA) in addition to being nanostructured and amorphous in nature 

(Overhoff 2007; Overhoff 2007; DiNunzio 2008; Engstrom 2008; Overhoff 2008). 

Indeed the material obtained using Soluplus® as the stabilizing polymer was amorphous 

and displayed significantly increased SSAs (Table 3.2) which decreased as the solids 

content in the feed solution increased.  Previous studies with lysozyme have 

demonstrated that the level of solids in the feed solution can greatly influence the surface 

area of the final product (Engstrom 2008) and indeed for Soluplus® formulations an 18 

m2/g difference was observed between the products produced with 2 and 10% solids 

content. Products formulated with PVPVA64 exhibited a similar trend with a 23 m2/g 

difference between the 2% and 10% solids content formulations and had higher specific 

surface areas than the Soluplus® formulations at all solids content levels. SEM revealed a 

highly porous network for both formulations at a 2% solids content however it can be 

seen (Figure 3.6A-B) that the Soluplus® formulation is less porous in nature compared to 

the PVPVA64 formulation giving rise to the 10 m2/g difference in SSA values. When 

10% solids content was employed the PVPVA64 formulation remains highly porous with 

primary structures being more sheet-like in nature. In contrast, the Soluplus® formulation 

has a unique surface morphology with regions of needle-like structures and regions 

lacking porosity (Figure 3.6D). This results in a 5 m2/g difference in the SSA of the two 

products at this feed solution concentration.  

 



 155

In order to determine the influence of the stabilizing polymer on the wettability of 

the final product a comparison of the contact angle (CA) of the raw materials and 

formulations was performed. It should be noted that CA measurements should be 

analyzed relative only to the data within a single study as experimental values can differ 

greatly depending upon the collection method employed (Bormashenko 2008). This is 

exemplified by literature values for the contact angle of PHT which range from 65° to 

102° depending on the collection method (Lerk 1979; Chow, Hsia et al. 1995). The 

compaction of the powders prior to analysis was necessary to minimize the differences in 

surface roughness and porosity as these may influence the CA (Lai 2006; Dahlberg, 

Millqvist-Fureby et al. 2008; Dorrer 2008). Analysis of the individual polymers alone 

reveals a significantly lower CA for PVPVA64 versus Soluplus® indicating it as the 

more wettable of the two. Since Soluplus® is amphiphilic it is understandable that a 

higher CA will be observed due to the contribution of the hydrophobic regions. The 

contact angles between the products obtained by 2% and 10% solids content in the feed 

solution did not vary significantly for an individual formulation. While differences in 

surface morphology may alter the CA the compaction process rendered the surfaces 

morphologically similar by removing the differences in porosity and roughness observed 

in SEM. Interestingly the CA of the two formulated TFF powders was nearly identical 

with the Soluplus® TFF product being only 5° higher than the PVPVA64 counterpart. As 

PHT is present over the stabilizing polymers at a 3:1 ratio the surface composition is 

dominated by PHT. Therefore the PHT is the dominant influencing species in regards to 

the contact angle and thus wettability as it has been shown that CA of solid dispersions is 
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primarily affected by the surface composition (Dahlberg, Millqvist-Fureby et al. 2008). 

The hydrophobic/hydrophilic regions of the Soluplus® polymer are only a minor 

influence in the formulation CA. 

 

It was anticipated that the significant increase in surface area coupled with the 

amorphicity would yield enhanced dissolution rates and allow for supersaturation of 

aqueous media for both stabilizing polymers. Supersaturation dissolution studies were 

performed on powders utilizing Soluplus® and PVPVA64 as stabilizing polymers in 0.1 

N HCl in which PHT is poorly soluble. PVPVA64 is a rapidly dissolving hydrophilic 

copolymer capable of providing a stabilizing effect on a drug in solution (Six 2004) and 

as demonstrated by the low contact angle of 36° is extremely wettable. As can be seen 

from Figure 3.7, the physical mixture of PHT and PVPVA64 (Fine grade) wetted readily 

and achieved saturation solubility within 2 hours. With an average particle size of 10-20 

µm PVPVA64 is capable of making a greater number of contacts with the bulk drug 

compared to other grades thereof thereby facilitating surface wetting (Folttmann 2008) 

and generating rapid dissolution. However as can be seen supersaturation was not 

achieved as the bulk drug remained crystalline. The 2% solids formulation yielded 

saturation solubility in approximately 1 hour. However, unlike the physical mixture, the 

TFF formulation proved capable of supersaturating the dissolution media without 

precipitation due to the amorphous nature and high specific surface area of the material. 

Indeed PVPVA64 prevented precipitation of the supersaturated media over the duration 

of the study. Although supersaturation was achieved, the 10% solids formulation resulted 
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in a slightly slower dissolution rate compared to the physical mixture or the 2% solids 

TFF product while being greater than the raw drug.  Drug release from solid dispersions 

has proven to be inversely proportional to the drug content with lower drug loading 

providing more rapid release (Barillaro 2008). However in the present study the drug 

loading was maintained at 75% eliminating this as a potential cause for the difference.  

 

In addition to having a lower SSA than the 2% solids content product, it can be 

seen in Figure 3.6 that the surface of the 10% solids content product is significantly 

rougher than that of the 2%. As previously mentioned surface roughness can greatly 

influence powder wettability with increasing roughness making hydrophobic surfaces 

apparently more hydrophobic as predicted by the Wenzel model (Dorrer 2008). Therefore 

the increased roughness observed by SEM indicates the 10% solids product has a reduced 

wetting ability compared to the 2% solids product which was not observed in the contact 

angle measurements due to the compaction of the sample. This reduced wettability 

coupled with the relative reduction in SSA resulted in a slower dissolution rate, though 

still greater than that of the API.  

 

In studying the dissolution of the Soluplus® formulations it was found that TFF 

PHT stabilized with Soluplus® reached observed Cmax values below the equilibrium 

solubility of PHT alone in acid within the 6 hour study. As can be seen in the dissolution 

profiles (Figure 3.8) the bulk API achieved saturation solubility by the 6 hour time point. 

The 2% solids content TFF product proved to perform similarly to the raw drug (AUC 
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values 124 and 125 µg•hr, respectively) with an initially faster rate of dissolution as can 

be observed by the greater amount in solution through the first hour (p < 0.05 at time 

point of 15 minutes). However the statistically significant difference is gone by the 45 

minute time point. By the 2-hour time point the formulations are equivalent in 

concentration and additional dissolution time proved to favor the bulk API with a 

statistically significant difference at the 6 hour time point (p < 0.05). Interestingly, the 

physical mixture of the two components displayed a similar dissolution profile to the 2% 

TFF product and bulk API through the first hour; however after this initial period the 

dissolution began to plateau yielding an observed maximum concentration of 21.51 

µg/mL (0.72 times the equilibrium solubility). As with the PVPVA64 formulation the 

10% solids content formulation underperformed significantly compared to the 2% solids 

content formulation and in this case the bulk API as well.  

 

Since the physical mixture of PHT and Soluplus® failed to achieve 

concentrations equal to or above the equilibrium solubility of PHT alone, a study was 

conducted to assess whether Soluplus® was removing solubilized drug from solution 

through binding or micellar solubilization, or preventing it from being solubilized. The 

use of Soluplus® in spray drying seems to indicate its ability to formulate solid 

dispersions via solvent removal methods (Smithey). Thus solubilization of Soluplus® in 

a suitable solvent for TFF should not damage its functionality and is not the cause of the 

poor dissolution properties. Therefore, solutions of PHT, Soluplus®, the two solid 

components together and a blend of presolubilized PHT and presolubilized Soluplus® 
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were prepared in 0.1 N HCl as described in the methods section. It was observed that a 

blending of the presolubilized materials did not reduce the concentration of PHT from 

that of the original solution immediately following preparation or after 24 hours of 

equilibration. However, when solubilized together approximately a 50% reduction in 

PHT concentration was observed indicating that Soluplus® is interacting with PHT 

during the dissolution process and preventing it from entering solution rather than 

removing solubilized PHT.  

 

It has been demonstrated that hydrophobic groups on modified polymers, such as 

the amphiphilic polymer Soluplus®, can interact hydrophobically with hydrophobic APIs 

(Wahlgren 2009). This has been exemplified in gels in which a polymer-drug 

hydrophobic interaction occurs resulting in a reduction in the rate that drug enters 

solution (Paulsson and Edsman 2001). Soluplus® is a graft copolymer of polyvinyl 

caprolatam-polyvinyl acetate-polyethylene glycol with polyvinyl caprolactam being the 

dominant specie (Figure 3.1A) (Ali 2010). It is apparent based on dissolution and 

solubilization results that a drug-polymer interaction specific for PHT is occurring with 

Soluplus® at the time of dissolution. The present study employed PVPVA64, a block 

polymer containing vinyl acetate groups common to both polymers. As solubilization 

enhancement was observed for TFF formulations and physical mixtures of 

PHT:PVPVA64 it is unlikely that the interaction is occurring at the vinyl acetate group. 

Studies have shown that PHT dissolution can be enhanced by polyvinyl pyrrolidone and 

polyethylene glycol (Stavchansky 1984; Franco 2001; Barillaro 2008) indicating that the 
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PEG group of the Soluplus® polymer should not hinder dissolution either. Polyvinyl 

caprolactam (PCL) has a lower critical solution temperature (LCST) between 30-

35°C(Kelland, Svartaas et al. 2000). The LCST, also termed the cloud point, is the 

temperature above which a polymer precipitates out of solution (Huber, Hutter et al. 

2008). Additionally, Soluplus® has an LCST of 37°C (Ali 2010) above which it too may 

precipitate from solution. It has been shown that PCL interacts through hydrophobic and 

Coulombic interactions with hydrophobic drugs in a temperature dependent manner with 

reduced dissolution rates of those drugs at elevated temperatures (Vihola, Laukkanen et 

al. 2002). It is hypothesized that the phenyl groups of PHT (Figure 1B) strongly bind the 

PCL group of the Soluplus® molecule through hydrophobic interactions as solubilization 

occurs and prior to micelle formation. Additionally N-H•••O interactions my occur 

increasing the overall strength of the PHT:Soluplus interaction depending upon the chain 

structure of the Soluplus® molecule. Upon micelle formation (sized at 70-170 nm in 0.1 

N HCl regardless of temperature) solutions of Soluplus® appear turbid (Ali 2010; Djuric 

2011). During supersaturation dissolution testing the amount of Soluplus® present would 

yield a polymer concentration of 23 µg/mL which is significantly higher than the reported 

CMC of Soluplus® and indeed the vessels appeared turbid. Contrarily, the solubilization 

study utilized a concentration of 5 µg/mL, which upon complete dissolution would be 

below the reported CMC. These solutions did not appear turbid, however in both cases a 

reduction in equilibrium solubility was observed over the duration of the study. The 

turbidity present in the dissolution samples indicates micelle formation which would 

sequester the caprolactam ring into the hydrophobic core thus hiding it from PHT and 
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preventing the interaction. This is justified as a higher observed Cmax in the dissolution 

study was obtained versus the solubilization study, even on the shorter time scale, due to 

the Soluplus concentration being below the CMC. This indicates the interaction occurs 

between PHT and non-micellar Soluplus®. Therefore, the interaction of PHT with PCL 

at a temperature above which PCL is soluble and at the LCST of Soluplus® results in 

insoluble drug polymer aggregate formation thereby reducing the drug available for 

solubilization.  

 

As drug rich domains were present in the amorphous nanostructured material 

produced using 2% solids content in the feed solution the rate of dissolution is great 

enough to overcome the interaction between PHT and Soluplus® yielding a dissolution 

profile analogous to the raw drug. However the interaction in addition to the rough 

surface and poor wettability of the 10% solids product resulted in extremely poor 

dissolution. Based on the slope of the dissolution curve it is estimated that the 10% solids 

product would ultimately achieve saturation solubility of the API however the time 

required for achieving this was beyond the duration of the study herein.  

 

3.7 Conclusions 

 

Thin film freezing is capable of generating a high drug loaded amorphous solid 

dispersion of phenytoin utilizing the hydrophilic polymer PVPVA64 as a stabilizer. The 

TFF product proved capable of achieving supersaturation of the API whilst the physical 



 162

mixture could not. The amphiphilic graft copolymer Soluplus® was also capable of 

producing an amorphous solid dispersion when processed via TFF. This demonstrates 

ability to process Soluplus® cryogenically. Dissolution studies revealed an API-Polymer 

interaction occurring between PHT and Soluplus® which was not observed for other 

polymers in this study or reported previously in the prior art. It is hypothesized that the 

interaction is occurring at the caprolactam group on the Soluplus® polymer block 

resulting in aggregation and precipitation from solution. 
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Figure 3.7 – PHT Concentration/equilibrium concentration vs. time for formulations 
containing PVPVA64 as a stabilizing polymer. (  ) PHT:PVPVA64 TFF 
2% Solids; (   ) PHT:PVPVA64 TFF 10% Solids; (    ) PHT:PVPVA64 
3:1 physical mixture; (●) Bulk PHT 
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Figure 3.8 – Phenytoin concentration/equilibrium concentration vs. time for 
formulations containing Soluplus as a stabilizing polymer. ( ) 
PHT:Soluplus TFF 2% Solids; (   ) PHT:Soluplus TFF 10% Solids; (   ) 
PHT:Soluplus 3:1 physical mixture; (●) Bulk PHT 
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Stabilizing Polymer Moisture Content 
Prior to Drying (% 
wt.) 

Moisture Content 
Post Drying (8 
Hours) (% wt.) 

Moisture content Post 
Drying (24 Hours) 
(% wt.) 

Soluplus 3.15 0.8 0.55 
PVPVA 64 Fine 6.25 1.25% 0.4 
 

Table 3.1 – Moisture content of PVPVA64 and Soluplus® as received, after 8 hours 
and after 24 hours in a vented oven at 70°C. 
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Material  Bulk Density 

(g/mL) 
Tap Density 
(g/mL) 

Specific Surface Area 
(m2/g) 

PHT:PVPVA64 10% Solids  0.0564   0.0872  25.988  

PHT:PVPVA64 5% Solids  0.0268  0.0438  30.113 

PHT:PVPVA64 2% Solids  0.0114  0.0185  48.181 

PHT:Soluplus 10% Solids  0.0569  0.0904  20.903 

PHT:Soluplus 5% Solids  0.0268  0.0436  28.030 

PHT:Soluplus 2% Solids  0.0156  0.0262  38.669 

 

Table 3.2 – Physical properties of TFF PHT produced with varied solids content in 
the feed solution 
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Formulation AUDC (ug·hr) Cmax (ug/mL) 
PHT 125.27 30.04 
PHT:PVPVA64 Physical Mixture 171.69 30.65 
PHT:PVPVA64 TFF (2% Solids) 213.09 41.89 
PHT:PVPVA64 TFF (10% Solids) 162.90 37.96 
PHT:Soluplus Physical Mixture 100.65 20.89 
PHT:Soluplus TFF (2% Solids) 123.76 28.10 
PHT:Soluplus TFF (10% Solids) 77.53 21.51 
 

Table 3.3 – Area under the dissolution curve (AUDC) values and observed maximum 
concentrations of TFF PHT formulations under supersaturated 
dissolution testing 
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Chapter 4: Atmospheric Freeze Drying for the Reduction of Powder Electrostatics 

of Amorphous, Low Density, High Surface Area Pharmaceutical Powders  

 

4.1 Abstract 

 

Amorphous itraconazole (ITZ) was prepared by Thin Film Freezing (TFF) 

utilizing 1,4-dioxane as the solvent with subsequent solvent removal via either 

conventional tray lyophilization (ITZ LYO) or atmospheric freeze drying (ITZ AFD). 

ITZ AFD was prepared under various drying conditions to assess the influence of drying 

parameters on powder physical properties. XRD analysis confirmed that all products 

were amorphous and DSC analysis revealed that both drying processes resulted in the 

formation of the nematic mesophase of ITZ, regardless of the drying parameters. 

Scanning electron microscopy showed a larger pore size and larger agglomerate size with 

fewer fine particles (i.e. particles less than 10 microns in diameter) for ITZ AFD 

compared to ITZ LYO. Residual solvent analysis revealed that a primary drying 

temperature of -10°C resulted in residual solvent levels above the acceptable limits as set 

by the International Conference on Harmonization (ICH), most likely as a result of 

microcollapse. Primary drying temperatures of less than -10°C resulted in acceptable 

residual solvent levels. The extent of microcollapse was not great enough to alter the 

macrostructure of the resulting powder. Powder flowability was determined to be similar 

for ITZ AFD and ITZ LYO based on Carr’s index and the Hausner ratio, as well as by 

dynamic angle of repose, with all powders displaying poor flow. The most significant 
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finding is that chargeability measurements demonstrated a lower charge transfer for ITZ 

AFD powders compared to ITZ LYO. This was due to a combination of factors including 

differences in residual solvent level, particle size, pore size, surface area and surface 

contact area, and fine particles content. The reduction in chargeability as a result of AFD 

is highly desirable because it allows for improved powder handling and use post-

production.  

 

4.2 Introduction 

 

The Biopharmaceutics Classification System (BSC) classifies drugs relative to 

their aqueous solubility and physiological permeability (Amidon 1995). BCS Class II and 

Class IV compounds both display poor aqueous solubility with drugs in Class IV having 

the additional disadvantage of poor permeability. BCS Class II compounds, contrarily, 

display a high permeability making their poor aqueous solubility the limiting factor in 

regards to bioavailability. Recently it has been reported that up to 70% of new chemical 

entities in development fall into BCS Class II with an additional 20% falling into BSC 

Class IV (Hauss 2007). While Class IV compounds will require unique formulation to 

overcome the permeability related issues, Class II active pharmaceutical ingredients 

(APIs) can meet success by an increase in dissolution rate or extent thereof.  

 

In order to achieve this goal, researchers have mainly focused on formulation 

techniques including API-salt generation, complexation with solubilization enhancing 
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materials (i.e. cyclodextrins), solubilization assistance via surface active agents or co-

solvent mixtures, the use of oil based formulations, or combinations of these methods 

(Merisko-Liversidge 2003; Serajuddin 2007; Wang 2009). However each of these 

techniques has complications that limit their application in an API specific manner.  

 

As an alternatively to these formulation based approaches, researchers have 

studied particle engineering techniques to alter dissolution properties through particle size 

reduction or morphological alterations. In addition to dissolution enhancement, these 

particle engineering techniques can also lead to administration route specific advantages. 

For example hollow porous particles have been utilized in metered dose inhalers to 

provide improved device performance and lung deposition by limiting the density 

difference between the suspended particles and the propellant (Dellamary 2000; Hirst 

2002). However many particle engineering techniques require the use of organic solvents 

during processing including spray drying, spray freezing into liquid, roto-evaporation, 

freeze drying and thin film freezing (TFF) (Engstrom 2007; Overhoff 2007; Friesen 

2008). This necessitates the removal of the solvent from the final product to ensure 

product stability and patient safety. While spray drying and roto-evaporation remove the 

solvent during processing, cryogenic based approaches such as spray freezing into liquid 

or TFF rely on a secondary process in order to remove the solvent from the frozen 

material.  
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Thin Film Freezing is capable of generating amorphous, nanostructured porous 

materials with high specific surface areas which can greatly enhance the dissolution 

properties and bioavailability of poorly water soluble drugs (McConville 2006; Overhoff 

2007; Overhoff 2007; Overhoff 2008; Yang 2008; Tam 2010). During TFF production a 

solution of the API and excipients is first prepared in an organic solvent or organic-

aqueous cosolvent mixture. This solution is then frozen on a cryogenic substrate and the 

frozen product collected. The solution to be frozen often contains low total solids content 

(i.e. < 1% w/v) and thus the frozen mass is primarily composed of the solvent(s) used 

during production. Melting of the frozen mass will eliminate the advantages obtained by 

the rapid freezing process, thus solvent removal must be accomplished at temperatures 

below the melting temperature of the solvent via sublimation, and this has previously 

been accomplished by lyophilization. 

 

During lyophilization the TFF product is placed on a temperature controlled shelf 

and held substantially below its freezing point. The pressure of the system is then reduced 

(i.e. system pressure of 200 mTorr) such that sublimation can occur from the frozen mass 

(Rey 1999; Adams 2007). Since sublimation is an endothermic process the shelf supplies 

the necessary thermal energy to maintain the product at the desired temperature and 

facilitate sublimation during primary drying. Following the primary drying stage the 

temperature of the shelf is raised (i.e. to 25°C) to promote desorption of bound solvent 

molecules from the surface of the dried product. Throughout the process a condenser coil 

is held at a temperature such that sublimated solvent will refreeze onto it thus recovering 
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the solvent vapor and removing it from the system. A more detailed explanation of the 

theory and process of lyophilization was reported by Rey (1999) or Adams (2007). 

 

Lyophilization cycles typically require long durations of time for completion, 

even on the laboratory scale, often on the order of days (Mockus 2011). Timelines are not 

only influenced by the size of the batch but can be directly influenced by the formulation 

composition being dried since the solids may influence the collapse temperature 

necessitating low primary drying temperatures or by altering vapor permeability through 

the frozen mass (Anchordoquy and Koe 2000; Barresi 2009). These lengthy timelines 

coupled with the energy requirements of vacuum operation, shelf and condenser 

temperature control, as well as maintenance/monitoring requirements over the duration of 

the process result in extremely high process/production costs. This has indeed proven to 

be a rate-limiting factor in the TFF process since frozen mass production times are rather 

short whereas the timeline to a final product may be on the order of days. Additionally, 

since the amount of solvent used in the TFF process is extremely high a 1 kg production 

batch may yield as little as 10 grams of the final formulation. Thus the timeline to obtain 

large quantities of powder past the laboratory scale can be extremely long. Therefore a 

faster, more efficient alternative method of solvent removal is highly desirable. 

 

It was shown experimentally that the diffusion of water vapor from a drying 

product is a function of the vapor pressure gradient at the solid-gas interface as opposed 

to absolute system pressure demonstrating the maintenance of a vacuum during drying to 
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be unnecessary (Meryman 1959). This led to the development of an alternative to vacuum 

based processes called atmospheric freeze drying (AFD) which has been researched 

extensively for applications in the food industry for removal of water from food products. 

The primary benefits of this technology include low initial costs due to the avoidance of 

vacuum equipment, reduced energy consumption and drying time, and the potential to 

create an inert environment thus reducing or eliminating oxidation (Claussen 2007). 

While the food industry is primarily concerned with removing water, the application of 

such a technology may be highly beneficial in the removal of the organic solvents used 

during cryogenic particle engineering techniques.  

 

More recently AFD was introduced into the pharmaceutical sector as a cryogenic 

alternative to spray drying.  Aqueous solutions of mannitol, as well as other excipients, 

were atomized and sprayed directly onto a fluidized bed of dry ice. The dry ice then 

sublimated acting as an effluent gas aiding in water removal from the frozen mass. The 

inlet airflow was then held below 0°C for the remainder of drying. Similar to the AFD 

used in the food industry the system was a closed unit with recirculating airflow relying 

on condensers and evaporators to remove the sublimated water. It was found that this 

process successfully removed the water on a much shorter time scale relative to vacuum 

based processes, however approximately 7% residual water remained within the powder 

(Mumenthaler 1991). While this may be an acceptable level of residual water in a 

pharmaceutical product, such a level would be unacceptable for an organic solvent in 

regards to both patient safety and product quality. A subsequent study demonstrated 
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mathematically that AFD provided improved heat and mass transfer compared to vacuum 

based processes, did not damage the spherical mannitol particles obtained during spray 

freezing, and that such a system is approximately 3 times more efficient than vacuum 

based systems indicating a significant reduction in costs (Men'shutina 2005). The 

implementation of such a system may greatly benefit TFF production in regards to both 

time and costs. 

 

In the two studies discussed above a commercial fluidized bed was employed for 

the drying procedure. A custom built round bottom AFD apparatus was reported for the 

removal of t-butanol and water from danazol solid dispersions produced by spray-

freezing into liquid (Rogers 2002). Indeed it was shown that the drug remained 

amorphous following drying yielding a powder with an increased specific surface area 

(SSA) and improved dissolution properties. In this work, dried and filtered air was used 

as the effluent gas and was passed through the system in a unidirectional manner (Rogers 

2003). It was found that 72 hours were required for processing utilizing a temperature 

range of -30°C to +25°C. This resulted in less than 5% residual water and less than 50 

PPM of t-butanol. While this demonstrates the ability to work with powders comprised 

primarily of solvent, this technology has not been utilized for the removal of the solvents 

used during TFF production. Additionally, an understanding of the influence of the 

drying parameters on the physical properties of the resulting powder remains to be 

determined. 
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In the present study the AFD unit was modified to combine features from the 

commercial units used with features from the AFD unit utilized by Rogers et al. The 

drying chamber was designed to have a conical bottom with a significantly wider gas 

inlet than that used by Rogers et al. This conical portion occupied only the bottom 25% 

of the chamber and the remainder was seamless and vertical. A gas expansion chamber 

was also added to reduce the inlet gas velocity, and a check valve added to prevent melt-

back from contaminating the system in the event of batch failure. A fluid jacket was 

placed around the drying chamber to cool the surface of the chamber and prevent melt-

back as well as facilitate heat transfer (Figure 4.1). This was designed such that the 

circulating coolant chilled both the inlet gas as well as the chamber surface in a closed 

loop utilizing only one recirculating chiller. In the present study, an inert atmosphere was 

generated by the use of dry nitrogen as the inlet gas. To ensure purity, the gas was pulled 

from the vapor head of a liquid nitrogen tank, passed through a compressed air drier and 

filtered in triplicate with the flow rate controlled by a two-stage regulator. Nitrogen flow 

was unidirectional and after passing through the chamber was exhausted into a fume 

hood.  

 

Powders were first prepared by TFF utilizing itraconazole (ITZ) as a model 

compound and 1,4-dioxane as the organic solvent to be removed (Figure 4.2). AFD was 

then utilized using the apparatus described above for subsequent solvent removal. The 

objective of the present study was to assess the influence of primary drying temperature, 

secondary drying temperature, and secondary drying time on the resulting powder’s 
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physical properties compared to a powder dried by conventional tray lyophilization. 

Interestingly, the powders dried by AFD displayed a highly desirable reduction in 

electrostatic interactions relative to the lyophilized material, and thus differences in 

chargeability and the cause thereof were also assessed. 

 

4.3 Materials and Methods 

 

4.3.1 Materials 

 

Itraconazole, EP/BP micronized, was purchased from Letco Medical (Decatur, 

AL, USA). ACS grade 1,4-dioxane, was purchased from Fisher Scientific (Fairlawn, NJ, 

USA). Liquid nitrogen tanks, 230 liter, were purchased from Airgas Southwest (Austin, 

TX). All AFD chamber components were fabricated at The University of Texas at Austin 

department of chemistry machine shop.  

 

4.3.2 Methods 

 

4.3.2.1 Thin Film Freezing 

 

For each batch to be dried by AFD or lyophilization a 1% w/v drug solution was 

prepared by dissolving 500 milligrams of ITZ in 50 mL of 1,4-dioxane under magnetic 

stirring. The solution was then frozen drop wise on a rotating cryogenic substrate, the 
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surface of which was held at -60°C (±3°C) via an internal liquid nitrogen feed. The 

surface temperature was monitored in real time via a DiGi-Sense® Type K thermometer 

(Cole-Parmer Instrument Company, Vernon Hills, IL). Frozen discs were removed from 

the substrate by means of a stainless steel blade mounted against the surface and collected 

into liquid nitrogen. The collection vessels were then covered with a laboratory Kimwipe 

(Kimberly-Clark Co., Roswell, GA) and placed in a -80°C freezer until nitrogen boil off 

was completed.  

 

4.3.2.2 Lyophilization 

 

Batches produced for lyophilization were kept in the original collection trays 

during drying. Following liquid nitrogen boil off the covered tray was placed in a VirTis 

Advantage bench top tray lyophilizer (The VirTis Company, Inc., Gardiner, NY). The 

initial shelf temperature was -40°C and the condenser coil temperature was -83°C; a 

vacuum of 200 mTorr was achieved. Initial conditions were held for 24 hours followed 

by a linear ramp to 25°C over 13 hours (5°C/hr) at which point the vacuum was dropped 

to 50 mTorr. Final conditions were held for a minimum of 24 hours. Upon completion of 

the drying cycle samples were removed and transferred to glass beakers, covered with a 

laboratory KimWipe, and stored under vacuum in a desiccator. 

 

A batch of TFF ITZ was processed under an identical temperature/time profile to 

the most rigorous AFD cycle such that the initial shelf temperature was -20°C, the initial 
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condenser temperature was -80°C and the vacuum was 200 mTorr. These parameters 

were held for 16 hours, followed by an 8 hour linear ramp to +35°C at which point the 

vacuum was reduced to 50 mTorr. Final conditions were held for 24 hours. The product 

was brought to +25°C for 0.5 hours prior to removal from the lyophilizer for product 

temperature equilibration.  

 

4.3.2.3 Atmospheric Freeze Drying 

 

Prior to conditioning the temperature of the system the nitrogen flow was initiated 

to remove any moisture within the chamber or on the chamber walls. A flow rate of 12.5 

L/min was maintained from gas flow initiation until process completion by means of a 2 

stage regulator on the liquid N2 tank. Prior to sample addition, the AFD was conditioned 

to the initial temperature by manually setting the recirculating chiller (VWR Scientific 

Model 1197) to -20°C. This coolant first passed through a 14-plate brazened gas-liquid 

heat exchanger to cool the N2 to the desired temperature. It then flowed from the heat 

exchanger to the liquid jacket around the vessel and was subsequently recycled back to 

the recirculating chiller.  While still in the storage freezer liquid nitrogen was poured into 

the TFF collection tray such that the liquid level was only slightly above the frozen 

product surface. The head piece of the AFD chamber was then removed and this slurry 

was poured directly into the chamber. Immediately following slurry addition the chamber 

was capped and sealed ensuring no gas leaks at the connection site and a seamless 

internal wall. An interchangeable wire mesh at the base of the drying chamber prevented 
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material loss into the system. Nebulizer compressor air inlet filters were used at the gas 

outlet to ensure no product escaped during drying. The temperature/time profile was then 

automated such that both the nitrogen gas temperature and jacketing fluid were held for 

16 hours at -20°C followed by an 8 hour linear ramp to +25°C, which was then held for 

24 hours. Upon completion of the drying cycle gas and coolant flows were stopped and 

samples were transferred directly from the chamber to glass a beaker, covered with a 

laboratory KimWipe and stored under vacuum in a desiccator until use. 

 

In order to assess the influence of initial drying temperatures on the final product, 

batches were produced with initial drying temperatures of -15°C, -10°C, and -5°C with a 

final temperature of +25°C while keeping the time at each temperature and N2 flow rate 

constant. Additionally, batches were prepared in which the initial temperature was -20°C 

and the final temperature was +30°C, +35°C or 40°C. In both cases the time profile was 

maintained. Lastly, samples were dried from -20°C to +25°C and allowed to dry for an 

additional 18 hours following the preset 24 hour secondary drying time (i.e. total 

processing time of 66 hours). 

 

4.3.2.4 Modulated Differential Scanning Calorimetry 

 

Modulated differential scanning calorimetry (DSC) testing was performed on a 

TA Instruments Model 2920 DSC (New Castle, DE) with data analysis carried out using 

TA Universal Analysis 2000 software. Samples of TFF powders (8 ± 2 mg) were 
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prepared by completely filling a tableting die (6mm id x 22mm long) with the TFF 

powder. The powder was then manually compressed with the resulting compact placed 

and weighed in an aluminum-crimped pan (Kit 0219-0041, Perkin Elmer Instruments, 

Norwalk, CT). Bulk and milled samples were prepared by directly adding powder to the 

aluminum-crimped pan (8 ± 2 mg). For all samples testing was conducted from 25 to 

200°C at a ramp rate of 2°C/min with a modulation of 1°C and a modulation frequency of 

60 seconds. All samples were run under nitrogen purge at a flow rate of 40 mL/min. 

 

4.3.2.5 Powder X-Ray Diffraction 

 

TFF products and bulk API samples were examined by wide angle powder X-ray 

diffraction (XRD) on a Philips Model 1710 X-ray diffractometer (Philips Electronic 

Instruments Inc., Mahwah, NJ). Samples were placed on a glass stage and analyzed in the 

2Θ range of 10 to 50° with a step size of 0.05° and a dwell time of 2 seconds. Data 

analysis was performed on Jade software, version 9.0 (Materials Data, Inc., Livermore, 

CA). 

 

4.3.2.6 Bulk and Tapped Density 

 

Bulk densities of TFF powders were measured by adding approximately 100 mg 

of powder to a 25 mL graduated cylinder (0.2 mL graduation markings) and recording the 

volume. A static gun was used to remove particles adhered to the cylinder walls to ensure 
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accuracy. Approximately 4 grams of bulk ITZ was utilized to determine bulk density 

using the identical cylinder as TFF samples. Tap density was determined using a VanKel 

2 stage automated tapper (Model 50-1200, Varian Inc., Palo Alto, CA). Samples used for 

bulk density measurements (V0) were tapped an initial 500 times and the new volume 

recorded (V1). An additional 750 taps were then applied and the resulting volume 

recorded (V2). Per USP standards, if the difference between V1 and V2 was greater than 

2%, an additional 1250 taps were applied and the resulting volume recorded. The 

application of 1250 taps was repeated until less than 2% change in volume was observed. 

 

4.3.2.7 True Density 

 

True density values were determined on a Micrometrics AccuPyc 1330 helium 

pycnometer (Micrometrics, Norcross, GA). TFF powders or bulk ITZ were weighed 

directly into the sample chamber until approximately two thirds of the volume was filled. 

TFF samples were purged 4 times with dry helium at 19.85 psi with 15 subsequent 

analytical runs at 19.85 psi. Bulk and milled products were purged 4 times with dry 

helium at 19.85 psi with 3 subsequent analytical runs at 19.85 psi. Equilibration was 

achieved at a rate of 0.005 psi/min. 

 

4.3.2.8 Scanning Electron Microscopy (SEM) 
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Powders morphologies were imaged using a Hitachi S-5500 scanning electron 

microscope (Hitachi High Technologies America, Inc., Schaumburg, IL). Samples were 

mounted on an aluminum stage by means of conductive carbon tape without any pressure 

applied to the added particles. Adhered powders were then sputter coated with 60:40 

Pd:Au for 2 minutes, placed within the SEM sample holder, and imaged at various 

magnifications. 

 

4.3.2.9 Specific Surface Area Analysis 

 

The specific surface area of each powder was determined by Brunauer-Emmett-

Teller (BET) surface area analysis on a Monosorb BET surface area analyzer 

(Quantachrome Instruments, Boynton Beach, FL).  Samples (~10 mg) were carefully 

added to the glass BET vessels and degassed under nitrogen purge for 24 hours at 30°C. 

The system was calibrated each day prior to analysis. Samples were then analyzed by 

automated single point BET using an adsorptive gas mixture of He:N2 (70:30). All 

samples were analyzed in triplicate. 

 

4.3.2.10 Powder Chargeability and Flowability 

 

Powder charge was assessed using a custom built Faraday Pail. TFF ITZ powders 

(~12 mg) were removed from the storage beaker using a shaped wax paper scoop and 

added directly to the Faraday pail. The operator remained grounded by means of contact 
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with the pail’s copper shield. Following charge assessment the pail was weighed, 

emptied, and weighed again to obtain the exact powder weights. All measurements were 

made in triplicate. 

 

The chargeability of the TFF powders was assessed utilizing the custom built 

Faraday pail and a Revolution Avalanche Analyzer (Mercury Scientific). A 25 mL 

sample was measured using a measurement cell provided by Mercury Scientific. This 

powder was placed in an aluminum cylinder with glass sidings. The unit was first rotated 

at 0.6 rpm and the resulting avalanches analyzed on the corresponding software to assess 

flowability. Following the flowability assessment, the rotational speed was increased to 

80 rpm and the unit was allowed to rotate for 2.5 minutes. Upon completion of rotation 

the cylinder was removed from the unit and a powder sample was taken and measured for 

charge transfer in the Faraday pail in an identical manner to powders analyzed directly 

from the beaker. All measurements were repeated in triplicate. 

 

4.3.2.11 Residual Solvent Analysis 

 

Residual solvent levels were determined by gas chromatography – mass 

spectroscopy (GCMS) head space analysis. All residual solvent level analysis was 

performed by Expert Chemical Analysis (San Diego, CA) utilizing a 60 meter DB-624 

column and toluene as the solvent.  
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4.4 Results  

 

4.4.1 XRD 

 

XRD analysis of the unprocessed bulk ITZ revealed numerous crystalline peaks 

characteristic of ITZ over the scanned range. All ITZ LYO and ITZ AFD samples 

exhibited an amorphous halo lacking any peaks indicating an amorphous product had 

been obtained (Figure 4.3). 

 

4.4.2 DSC 

 

Heat flow analysis revealed an exothermic recrystallization event at 110°C for all 

ITZ AFD and ITZ LYO samples. A subsequent melting endotherm was observed at 

approximately 165°C for all products. Additional endothermic events were observed in 

heat flow analysis at 74°C and 85°C; the event at 74°C was greater in intensity for ITZ 

AFD compared to ITZ LYO. Analysis of the reversing heat flow revealed a glass 

transition (Tg) event at 59°C for ITZ AFD and 55.46°C for ITZ LYO as well as a melting 

endotherm of ITZ for both powders. The two additional endothermic events were 

observed at 74°C and 85°C for all powders in the reversing heat flow signal (Figure 

4.4A-4.C). 

 

4.4.3 Bulk, Tapped and True Density 
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Exact density values can be found in Table 4.1; since processing parameters did 

not significantly alter the bulk or tapped densities of the TFF products values for ITZ 

AFD dried from -20°C to +25°C are presented as representative data. ITZ AFD and ITZ 

LYO had nearly identical bulk and tapped densities. All TFF powders had significantly 

lower bulk and tapped densities relative to the bulk API. True density values of the ITZ 

AFD and bulk ITZ were similar while ITZ LYO was slightly higher. This was due to the 

resistance to vapor flow as a result of the small pore size of the powder. 

 

4.4.4 Flowability 

 

All Hausner ratio values were greater than 1.3 and all Carr’s percent 

compressibility index values were greater than 20% indicating all powders exhibit poor 

flowability (Table 4.1). The dynamic angles of repose for ITZ AFD and ITZ LYO were 

all greater than 52° and the bulk API dynamic angle of repose was 63.6 supporting the 

mathematical assessment of poor flowability of all powders (Table 4.2). 

 

4.4.5 Chargeability 

 

Powder charge was assessed on a custom built Faraday Pail. The charge 

associated with a powder is expressed as volts per milligram (V/mg). Prior to tumbling 

all AFD powders displayed a lower charge transfer compared to ITZ LYO (Table 4.3) 
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indicating a reduction in electrostatic interaction. The rank order of charge was 

maintained following tumbling indicating a reduction in chargeability. Both ITZ AFD 

and ITZ LYO transferred a greater charge than unprocessed ITZ indicating the TFF 

process generates highly chargeable powders.  

 

4.4.6 Residual Solvent Analysis 

 

The level of residual 1,4-dioxane in the lyophilized samples was below the limit 

of detection (less than 125 PPM). The AFD powder which was dried from -20°C to 

+25°C and given an additional 18 hours in the AFD at +25°C was also below the limit of 

detection. The AFD powder which was dried from -20°C to +35°C had a residual solvent 

level of 293 PPM. The AFD sample which was dried from -10°C to +25°C had a residual 

solvent level of 629 PPM (Table 4.3).  

 

4.4.7 Specific Surface Area 

 

The SSA of ITZ AFD dried from -10°C to +25°C was 33.58 m2/g. The SSA of 

ITZ AFD dried from -20°C to +25°C was 33.54 m2/g. The SSA of ITZ AFD dried from -

20°C to +35°C was 35.43 m2/g. The SSA of ITZ LYO dried from -20°C to +35°C was 

54.67 m2/g. The SSA of ITZ LYO under manual operation was 57.60 m2/g (Tables 4.1 

and 4.3). 
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4.4.8 SEM 

 

Powder samples were imaged under various magnifications and can be seen in 

Figures 4.5-4.7. It was observed that powders processed by AFD had distinctly larger 

pore sizes and more void volume compared to the lyophilized product. Additionally, 

small holes could be observed on the platelet structures of the AFD powder which were 

absent from ITZ LYO samples. The agglomerate size of ITZ AFD was significantly 

larger than that of ITZ LYO with a greater amount of fines present for ITZ LYO.  

 

4.5 Discussion 

 

Powders prepared by TFF are amorphous, display low bulk densities, high 

specific surface areas and can improve the dissolution and bioavailability of poorly water 

soluble drugs. These attributes make TFF a highly desirable method of production for 

formulations of BCS Class II compounds like ITZ, especially for oral and pulmonary 

delivery applications. However, TFF powders characteristically display electrostatic 

interactions with their environment including storage vessels and dosing devices making 

powder handling and administration difficult. TFF requires the removal of a significant 

amount of solvent relative to the total batch size following production, and currently this 

process is accomplished by lyophilization. However, lyophilization schemes often require 

days to completion, are limited by shelf size and solvent removal capacity based on coil 

design, and are highly expensive to run and maintain (Adams 2007; Mockus 2011). 
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Therefore an alternative solvent removal technique is highly desirable for TFF production 

in order to reduce both times to completion and production costs. Solvent removal via 

AFD has proven to be significantly more efficient from an energy standpoint and time 

scale (Men'shutina 2005) in the removal of water from pharmaceutical excipients 

compared to lyophilization. The utilization of AFD for solvent removal following SFL 

production demonstrates the ability of the technology to remove volatile organic solvents 

(Rogers 2003) indicating that it is a suitable alternative to lyophilization following TFF 

production. Therefore in the present work, AFD was employed for solvent removal from 

the frozen solid produced by TFF and the resulting physical properties assessed and 

compared to those of a conventionally lyophilized powder.  

 

DSC analysis revealed both ITZ AFD and ITZ LYO to be amorphous as 

evidenced by the presence of glass transition events between 55°C and 59°C in the 

reversing heat flow signal (Figure 4.4B). Due to the absence of any stabilizing polymers 

or cryoprotectants in the product to maintain the amorphous state the total heat flow 

signal revealed a recrystallization exotherm at approximately 110°C with a subsequent 

melting endotherm observed at approximately 165°C (Figure 4.4A). The dried powders 

displayed nearly identical enthalpies of recrystallization indicating similar extents of 

amorphicity despite the difference in solvent removal technique. In addition to the Tg and 

melting endotherm, two additional endothermic events were observed near 74°C and 

85°C in both the reversing heat flow and total heat flow thermograms (Figure 4.4A and 

4.4B). These endothermic events have been reported with the event at 74°C being 
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attributed to a rotational restriction of the molecules while the event near 85°C represents 

the formation of a chiral nematic mesophase of ITZ (Six 2001), a state intermediate 

between the solid and liquid phase possessing only orientational order (Bisoyi 2010). The 

presence of this phase is due to the absence of stabilizers during production, however as 

both drying techniques yielded an amorphous product its formation is neither beneficial 

nor detrimental to the present study. To eliminate other possible reasons for the presence 

of these endotherms, samples of ITZ LYO or the unprocessed API were spiked with 

small amounts of 1,4-dioxane. This did not result in the alteration of or generation of the 

endotherms found in ITZ LYO or bulk ITZ, respectively. Additionally samples were 

spiked with the coolant used during AFD processing to ensure AFD system 

contamination was not the cause. Again, no alterations to the endotherms were observed 

for the coolant spiked samples, confirming the endotherms as being directly related to an 

ITZ mesophase and that this phase was present regardless of the solvent removal 

technique. It can be observed that the intensity of the endotherm at 74°C is significantly 

greater for ITZ AFD compared to ITZ LYO in the total heat flow. This intensity was 

reduced by performing primary drying in the lyophilizer with subsequent secondary 

drying in the AFD. Therefore this event is directly influenced by primary drying likely 

due to microcollapse of the AFD product and slightly higher residual solvent levels 

(discussed below) resulting in increased molecular mobility. 

 

Neither cryoprotectants nor polymeric stabilizers were included in the present 

work in order to determine the influence of the drying unit on product amorphicity. In 
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addition to DSC data, XRD analysis confirmed all produced products to be amorphous 

regardless of the drying process or selected parameters. This indicates that during AFD 

under all tested conditions melt-back did not occur which can result in recrystallization. 

Additionally, alteration of the initial temperature, ramp rate, and final temperatures 

resulted in nearly identical bulk and tap densities for all TFF products indicating AFD did 

not densify the product during drying.  

 

However, the AFD drying parameters significantly affected the residual solvent 

levels, which were determined for selected products by GC-MS headspace analysis. 

Excess residual solvent is detrimental in regards to both product safety and stability. 

Amorphous materials such as the ITZ produced herein are metastable and may 

spontaneously recrystallize upon storage (Matsumoto 1999). This can be facilitated by 

the presence of residual solvent via a reduction of the Tg and increase molecular mobility 

making its removal essential for product stability (Joly, Le Cerf et al. 1999). In regards to 

patient safety, the ICH guideline for residual solvents has set recommendations for the 

acceptable limits of residual solvents in a pharmaceutical product depending on solvent 

class (Dwivedi 2002). These limits are reported as either a permitted daily exposure 

(PDE; reported in mg/day) or parts per million (PPM) based on a 10 g daily dose of the 

final formulation. According to this guideline 1,4-dioxane (Class II) has a PDE of 3.8 

mg/day corresponding to a concentration limit of 380 PPM (ICH Topic Q3C (R5)). With 

the exception of the AFD product utilizing a primary drying temperature of -10°C all 

products were found to be below this limit. The AFD product utilizing a higher primary 
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drying temperature of -10°C had 629 PPM of 1,4-dioxane remaining which is 

significantly higher than the allowable limit (Table 4.3). While a higher temperature 

during primary drying is desirable in order to decrease processing times, temperatures 

between the frozen product glass transition temperature (Tg’) and collapse temperature 

(Tc) during primary drying can result in product collapse (Izutsu 2010). Since the 

temperature at which this occurs is often a wide temperature range the extent of this 

phenomenon may be minor resulting in microcollapse due to viscous flow of the 

amorphous phase (Chatterjee 2005). Microcollapse can prevent successful desorption of 

bound solvent molecules during secondary drying resulting in higher residual solvent 

levels in the final product (Barresi 2009; Patel 2010) and has proven to occur in a 

temperature dependent manner during primary drying (Overcashier 1999). It can be 

concluded that a temperature of -10°C during primary drying resulted in a greater degree 

of microcollapse compared to products utilizing a primary drying temperature of -20°C 

resulting in a higher level of residual solvent in the final product. The similar SSA of the 

ITZ AFD product with a primary drying temperature of -10°C compared to those of the 

products dried from -20°C to +25°C and -20°C to +35°C indicates microcollapse 

occurred to a degree sufficient to result in a higher residual solvent content while not 

significantly influencing the SSA since macrostructure of the product was not altered as 

demonstrated by SEM.   

 

A distinct difference in surface morphology and pore size was observed between 

ITZ AFD and ITZ LYO with pores formed during AFD being approximately 5 times 
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larger in diameter (Figures 4.5 and 4.6). Commonly, a difference in pore size is the result 

of differences in freezing rates with slower rates generating larger ice crystals which, 

upon sublimation, result in larger pores (Konstantinidis, Kuu et al. 2011). However, 

freezing was accomplished rapidly by TFF for all powders herein and thus this difference 

must arise as a result of the drying process. It has been shown that more aggressive 

drying cycles (i.e. close to Tg’ during primary drying) during lyophilization can generate 

larger void spaces in the product as well as generate small holes in platelet structures as a 

result of microcollapse (Overcashier 1999; Searles, Carpenter et al. 2001; Parker 2010). 

Indeed small holes were observed on ITZ AFD samples while they are absent from the 

ITZ LYO samples demonstrating microcollapse did occur during AFD. However, the 

extent of the collapse was minimal and the macrostructure of the product was maintained 

(Figures 4.5 and 4.6). This indicates that drying by AFD under the selected parameters 

was more aggressive compared to lyophilization and that primary drying may be 

accomplished on a shorter timescale than employed in the present study due to the 

reduction in resistance to vapor flow through the larger pores and small holes formed by 

the microcollapse. Additionally, these observations confirm microcollapse was 

responsible for the elevated residual solvent levels found when using higher primary 

drying temperatures during AFD and that the primary drying temperature influences the 

extent to which it occurred. Figure 4.8 depicts SEM micrographs of AFD products dried 

with primary drying temperatures of -10°C and -20°C and it can indeed be observed that 

the product dried at -10°C has a greater number of holes in the microstructure indicating 

a greater extent of microcollapse. Interestingly, the powder dried by lyophilization 
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utilizing a primary drying temperature of -20°C displayed a lesser degree of 

microcollapse indicating that in addition to temperature the pressure of the system may 

be influential. Thus colder (i.e. lower) primary drying temperatures during AFD below 

those used in the current work may result in reduced residual solvent levels and higher 

specific surface area by minimizing microcollapse while the aggressive nature of the 

drying process due to the ambient pressure will maintain the larger pore diameters.  

 

The flowability of the powders was assessed by means of dynamic angle of 

repose as well as by Carr’s compressibility index (CCI) and the Hausner ratio (HR). CCI 

was calculated by: 

ρ ρ
ρ

	 	100 

And the Hausner ratio calculated by: 

ρ
ρ

 

CCI values of 12-16% indicate good flow while values above 20 indicate poor 

flow; HR values greater than 1.2 indicate poor flow (Hickey, Mansour et al. 2007; Emery 

2009; Mahajan 2010). Using these criteria it was found that the flowability of both ITZ 

AFD and ITZ LYO are poor (Table 4.1) indicating a cohesive powder with high 

interparticle frictional forces (Kumar 2001; Emery 2009). However, the CCI and HR 

values of ITZ AFD are lower than those of ITZ LYO indicating improved flowability 

following AFD. CCI and HR values of the bulk unprocessed ITZ demonstrate that it also 

displays poor flowability, with the TFF powders displaying relatively improved flow over 
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the bulk API. However, these measurements are related to powder compressibility. 

Therefore the unique morphology of the TFF powders must be considered since during 

tap density testing the pore structure of the powder may prevent full compaction yielding 

lower differences in percent compression compared to the micronized product.  

 

In addition to the CCI and HR powder flow was assessed using the dynamic angle 

of repose as determined utilizing a Revolution Avalanche Analyzer (RAA). Similar to the 

static angle of repose, higher avalanche angles correspond to poor flow and high powder 

cohesiveness (Emery 2009). Table 4.2 shows minor variability between avalanche angles 

for ITZ AFD and ITZ LYO with both powders having a lower angle compared to the 

bulk API. This is due to a difference in particle size with the larger particle size of the 

TFF powders facilitating flow compared to the micronized product. Visualization of the 

powder bed via the internal system camera revealed that avalanches occurred without the 

powder bed, as a whole, slipping down the metal drum siding. While the high avalanche 

angle for all TFF powders indicates poor flow due to inter-particle powder cohesiveness 

(Lee 2000) the lack of powder slipping on the drum wall indicates a high degree of 

particle-wall adhesion and friction which will influence powder flow (Yang 2008) as well 

as particle interactions with processing and dosing equipment. Though the avalanche 

angle, CCI and HR values of the bulk ITZ may be higher relative to the TFF materials, 

the interaction with the glassware and metal ware during handling is minimal allowing 

for easier powder handling compared to the processed materials.  While the minor 

differences in avalanche angles of the TFF powders indicates the flowability of the 
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powders to be similar, it was clear during powder handling that ITZ LYO possesses 

properties which make powder handling and processing significantly more difficult 

relative to ITZ AFD as well as the bulk ITZ. This was primarily observed as greater 

interactions of ITZ LYO with glass vessels and transfer spatulas as a result of strong 

electrostatic interactions.  

 

Electrostatic interactions are highly problematic and undesirable in the 

pharmaceutical industry. In extreme cases electrostatic issues can manifest as dust 

explosions and fires (Pingali, Hammond et al. 2009). However more common problems 

are associated with particle adhesion to processing equipment such as mixers and 

blenders (Zhu 2007) with these interactions resulting in adverse effects on powder blend 

uniformity or potentially system contamination (Pu, Mazumder et al. 2009). Additionally, 

powder electrostatics may influence dosing device performance such as delivery of a 

powder via a dry powder inhaler (Hickey, Mansour et al. 2007). It has been shown that a 

decrease in particle size causes an increase in frictional charging (triboelectrification) due 

to an increased surface area available for charge transfer (Eilbeck 2000). This reduction 

in particle size coupled with a low bulk density will result in an increase in electrostatic 

forces relative to gravitational forces (Pingali, Shinbrot et al. 2009; Karner and Anne 

Urbanetz 2011). Additionally, it has been shown that the extent of amorphicity in a 

powder will influence chargeability (i.e. the ability of a material to interact 

electrostatically) with a greater amorphous content increasing chargeability due to the 

high surface energy associated with the amorphous state (Murtomaa 2002). Powders 
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produced by TFF are nanostructured with high specific surface areas and extremely low 

bulk densities resulting in significant electrostatic interactions with processing and 

handling equipment. While the inclusion of certain additives such as colloidal silica and 

talc can improve powder flow by reducing static charging or providing a lubricating 

effect (Pingali, Hammond et al. 2009) their presence during TFF is undesirable as they 

are insoluble in the commonly used organic solvents and water creating content 

uniformity issues during the freezing process. The low density and relatively large 

agglomerate size of TFF powders makes them ideally suited for delivery via inhalation 

and multiple delivery devices have been assessed. TFF powders have been formulated 

into pressurized metered dose inhalers (PMDIs) however the powders proved to undergo 

unique recrystallization in the propellants (Engstrom 2009) which, though beneficial in 

regards to formulation stability and lung deposition, can alter their dissolution 

performance relative to the amorphous product. Alternatively, delivery has been 

accomplished by dispersing the powder in water or saline solution for nebulization 

(McConville 2006; Yang 2008; Watts, Peters et al. 2011); however this may be 

problematic in regards to portability and dispersion stability. The delivery of a TFF 

powder via a dry powder inhaler (DPI) is highly desirable as it may overcome these 

issues, however electrostatic charging may hinder development since these forces can 

result in powder-device electrostatic interactions. Such interactions can cause a 

significant fraction of the dose to remain within the administrating device resulting in 

poor dose uniformity (Bennett 1999).  
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Upon handling of the powders produced by AFD it was immediately observed 

that the powders interacted electrostatically to a lesser extent with the glass storage 

beakers and metal spatulas used during transfers and weighing compared to the 

lyophilized material. Indeed ITZ LYO jumped from the spatula to the walls of the storage 

beaker or to any item in close proximity when weighing while ITZ AFD did not. This 

reduction in electrostatic interaction and ease of handling is highly beneficial for 

subsequent powder processing or in improving DPI performance by reducing the dose 

lost to the device. In order to quantify the differences in charge transfer, powder charge 

was assessed using a custom built Faraday pail. Additionally, powders were processed in 

a Revolution Avalanche Analyzer (RAA) at high rpms to determine differences in charge 

alteration following processing. Due to the variety of testing methods used to assess 

powder chargeability, results cannot be compared between studies (Ramirez-Dorronsoro 

2006) and are relative only to the data herein. It can be seen in Table 4.3 that ITZ LYO 

displayed a greater charge transfer compared to ITZ AFD indicating greater electrostatic 

interactions. Additionally all TFF powders displayed a greater charge transfer compared 

to the bulk API and these relationships were maintained following powder rotation in a 

drum at high RPMs. As discussed above, powder chargeability can be influenced by 

numerous powder associated factors including surface area, density, morphology and 

amorphicity. However, XRD and DSC analysis indicate both AFD and lyophilized 

powders to be identical in regards to the extent of amorphicity indicating this is not the 

cause of the observed difference between ITZ AFD and ITZ LYO. Additionally the 

densities of the ITZ AFD and ITZ LYO powders were similar (Table 4.1) indicating that 
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differences in electrostatic forces relative to gravitational forces due to density should not 

be observed. Since surface area will increase the available surface for interactions, the 

higher surface area of the lyophilized product as a result of the smaller pore size may be 

the cause of the greater interactions. Though both products have a high SSA, the 

significantly larger pores of the AFD powders relative to the lyophilized powders may 

reduce the surface contact area as the majority of the solid surface is internalized 

reducing the number of sites for charge transfer.  While surface area and surface contact 

area may indeed be influential, other factors are likely responsible as well.  

 

Particle size has proven influential in chargeability and as can be seen in Figure 

4.5 and 4.6, ITZ LYO contains agglomerates of smaller sizes compared to ITZ AFD as 

well as a greater amount of fine particles (i.e. less than 10 µm). During AFD processing a 

wool nebulizer filter is used to prevent loss of the dried product through the gas outlet; 

however these fine particles may have become entrained within the filter or have passed 

through and thus been selectively filtered out thereby reducing the number of high 

surface energy particles resulting in a lower chargeability. The presence of a higher 

amount of fine particles in the lyophilized material may also be a result of ablation. Due 

to the low pressure of the system during lyophilization ablation (also termed “blow-out”) 

may occur in which the frozen disks fracture with potential material loss from the sample 

vial (Adams 2007). This has proven to be especially problematic for a frozen mass 

containing a low solids content such as the ITZ formulations herein (Barresi 2009). 

Indeed fracture of the disks during drying can result in increased number of fine particles 



 222

and surface area. Such pressure related occurrences would be unexpected during AFD as 

the system pressures are ambient during drying. 

 

AFD products dried under differing conditions resulted in similar surface areas, 

densities and particle size while displaying differences in transferred charge. In addition 

to the factors discussed above, charge retention by a particle can be reduced by adding 

moisture to the surrounding environment or the product itself (Murtomaa 2004) 

indicating that a greater level of residual solvent in a TFF product will reduce the 

chargeability and thus the extent of electrostatic interactions of the powder. Indeed, as 

can be seen in Table 4.3, the AFD powder that transfers the least charge has the highest 

level of residual solvent prior to tumbling in the RAA. Additionally, the product with the 

second highest residual solvent level has the second lowest charge transfer. The ITZ AFD 

sample that was below the limit of detection during residual solvent analysis displayed a 

lower charge transfer compared to ITZ LYO (also below the limit of detection) prior to 

and after tumbling. Since the residual solvent level of these two samples was below the 

limit of detection the difference in chargeability cannot be directly attributed to the 

residual solvent. Both of these products are considered acceptable based on the ICH 

guidelines discussed above; however the reduction in chargeability as demonstrated by a 

reduced charge transfer for ITZ AFD versus ITZ LYO decreases the electrostatic 

interactions during handling making ITZ AFD significantly easier to handle. Based on 

the trend it is estimated that the level of residual solvent in the AFD powder is slightly 

higher than the lyophilized powder contributing to the observed reduction in 
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chargeability. However, the reduction in surface area, reduced number of fine particles 

and increased pore size (yielding reduced surface contact area) of the AFD powder likely 

contribute to the reduction in chargeability in addition to the residual solvent level. 

Although this attribute cannot be quantitatively calculated, qualitatively the ability to 

handle the powder is significantly improved by atmospheric freeze drying compared to 

lyophilization. Indeed this improved handling during processing procedures is highly 

advantageous and may assist production by reducing interactions with processing 

equipment and preventing equipment and facility contamination. Additionally this may 

translate into significant product performance benefits as well. For example, a reduction 

in the chargeability of a TFF powder by AFD may lead to improved dose uniformity for 

DPIs by reducing device interactions during actuation and ensuring product removal from 

the dose container within the DPI. Thus the TFF powder characteristics obtained by AFD 

may benefit not only the researcher and production line, but also the patient by improving 

device performance. 

 

4.6 Conclusions 

 

Atmospheric freeze drying can be successfully employed for solvent removal 

following TFF production. Alteration of the drying parameters does not influence the 

amorphicity, flowability, or density of the resulting powder. Primary drying temperatures 

proved to influence residual solvent levels with higher temperatures resulting in higher 

residual solvent levels due to microcollapse. Powders dried by AFD display a significant 
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reduction in electrostatic interactions with processing and handling equipment. This is the 

result of a combination of factors including residual solvent levels (while remaining 

below the PDE set forth by the ICH), powder porosity, particle size including a reduction 

in the fine particle content, and a reduction in surface area and surface contact area. The 

use of AFD during drying to produce a TFF powder with reduced electrostatic 

interactions is highly advantageous for subsequent powder use. A reduction in 

electrostatic interactions will reduce interactions between the API and production 

equipment as well as the final dosing device resulting in improved drug product 

performance. 
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Figure 4.3 – Example XRD diffraction patterns of unprocessed bulk ITZ, ITZ AFD, 
and ITZ LYO 
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  Bulk ITZ  AFD ITZ  Lyo ITZ 

SSA (BET)  1.96 m2/g  33.54 m2/g  57.6 m2/g 

True Density  1.3831 g/mL  1.3927 g/mL  1.4381g/mL 

Bulk Density  0.2157 g/mL  0.0082 g/mL  0.0081 g/mL 

Tapped Density  0.3595 g/mL  0.0111 g/mL  0.0118 g/mL 

Carr’s Index  40%  26.13%  31.36% 

Hausner Ratio  1.67  1.35  1.46 

Table 4.1 – Physical properties of unprocessed ITZ, ITZ AFD, and ITZ LYO. Note: 
Values for ITZ AFD are from material obtained using a drying 
temperature profile of -20°C to +25°C 
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Sample Avalanche Angle (Degrees) Avalanche Time (Seconds)
AFD Tf = 35°C 54.6 2.4 
AFD T0 = -10°C 55 2.5 
AFD Tf = 25°C + 18 hours  55.2 2.6 
Lyophilized Tf = 35°C 52.2 2.4 
Bulk ITZ 63.6 2.1 

Table 4.2 – Avalanche angle and avalanche time for ITZ AFD powders dried under 
various parameters, ITZ LYO dried from -20°C to +35°C, and bulk 
unprocessed ITZ. Avalanche angles are the average of 128 avalanches. 
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Sample  Pre Tumble 
Average (V/mg)

Post Tumble 
Average (V/mg) 

Residual 
Solvent (PPM) 

Specific Surface 
Area (m2/g) 

AFD Tf = 35°C 0.1331  0.1036  293  35.44 

AFD T0 = -10°C 0.0062  ‐0.0655  629  33.58 

AFD Tf = 25°C  
+ 18 hours  

0.1744  0.1156  < 125  33.54 

Lyophilized Tf = 
35°C 

0.2762  0.1541  < 125  54.67 

Bulk ITZ 0.0057  0.0011  n/a  1.96 

Table 4.3 – Charge transfer values prior to and following rotating in a Revolution 
Avalanche Analyzer for 2.5 minutes at 80 rpm, residual solvent levels 
and specific surface areas of ITZ AFD dried under various parameters, 
ITZ LYO dried from -20°C to +35°C, and bulk unprocessed ITZ. 
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Chapter 5: The use of amorphous nanostructured drug compositions to 

supersaturate polymeric carriers during fusion production of solid dispersions 

 

5.1 Abstract 

 

The ability of a high SSA amorphous API powder to supersaturate a polymeric 

carrier during fusion production of solid dispersions was assessed. Phenytoin (PHT), a 

high melting point hydrophobic drug with a strong propensity for crystallization, was 

rendered amorphous via thin film freezing utilizing PVPVA64 or Soluplus® as a 

stabilizing polymer at a drug:polymer ratio of 3:1. Solid dispersions of PHT in HPMCAS 

were then produced by the fusion process Kinetisol Dispersing (KSD) utilizing the 

amorphous nanostructured TFF-PHT in an attempt to generate a single-phase amorphous 

solid dispersion at a higher drug loading than possible when utilizing an unprocessed 

physical mixture as a starting material. XRD analysis demonstrated all KSD products 

produced with 20% PHT in the final formulation, regardless of the starting materials, to 

be crystalline. All KSD products containing 15% PHT in the final formulation proved to 

be amorphous by XRD. DSC analysis demonstrated that the use of TFF-PHT-PVPVA64 

during KSD production was capable of generating an amorphous single phase system 

when incorporated into HPMCAS. Contrarily, the KSD product prepared with a 

PHT:PVPVA64:HPMCAS physical mixture were amorphous two-phase systems. KSD 

formulations prepared with TFF-PHT-Soluplus® as well as a PHT:Soluplus:HPMCAS 

physical mixture were amorphous 2-phase systems. Supersaturated dissolution testing 
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demonstrated that the KSD products produced with TFF materials supersaturated the 

aqueous media to a lower extent than those produced with the corresponding physical 

mixture. This was due to the presence of crystalline PHT formed either following 

saturation of the polymeric carrier during production with subsequent dispersion of the 

crystalline material within the product or in-situ during dissolution testing. KSD products 

containing PVPVA64 maintained supersaturation for the duration of testing while those 

containing Soluplus resulted in a reduction of supersaturation extent by the end of testing. 

Thus, the use of amorphous, high specific surface area drug compositions during the 

fusion production of solid dispersions can facilitate API dissolution into a polymeric 

carrier yielding a high drug loaded single-phase system. 

 

5.2 Introduction 

 

The Biopharmaceutics Classification System (BCS) categorizes active 

pharmaceutical ingredients (APIs) according to their aqueous solubility and biological 

permeability (Amidon 1995). Recent reports show the number of active pharmaceutical 

ingredients (APIs) in development pipelines displaying poor aqueous solubility has risen 

to greater than 70% (Hauss 2007). For BCS Class II compounds (low solubility, high 

permeability) the poor aqueous solubility is the limiting factor regarding bioavailability 

and therefore methods of increasing the rate or extent of dissolution are the focus during 

their development. While conventional methods including salt formation, oil based 

solutions, solutions incorporating co-solvents, surface active agents or complexing agents 
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such as β-cyclodextrins have been met with some success (Merisko-Liversidge 2003), 

many researchers have focused on the formation of amorphous solid dispersions as an 

alternative to enhance dissolution and bioavailability of Class II compounds (Serajuddin 

1999; Leuner 2000).  

 

Due to a high free energy, the amorphous state displays improved solubility 

compared to its crystalline counterpart. This change in free energy from the crystalline 

state may be estimated using the melting temperature and the heat of fusion by the 

Hoffman equation such that: 

∆ ∆  

This equation indicates that APIs with higher melting temperatures and heats of 

fusion may greatly benefit from being rendered amorphous (Konno 2008). The utilization 

of polymeric carriers in the production of solid dispersions has proven promising due to 

the capability to maintain the drug in the amorphous state as amorphous solid dispersions 

of an API in a polymeric carrier can slow devitrification, promote wettability and alter 

the properties of the dissolution media thereby enhancing dissolution (Chawla 2008). 

Additionally it has been demonstrated that polymers may aid in holding a dissolved drug 

in solution thus preventing precipitation and increasing the available drug in solution for 

absorption (Yu 2001; Marsac 2006; Konno 2008). While solid dispersions may be highly 

advantageous in drug delivery, such systems are limited in their drug loading by the 
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miscibility of the API within the carrier thus limiting the acceptable polymers for the 

formulation of a given (Leuner 2000). 

 

Solid dispersions have been produced by a number of methods including the melt 

method in which the API is dispersed in a melted carrier, solvent evaporation techniques 

such as roto-evaporation and spray drying, cryogenic methods such as spray freezing into 

liquid or thin film freezing (TFF), and fusion production techniques such as hot melt 

extrusion (HME) (Vasconcelos, Sarmento et al. 2007). Recently, a novel alternative 

fusion production technique termed Kinetisol Dispersing (KSD) has been introduced for 

the formulation of solid dispersions. KSD utilizes a combination of thermal and kinetic 

energy during processing such that there is no need for external heating elements as 

required by HME. KSD has proven to have numerous advantages over HME during the 

production of solid dispersions including the ability to process without the addition of a 

plasticizer thus imparting physical stability by reducing molecular mobility, the ability to 

process on extremely short time scales relative to HME thereby reducing thermal 

exposure, the ability to successfully formulate thermally liable drugs, and the ability to 

formulate high melting point drugs at reduced processing temperatures (DiNunzio 2010; 

DiNunzio 2010; DiNunzio, Brough et al. 2010; Hughey 2010; Hughey 2011).  

 

Thin Film Freezing is a cryogenic process which is capable of generating 

amorphous solid dispersions (Overhoff 2007; Overhoff 2007; Purvis 2007; Engstrom 

2008; Overhoff 2008; Yang 2008; Watts, Peters et al. 2011). During production a 
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solution of the API and excipients is frozen on a cryogenic substrate and the solvent 

subsequently removed from the frozen mass via lyophilization. The resulting products 

from TFF production are amorphous and nanostructured with high specific surface areas 

and low bulk densities. Due to the significant increase in surface area and amorphicity of 

the products, TFF powders are capable of greatly enhancing the aqueous dissolution of 

poorly water soluble drugs as well as improving in vivo performance (Engstrom 2008; 

Yang 2008; Watts, Peters et al. 2011).  

 

Though a polymer may display desired characteristics for the formulation of a 

given API into a solid dispersion, the ability of the polymer to solubilize the drug may be 

limited resulting in low drug loading or a multiphase system which can facilitate 

recrystallization (Ivanisevic 2010). For example, itraconazole loaded into PVPVA64 or 

Eudragit® E100 demonstrated that PVPVA64 formulations remained as a single phase at 

relatively high drug loadings while Eudragit E100 formulations resulted in phase 

separation at drug loads of 13%. However, the Eudragit E100 solid dispersion resulted in 

significantly higher dissolution relative to the PVPVA64 formulation making it the more 

desirable polymer for use, provided phase separation is avoided (Six 2004), indicating a 

low drug loading will be used in the final formulation. The dissolution of an API into a 

molten polymer is analogous to API dissolution into aqueous media and allows 

application of the Noyes-Whitney equation to describe the factors influencing the 

dissolution rate (Liu, Wang et al. 2010) The Noyes-Whitney equation describes 

dissolution velocity as: 
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Where dC/dt is the dissolution velocity, D is the diffusion coefficient, A is the 

surface area of the API, Cs is the saturation solubility of the API in the dissolution 

medium (i.e. polymer melt), C is the concentration in solution at time t, h is the diffusion 

boundary layer thickness at the solute-solvent interface, and V is the volume of 

dissolution medium. KSD has demonstrated the ability to formulate high melting point 

drugs into solid dispersions on extremely rapid time scales via a significant reduction in 

the boundary layer thickness of the dissolving particle due to the incredibly high shear 

encountered during processing while HME failed to do so (Hughey 2011).  However, 

variables within the equation other than the boundary layer may be altered, including the 

surface area of the API via a reduction in particle size or alteration in particle 

morphology, in order to promote dissolution. Additionally, as stated above an API in the 

amorphous state can demonstrate increased saturation solubilities due to the high free 

energy associated with the metastable state again promoting dissolution via an increase in 

the Cs value of the equation. Therefore the use of amorphous, high specific surface area 

API during thermal processing may result in significant improvements in API dissolution 

into polymeric carriers. It has been shown that an API rendered amorphous prior to being 

processed via hot melt extrusion results in a reduction in the processing temperature as 

well as the required amount of plasticizer as the drug itself acted as a plasticizer at high 

drug loads due to its lower relative Tg (Lakshman 2008). However the ability of 

amorphous API, nor an API possessing a high specific surface area, to increase the drug 
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load of a solid dispersion while maintaining a single-phase system has not been assessed. 

The ability of such a material to increase the drug loading of an API within a polymeric 

carrier while maintaining a single-phase system may offer the ability to achieve novel 

drug:polymer formulations using previously incompatible materials in addition to 

reducing the required amount of formulation per dose.  

 

Phenytoin (PHT) is a poorly water soluble, highly crystalline compound which 

displays a melting temperature of approximately 295-299°C  due to strong intermolecular 

hydrogen bonding which decomposes upon melting (Thakur and Gupta 2006). PHT is 

primarily used in the treatment of tonic-clonic and partial seizures (Al-Humayyd 1996; 

Leppik 2006) but has also had success in the treatment of heart rhythm disorders (Dylag 

2004). This high melting point compound may greatly benefit from being rendered 

amorphous as described by the Hoffman equation above. Additionally it has been shown 

that high melting point compounds exhibit poor absorption compared to lower melting 

point compounds and that this phenomenon may be dose dependent furthering the benefit 

of rendering PHT amorphous (Chu 2009).  

 

From a thermal processing standpoint PHT presents a unique challenge due to its 

combination of a high melting temperature (Tm) and low glass transition temperature 

(Tg). It has been demonstrated that the ratio of Tm to Tg of a material is a strong indicator 

of the propensity for recrystallization (Friesen 2008) with higher ratios resulting in more 

rapid crystallization. For a compound with a high Tm such as PHT this ratio may be 
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extremely high resulting in crystallization during solid dispersion production, thus 

limiting the drug loading in the polymeric carrier in order to maintain amorphicity. In 

previous work (data not published) it was demonstrated that the Tg of PHT is 

approximately 18°C. This low Tg of the amorphous drug yields a Tm/Tg ratio of 16.44 

indicating an extremely high propensity for recrystallization and that thermally processed 

solid dispersions may require a low drug loading to maintain amorphicity. Formulation 

into high drug loaded solid dispersions via TFF utilizing either PVPVA64 or Soluplus at 

a 3:1 PHT:Polymer ratio for stabilization resulted in a two-phase amorphous system: the 

PHT:PVPVA64 formulation displayed two Tg values at 22°C and 62°C while the 

PHT:Soluplus formulation displayed a Tg at 23°C as well as a second broad Tg at 75°C . 

While phase separation occurred during the freezing process, the materials were 

amorphous in nature and due to the nanostructuring of the product exhibited high specific 

surface areas (25-30 m2/g). 

 

In the study herein, PHT was first processed via TFF utilizing either PVPVA64 or 

Soluplus at a 3:1 PHT:Polymer ratio for stabilization in order to obtain an amorphous, 

high specific surface area material. Solid dispersions of PHT in HPMCAS were then 

produced utilizing either the TFF processed PHT or a physical mixture of identical 

composition (i.e. crystalline PHT) by Kinetisol Dispersing (KSD). While solid 

dispersions of PHT in HPMCAS have been generated via spray drying, the drug loading 

was only 10% and no discussion was provided regarding whether a single or two-phase 

system was obtained (Curatolo 2009). To the knowledge of the author no work regarding 
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fusion production of solid dispersions of PHT has been reported. It is hypothesized that 

the use of the amorphous nanostructured PHT produced by TFF during KSD fusion 

production of solid dispersions will promote API dissolution into HPMCAS and form an 

amorphous single phase system at higher drug loading than achievable with a physical 

mixture of identical composition containing crystalline PHT.  

 

5.3 Materials and Methods 

 

5.3.1 Materials 

 

Phenytoin (PHT) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

HPLC grade methanol and ACS grade 1,4-Dioxane were purchased from Fisher 

Scientific (USA). Soluplus® (polyvinyl caprolactam-polyvinyl acetate-polyethylene 

glycol graft copolymer) and PVPVA64 were gifts from BASF (Ludwigshafen, Germany). 

HPMCAS-LF was received as a gift from Shin-Etsu Chemical Company (Tokyo, Japan). 

 

5.3.2 Thin Film Freezing (TFF) 

 

Previous work (data not published) has demonstrated that PHT formulated with 

PVPVA64 or Soluplus at a ratio of 3:1 yielded an amorphous nanostructured product at 

feed solution concentrations up of up to 10% total solids. In the present study each batch 

of TFF product was prepared from a drug/polymer solution containing 8% w/v solids. 
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Prior to solution preparation, the polymers were dried for a minimum of 24 hours in a 

vented oven (VWR, Model 1305U, USA) maintained at 70°C to remove excess moisture 

from the system. Polymers were considered acceptable for use when a loss on drying of < 

1% was achieved. The solution was prepared by dissolving the appropriate amounts of 

drug and dried polymer in 900 mL of 1,4-dioxane under magnetic stirring. The solution 

was then frozen drop wise on a rotating cryogenic substrate, the temperature of which 

was controlled (-60°C ± 3°C) via an internal liquid nitrogen feed. The surface 

temperature was monitored in real time via a DiGi-Sense® Type K thermometer (Cole-

Parmer Instrument Company, Vernon Hills, IL). Frozen discs were removed from the 

substrate by means of a stainless steel blade mounted against the surface and collected 

into liquid nitrogen. The collection trays were then covered with a laboratory Kimwipe 

(Kimberly-Clark Co., Roswell, GA) and placed in a -80°C freezer until nitrogen boil off 

was complete. 

 

5.3.3 Lyophilization 

 

Batches were kept in the original collection trays during drying. Following liquid 

nitrogen boil off the covered tray was placed in a VirTis Advantage bench top tray 

lyophilizer (The VirTis Company, Inc., Gardiner, NY). The initial shelf temperature was 

-40°C and the condenser coil temperature was -80°C; an initial vacuum of 200 mTorr 

was employed. Initial conditions were held for 20 hours followed by a linear ramp to 0°C 

over 20 hours and corresponding vacuum reduction to 100 mTorr. A subsequent linear 
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ramp to +35°C over 20 hours was employed at which point the vacuum was reduced to 

50 mTorr. This temperature and pressure was then held for 20 hours with a subsequent 

ramp to +25°C over 1 hour, maintaining a system pressure of 50 mTorr. Final conditions 

were held for a minimum of 12 hours. Upon completion of the drying cycle the material 

was removed and transferred to glass beakers, covered with a laboratory KimWipe, and 

stored under vacuum in a desiccator. Previous work demonstrated these materials to be 

stable against recrystallization within the desiccator for >2 weeks. 

 

5.3.4 Kinetisol Dispersing (KSD) 

 

Solid dispersions of PHT were compounded in a custom built machine designed 

by DisperSol Technologies, LLC (Austin, TX, USA). The unit contains a circular 

chamber with a horizontal shaft through the center. Protruding normal from the shaft are 

custom designed teeth set to leave a minimal gap between the tooth and chamber wall. 

Prior to compounding, the polymers were dried for a minimum of 24 hours in a vented 

oven (VWR, Model 1305U, USA) maintained at 70°C to remove any excess moisture 

from the system. Polymers were considered acceptable for use when a loss on drying 

value of < 1% was achieved. Materials were then weighed and manually blended. 

Following blending, the formulation was added directly to the processing chamber. The 

desired rotational speed of the shaft and temperature controlled ejection point were set in 

an online control module. Real time data acquisition recorded rotation speed and product 

temperature during processing. Contrary to other fusion production techniques the unique 
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chamber design and extremely high rotation speed of the system during compounding 

results in the generation of large amounts of shear and friction generating enough thermal 

energy to eliminate the need for an external heating element. Upon reaching the desired 

temperature endpoint, the unit auto-ejected the molten product which was subsequently 

quenched between two plates chilled with liquid nitrogen. The quenched sample was then 

placed in a desiccator under vacuum to prevent moisture adsorption during warming. 

Formulations were then milled in an L1A Fitzmill (Fitzpatrick Inc., Elmhurst) at 9000 

rpm utilizing a knives-forward configuration. 

 

5.3.5 Potency Analysis 

 

Potencies of the KSD batches were assessed by dissolving a quantity of KSD 

powder equivalent to 10 mg PHT in 100 mL mobile phase under sonication. Samples 

were then filtered through a Millex-HV filter (Millipore, Billerica, MA, USA) (0.45 µm) 

and analyzed by HPLC. A stock solution containing 10 mg bulk PHT was injected 8 

times prior to sample analysis and the average AUC value of these injections set 

equivalent to 100% potency. All samples were prepared in triplicate. Potency values were 

adjusted mathematically for discrepancies in sample weight. 

 

5.3.6 Differential Scanning Calorimetry (DSC) 
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Modulated differential scanning calorimetry (DSC) testing was performed on a 

TA Instruments Model 2920 DSC (New Castle, DE) with data analysis carried out using 

TA Universal Analysis 2000 software. Samples of KSD powders or drug:polymer 

physical blends (5 ± 2 mg) were placed and weighed in an aluminum-crimped pan (Kit 

0219-0041, Perkin Elmer Instruments, Norwalk, CT). For physical blends of drug and 

polymer and for polymer miscibility assessment testing was conducted from 30°C to 

300°C at a ramp rate of 10°C/min with a modulation of 1°C and a modulation frequency 

of 60 seconds. KSD samples were scanned over a range of 20°C to 220°C degrees 

utilizing identical modulation parameters. All samples were run under nitrogen purge at a 

flow rate of 40 mL/min. 

 

5.3.7 Thermogravimetric Analysis (TGA) 

 

TGA was performed on a Mettler-Toledo TGA/DSC 1 equipped with an 

autosampler (Mettler-Toledo, Columbus, OH). Samples (15 mg ± 3 mg) were weighed 

into 100 µL aluminum crucibles (Mettler-Toledo, Columbus, OH) and placed in the TGA 

autosampler. All samples were analyzed under the temperature range of 25°C to 350°C at 

a ramp rate of 10°C/min under nitrogen purge at 50 mL/min and assessed for weight loss. 

Data was exported using STARe Excellence Software and plotted in Microsoft Excel. 

 

5.3.8 X-Ray Diffraction (XRD) 
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Powder samples were examined by wide angle powder X-ray diffraction (XRD) 

on a Philips Model 1710 X-ray diffractometer (Philips Electronic Instruments Inc., 

Mahwah, NJ). Samples were placed on a glass stage and analyzed in the 2Θ range of 5 to 

45° with a step size of 0.1° and a dwell time of 2 seconds. Data analysis was performed 

on Jade software, version 9.0 (Materials Data, Inc., Livermore, CA). 

 

5.3.9 Scanning Electron Microscopy (SEM) 

  

Powders morphologies were imaged using an FEI Strata DB235 scanning electron 

microscope (Hillsboro, OR). Samples were mounted on an aluminum stage by means of 

conductive carbon tape without any pressure applied to the added particles. Adhered 

powders were then sputter coated with 60:40 Pd:Au for 2 minutes, placed within the 

SEM sample holder, and imaged at various magnifications. 

 

5.3.10 Supersaturation Dissolution Testing 

 

Supersaturation dissolution testing was performed on a Varian VK7010 

dissolution apparatus using a paddle speed of 50 rpm. A VanKel VK7500 bath heater 

maintained the dissolution media temperature at 37.5°C throughout the study. To each 

vessel, 750 mL of 0.1 N HCl was added and brought to temperature. Approximately 400 

mg of KSD formulations (~2X supersaturation) or corresponding unprocessed physical 

mixtures were added directly into the dissolution vessels (n=3). After 2 hours under 
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acidic conditions, 250 mL of pre-warmed 0.2 M potassium phosphate buffer was added 

to raise the pH of the dissolution media to 6.8. Samples were taken by means of a Vankel 

VK 8000 autosampler (Varian, Inc., Palo Alto, CA) at time points of 60, 120, 125, 130, 

135, 150, 180, 240 and 360 minutes without media replacement. The withdraw sample 

was immediately filtered through a Millex-HV filter (Millipore, Billerica, MA, USA) 

(0.45 µm) and diluted 1:1 with methanol. Diluted samples were transferred to 1 mL 

HPLC vials and PHT was quantified via HPLC analysis as described below.  

 

5.3.11 HPLC Analysis 

 

The stability indicating HPLC method was adapted from Miller and Strom as 

described by Xu and Trissel (Miller 1988; Xu 2003). Dissolution and potency samples 

were analyzed on a Waters (Waters Corporation, Milford, MA) HPLC system comprised 

of binary Waters 515 HPLC pumps with inline degasser, a Waters 717plus Autosampler, 

and a Waters 996 photo diode array. A Waters Sunfire 5 µm C18, 250 mm x 4.6 mm 

HPLC column with corresponding Sunfire guard column was employed for separation. 

The mobile phase consisted of 60:40 methanol:water with an isocratic flow rate of 1.25 

mL/min. A 20 µL aliquot of the diluted dissolution sample was injected via the 

autosampler and a wavelength of 245 nm extracted for detection. 

 

5.4 Results 
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5.4.1 TGA 

 

TGA analysis revealed rapid decomposition of PHT as it nears its melting 

temperature as has been described in the literature. HPMCAS degradation began at 

approximately 227°C while PVPVA64 degradation began at approximately 300°C and 

Soluplus degradation began above 300°C. Physical mixtures of PHT with PVPVA64 or 

Soluplus alone did not influence the degradation of PHT. Physical mixtures of 

PHT:HPMCAS, PHT:PVPVA64:HPMCAS, PHT:Soluplus:HPMCAS followed a 

degradation profile analogous to HPMCAS alone with degradation of PHT occurring 

slightly earlier than PHT alone but not at a more rapid rate. Figure 5.1 displays thermal 

decomposition profiles of Soluplus based formulations since the data from the PVPVA64 

based formulations was nearly identical (Data not shown). 

 

5.4.2 DSC 

 

DSC reversing heat flow profiles of unprocessed physical mixtures of 

PHT:HPMCAS, PHT:Soluplus, and PHT:PVPVA64 are shown in Figure 5.2A. The 

compositions of the physical mixtures are identical to the corresponding TFF processed 

formulations such that the ratio of PHT:HPMCAS is 3:16, PHT:PVPVA64 is 3:1, and 

PHT:Soluplus is 3:1. The physical mixture of PHT:HPMCAS displays a glass transition 

temperature (Tg) at 119.65°C while the physical mixture of PHT:PVPVA64 yielded a Tg 

of 105.74°C and the physical mixture of PHT:Soluplus exhibited a Tg of 67.95°C. These 
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Tg values agree with the reported Tgs of the polymers used in each sample. The physical 

mixture of PHT:HPMCAS displayed a strong PHT melting endotherm at 280°C 

indicating only minor melting point depression. Contrarily, the physical mixtures of PHT 

with PVPVA64 or Soluplus exhibit broad minor endothermic events peaking at 

approximately 260°C.  

 

Figure 5.2B shows DSC thermographs for unprocessed physical mixtures of 

PHT:PVPVA64:HPMCAS and PHT:Soluplus:HPMCAS in the corresponding weight 

ratios used in the final KSD formulations (3:1:16). The physical blend of 

PHT:PVPVA64:HPMCAS revealed two Tg events at 102.87°C and 119.82°C 

corresponding to the Tg values of PVPVA64 and HPMCAS, respectively. The physical 

mixture of PHT:Soluplus:HPMCAS displayed two Tg values at 73.83°C and 120.68°C 

corresponding to the Tgs of Soluplus and HPMCAS, respectively. No melting endotherm 

was observed for either physical mixture up to 300°C.  

 

The reversing heat flow profiles of KSD manufactured products are shown in 

Figure 5.2D. As both TGA and DSC revealed decomposition of the products above 

230°C analysis was performed from 20-220°C. The TFF-PHT-PVPVA64 based KSD 

formulation (at a ratio of 3:1:16 PHT:PVPVA64:HPMCAS in the final composition) 

displayed a Tg at 94.89°C. No other Tg events were observed for this formulation. The 

PHT:PVPVA64:HPMCAS physical mixture based KSD formulation (in a ratio of 3:1:16)  

displayed two Tgs at 46.94°C and 95.49°C. The TFF-PHT-Soluplus based KSD 
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formulation displayed two Tgs at 57.88°C and 96.33°C. The PHT:Soluplus:HPMCAS 

physical mixture based KSD product displayed two Tgs at 58.40°C and 96.53°C (Table 

5.1).  

 

5.4.3 XRD 

 

XRD revealed multiple crystalline peaks for bulk unprocessed PHT alone over the 

scan range of 5 to 45°. The powders produced by TFF utilizing either PVPVA64 or 

Soluplus as the stabilizing polymer were amorphous as evidenced by the absence of any 

crystalline peaks in the diffraction patterns. All KSD formulations containing 20% drug 

regardless of processing conditions or formulation components were crystalline as 

demonstrated by the characteristic crystalline peaks associated with PHT (Figure 5.3). At 

a rotation speed of 2800 rpm and an ejection temperature of 162°C KSD formulations 

with a drug load of 15% utilizing either TFF-PHT-PVPVA64 or the corresponding 

physical mixture resulted in an amorphous product (Figure 5.4). An amorphous halo was 

also observed for KSD products containing 15% drug manufactured using either TFF-

PHT-Soluplus or the corresponding PHT:Soluplus:HPMCAS physical mixture at a 

rotation speed of 2200 rpm and an ejection temperature of 162°C. 

 

5.4.4 Potency 
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KSD products produced using TFF-PHT-Soluplus displayed potencies of 95% 

when a rotation speed of 2200 rpm was employed with no degradation products observed 

in the stability indicating assay. KSD products containing TFF-PHT-PVPVA64 displayed 

potency values of 95-98% depending on processing conditions with no degradation peaks 

observed for any batch. All products produced with physical mixtures exhibited potency 

values of 99-104% with no degradation peaks present for any sample. 

 

5.4.5 SEM 

 

Images obtained via SEM can be found in Figure 5.5; formulations containing 

PVPVA64 are shown. Milled KSD materials displayed a rough surface morphology. 

Close examination of the particle surface revealed small, needle like structures to be 

present for the material produced with TFF-PHT. These were also present on the material 

produced with a physical mixture however were smaller with regions lacking these 

structures being present. 

 

5.4.6 Dissolution 

 

Figure 5.6 depicts PHT concentration as a function of time for the KSD solid 

dispersion manufactured with TFF-PHT-PVPVA64 and HPMCAS, the KSD solid 

dispersion produced with a physical mixture of PHT:PVPVA64:HPMCAS, and an 

unprocessed physical mixture of PHT:PVPVA64:HPMCAS in the equivalent ratio to the 
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KSD solid dispersions (3:1:16) (error bars equivalent to ± standard deviation). The 

unprocessed physical mixture of the components resulted in dissolution in both acidic and 

neutral conditions with an observed dissolution Cmax of 31 µg/mL. Both KSD solid 

dispersions displayed minor release in acidic media over the 2-hour time period reaching 

concentrations correlating to 16% of the total PHT present being released prior to the pH 

change. Following pH change both KSD solid dispersions provided rapid dissolution of 

PHT resulting in supersaturation of the aqueous media. The KSD solid dispersion 

prepared from a physical mixture of PHT:PVPVA64:HPMCAS resulted in an observed 

dissolution Cmax of 59 µg/mL. The KSD product manufactured with TFF-PHT-PVPVA 

and HPMCAS resulted in an observed dissolution Cmax of 51 µg/mL. Both KSD solid 

dispersions provided supersaturation maintenance for the duration of the study with no 

reduction in either observed dissolution Cmax occurring within the 6 hour period.  

 

Figure 5.7 depicts the PHT concentration as a function of time for the KSD solid 

dispersion manufactured with TFF-PHT-Soluplus and HPMCAS, the KSD solid 

dispersion produced with a physical mixture of PHT:Soluplus:HPMCAS, and an 

unprocessed physical mixture of PHT:Soluplus:HPMCAS in the equivalent ratio to the 

KSD solid dispersions (3:1:16). The unprocessed physical mixture resulted in dissolution 

in both acidic and neutral media with an observed dissolution Cmax of 18 µg/mL. The 

KSD solid dispersions provided minor release in the acidic media over the 2 hour time 

period with approximately 11% being released prior to the pH change. Following pH 

transition to 6.8 both KSD solid dispersions resulted in rapid dissolution of PHT. The 
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KSD solid dispersion manufactured with a physical mixture of PHT:Soluplus:HPMCAS 

yielded an observed dissolution Cmax of 59 µg/mL at hour 5. A subsequent reduction in 

the concentration was observed resulting in a concentration of 48 µg/mL at the 6-hour 

time point. The KSD solid dispersion produced with TFF-PHT-Soluplus and HPMCAS 

yielded an observed dissolution Cmax of 53 µg/mL at the 4- and 5-hour time points. It was 

found that at the 6-hour time point the concentration had reduced to 43 µg/mL.   

 

Analysis of the area under the dissolution curve (AUDC) demonstrates a rank 

order of KSD(PHT:PVPVA64:HPMCAS physical mixture) > 

KSD(PHT:Soluplus:HPMCAS physical mixture) > KSD(TFF-PHT-

PVPVA64:HPMCAS) > KSD(TFF-PHT-Soluplus:HPMCAS) > unprocessed physical 

mixture of PHT:PVPVA64:HPMCAS > unprocessed physical mixture of 

PHT:Soluplus:HPMCAS (Table 5.2). 

 

5.5 Discussion 

 

Solid dispersions utilizing polymeric carriers have proven to greatly enhance the 

dissolution properties and bioavailability of poorly water soluble drugs (Six 2004; 

Kennedy 2008). When formulating a solid dispersion it is desirable to select a polymer 

which provides both enhanced dissolution capabilities and physical stability of the high 

energy state of the API. Additionally, polymers may be selected to achieve a desired 

release profile, such as the use of enteric polymers to reduce or prevent release in the 
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acidic media of the stomach. Certain polymers may be capable of solubilizing a given 

API to a large extent resulting in a high drug loaded single phase solid dispersion 

(Okonogi 2006; Curatolo 2009). However, during formulation a polymer identified as 

displaying desirable properties may be an unsuitable carrier for an API since a single 

phase system may be difficult to obtain at therapeutically relevant drug loading levels, 

with the resulting multiphase systems displaying unsatisfactory physical stability. For 

example the ability to form a single phase system of itraconazole loaded into Eudragit® 

E100, which displayed superior dissolution capabilities relative to the other formulations 

within the study, was limited to a drug content of approximately 13% before phase 

separation occurred (Six 2002). High melting point drugs are further limited in polymer 

selection by the desire to generate a system with a high Tm/Tg ratio to prevent 

recrystallization upon storage (Friesen 2008). 

 

Kinetisol Dispersing (KSD) is a novel fusion production process which has 

displayed the ability to generate single phase amorphous solid dispersions with a variety 

of polymeric carriers (DiNunzio 2010; DiNunzio 2010; DiNunzio, Brough et al. 2010; 

Hughey 2010; Hughey 2011). Unlike hot-melt extrusion, the thermal energy in KSD is 

generated during processing eliminating the need for external heating elements. 

Additionally, the unique design of the system generates an extremely high shear 

environment promoting intense and rapid mixing resulting in processing times on the 

order of seconds.  As mentioned above, this extremely high shear promotes rapid API 
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dissolution into polymeric carriers by a reduction in the boundary layer thickness 

allowing for the thermal processing of high melting point drugs such as PHT. 

 

In previous studies it was shown that powders produced by TFF exhibit high 

specific surface areas in addition to being nanostructured and amorphous in nature 

(Overhoff 2007; Overhoff 2007; DiNunzio 2008; Engstrom 2008; Overhoff 2008). 

Previous work (data not published) demonstrated that PHT could be stabilized in the 

amorphous state by TFF using either PVPVA64 or Soluplus® at a drug to carrier ratio of 

3:1 with up to 10% total solids (w/v) in the feed solution during production. However, 

regardless of the stabilizing polymer, a multiphase system was obtained due to the high 

drug loading of the formulations. It was is hypothesized that the use of this amorphous 

nanostructured PHT produced by TFF during KSD fusion production of solid dispersions 

would promote API dissolution into a polymeric carrier and form an amorphous single 

phase system at higher drug loading than achievable when utilizing a physical mixture of 

identical composition containing crystalline PHT during production. In order to assess 

this hypothesis HPMCAS was selected as the polymeric carrier for the KSD products. 

 

DSC analysis demonstrated HPMCAS to be a poor carrier choice for PHT based 

on the minimal melting point depression for physical mixtures containing 15-20% drug. 

In contrast, PVPVA64 and Soluplus® displayed a significant reduction in the intensity 

and increase in width of the melting endotherm at a 3:1 PHT:Polymer ratio indicating 

strong miscibility (Figure 5.2a) (Forster 2001). TGA analysis revealed that HPMCAS 
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degrades at temperatures below the melting point of PHT (296°C) indicating the lack of 

melting point depression may be due to polymer degradation. Spray dried dispersions of 

PHT have been formulated at the 10% drug loading level in HPMCAS (Curatolo 2009) 

indicating its potential for success at low drug loadings, however to the knowledge of the 

author fusion production formulations in this carrier have not been reported.   

 

Utilization of the PHT:PVPVA64:HPMCAS or PHT:Soluplus:HPMCAS physical 

mixtures in KSD production demonstrated that at a drug loading of 20% the resulting 

products were crystalline in nature as evidenced by the presence of characteristic 

crystalline peaks in the XRD diffraction pattern. This was true regardless of processing 

conditions indicating this drug loading was above the crystalline API solubility within the 

carrier. Therefore the TFF-PHT formulations were processed via KSD with HPMCAS in 

an attempt to achieve an amorphous single phase product at this higher drug loading. 

Initial trials utilizing the TFF-PHT-Soluplus powder in KSD production at a drug loading 

of 20% in the final formulation readily demonstrated that the low density, high surface 

area powder acted as a very strong lubricant for the system as evidenced by long 

processing times prior to heat generation for many samples (i.e. 45 seconds) or the 

inability to generate frictional heat altogether under selected processing parameters. This 

effect was due in part to the high surface area and nanostructuring of the TFF material 

(Bolhuis 1996). Additionally, the presence of the two phenyl groups of PHT coupled with 

this high SSA may have facilitated lubrication as improved lubricity has been observed 

for silicon based lubricants containing phenyl substitutions (Dare 2006). This effect was 
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observed to increase as blending time prior to charging the production chamber was 

increased. Therefore pre-blending of the materials was minimized prior to loading into 

the sample chamber resulting in faster processing times. 

 

The KSD thermal profiles obtained for formulations produced with a 

PHT:Soluplus:HPMCAS physical mixture exhibited a thermal transition which onset at 

approximately 120°C, corresponding to the Tg of HPMCAS. However, when initially 

processed with the TFF-PHT-Soluplus material a secondary endothermic transition was 

observed at 100°C (Figure 5.8). The solvent used during TFF production was 1,4-dioxane 

which has a boiling point of 100°C; therefore this secondary endothermic transition was 

attributed to solvent evolution from the TFF product. The reduction in product 

temperature during solvent evolution proved to significantly lengthen processing times as 

the production end point is a selected temperature. This in turn resulted in crystalline 

products regardless of drug loading, requiring it be removed prior to the KSD process. 

The presence of residual solvent within the TFF powder may also plasticize the TFF 

product resulting in recrystallization prior to its use in the KSD process further 

necessitating its removal. Additionally the residual solvent may become incorporated in 

the final product resulting in a reduction in the glass transition temperature and reduced 

product stability (Joly, Le Cerf et al. 1999). Therefore the lyophilization scheme was 

adjusted to the parameters described in the methods section to ensure complete removal 

of 1,4-dioxane. Additionally, the polymers were dried prior to use in TFF production and 

prior to KSD processing to remove excess water from the system as this may plasticize 



 273

the final product as well (Hancock 1994). This resulted in a consistently amorphous TFF 

powder for subsequent use in KSD and eliminated the thermal transition observed at 

100°C in the KSD thermal profile (Figure 5.9b). 

 

Yet even after removal of residual 1,4-dioxane and water from the formulation 

components, all KSD products containing 20% drug utilizing either TFF-PHT material or 

the corresponding physical mixture were crystalline in nature regardless of processing 

parameters as evidenced by XRD (Figure 5.3). This was unexpected considering that the 

TFF-PHT was amorphous prior to the KSD processing and that temperatures above the 

recrystallization temperature of the TFF product (122°C) were achieved for as little as 2 

seconds with total processing times of less than 14 seconds (Figure 5.9).  XRD analysis 

of a physical blend of the TFF-PHT powders and HPMCAS exhibited an amorphous halo 

demonstrating maintenance of the amorphous state during blending and indicating 

recrystallization was indeed occurring during processing. As mentioned, the Tm/Tg ratio 

is an indicator of the propensity for crystallization. The TFF-PHT products displayed 

multiple Tg events, the lowest of which was found to be 18°C, while the highest was 

75°C (Figure 5.2C). With a PHT melting temperature of 296°C these events result in 

Tm/Tg ratios of 16.44 and 3.94, respectively, which fall significantly outside of the range 

studied by Friesen et al. This indicates the TFF-PHT powders will have a very strong 

susceptibility to recrystallization, a fact observed by minor spontaneous crystallization 

being detected by XRD in less than 1 month of storage under vacuum in a desiccator. 

This susceptibility of PHT to undergo solid state transformation from the amorphous to 
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crystalline state may be heightened in the processing environment of KSD yielding 

extremely rapid crystallization kinetics. 

 

Crystallization kinetic models have been developed to mathematically describe 

recrystallization processes such as the Kolmogorov-Johnson-Mehl-Avrami (KJMA) 

equation: 

1 exp	  

In which x(t) is the fraction recrystallized at time t, K is a constant dependent 

upon nucleation (I) and growth (G) rate constants, τ is the induction time, and n is a 

constant relative to transformation dimensionality (Price 1990). Such models have proven 

successful in predicting crystallization rates under isothermal conditions as was 

demonstrated using indomethacin as a model compound (Andronis and Zografi 2000). 

However, the kinetics of solid-state phase transitions such as amorphous conversion to 

the crystalline state are influenced by the local environment including temperature, 

pressure and humidity as well as material factors including particle size, surface area and 

impurities such as crystalline seeds (Zhang, Law et al. 2004; Heinz, Strachan et al. 2009). 

Models such as the KJMA equation omit interfacial properties (i.e. surface area, particle 

size, etc.) as they are developed for a more general application and the influence of such 

factors can only be inferred (Zhou, Schmitt et al. 2003). 

 

Crystallization kinetics are further complicated under non-isothermal conditions, 

as is the case during KSD processing in which the temperature changes rapidly. Models 
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such as that proposed by Matusita attempt to account for this assuming a linear heating 

rate such that: 

ln	 ln 1 1.052  

In which x is the volume fraction of crystals precipitating, α is derived, E is the 

activation energy for crystal growth, n is a numerical factor dependent upon the 

nucleation process, m is the dimensionality of crystal growth, R is the gas constant and T 

is the temperature (Matusita 1984). However again this does not account for the 

interfacial or environmental properties and may not be applicable under non-linear 

heating rates. Additionally, it has been demonstrated that high shear environments can 

promote phase changes (Wildfong, Morris et al. 2007) and that the addition of high 

surface area nanomaterials can facilitate the crystallization of materials such as semi-

crystalline polymers (Papageorgiou, Achilias et al. 2005). Furthermore it has been shown 

using amorphous lactose as a model that minor crystallinity in an amorphous material 

may act as crystallization seeds with nucleation occurring from each of the seeded sites 

(Schmitt, Law et al. 1999). This process may occur dynamically with new nucleation 

sites forming and growing during processing. Indeed the controlled seeding of 

crystallization processes has been accomplished with as little as 0.1% of high surface area 

seed (Variankaval, Cote et al. 2008) indicating the surface area of the TFF-PHT powder 

(25-30 m2/g) may be highly influential in the crystallization rate. It is estimated that a 

drug loading of 20% is above the saturation solubility of PHT in HPMCAS during 
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thermal processing resulting in the presence of unsolubilized TFF-PHT which may 

rapidly crystallize and distribute within the product.  

 

While XRD revealed an amorphous halo for TFF-PHT it is possible that minor 

crystallinity was present within the powder though undetected by XRD due to the 

presence of primarily amorphous material or the size of the crystalline domain (Kanaujia 

2011). The enhanced mixing during KSD would result in rapid distribution of these seed 

crystals within the material during processing. Coupled with the high predisposition of 

PHT for crystallization prior to thermal progression, the combination of elevated 

pressures generated at the leading edge of the compounding tooth, the high shear and 

elevated temperatures of the system during processing and the high SSA of the TFF-PHT 

material resulted in rapid recrystallization from numerous sites, likely primarily in 

regions containing non-solubilized PHT. The addition of a compression stabilizer such as 

carrageenan may prevent pressure related phase transitions at the leading edge of the 

tooth (Dhumal 2007) however its incorporation was beyond the scope of this work. 

Therefore the drug loading was reduced to 15% for the remainder of the study. 

 

Table 5.1 depicts the optimized processing conditions for each formulation 

containing 15% drug; under these conditions an amorphous product was obtained for all 

formulations as evidenced by XRD (Figure 5.4) demonstrating a 50% increase in the drug 

loading ability of PHT in HPMCAS compared to the values reported in literature. 

HPMCAS was selected as the carrier due to its incompatibility with PHT as indicated by 
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DSC analysis which revealed a melting endotherm for PHT when a binary 

PHT:HPMCAS physical mixture was analyzed. Contrarily, physical mixtures of either 

PHT:PVPVA64:HPMCAS or PHT:Soluplus:HPMCAS did not display this thermal event 

indicating synergistic solubilization of PHT by the polymer combinations. Therefore the 

inclusion of either PVPVA64 or Soluplus in the KSD formulations, whether as a physical 

mixture of PHT:PVPVA64:HPMCAS or PHT:Soluplus:HPMCAS or the TFF-PHT-

PVPVA64 or TFF-PHT-Soluplus processed API, may result in a homogenous single-

phase solid dispersion.  

 

DSC analysis of the KSD product containing TFF-PHT-PVPVA64 displayed a 

single Tg over the analyzed range indicating a single phase system has been obtained (Qi 

2008; Tobyn, Brown et al. 2009). In a homogenous system a single intermediate Tg value 

(Tgmix) relative to the individual Tgs of the mixed components should be observed as 

described by the Gordon-Taylor/Kelly-Bueche  equation and modified by the Simha-

Boyer rule (Gordon 1952; Kelly 1961; Boyer and Simha 1973) such that: 

 

Where Tg1 and Tg2 are the glass transition temperatures of the individual materials 

1 and 2 and w is the weight fraction of the corresponding material. This can be further 

modified for ternary systems such that: 

 

The value of K, the ratio of the components’ free volume, is such that: 
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≅  

≅  

Where Tg1, Tg2, and Tg3 are the Tg values for PHT, the TFF stabilizing polymer 

and HPMCAS respectively. Density values are those corresponding to the respective 

material Tg (Janssens 2008). Using this equation the theoretical Tgmix for PVPVA64 

based formulations is 65.15°C. The KSD product containing TFF-PHT-PVPVA64 

displayed a single Tg, with a significant positive deviation from this theoretical value 

(94.89°C). Positive deviations from ideal mixing can be attributed to stronger hetero-

molecular forces between PHT and the carriers in which the sum and strength of 

hydrogen bonding is greater than the individual amorphous components (Janssens, De 

Zeure et al. 2010; Löbmann, Laitinen et al. 2011). Indeed 1:10 API:Polymer formulations 

of bicalutamide and PVP displayed a 30°C deviation from the theoretical value predicted 

by the Gordon-Taylor equation as a result of strong API:PVP intermolecular forces 

relative to those of the API:API or PVP:PVP intermolecular forces (Andrews, AbuDiak 

et al. 2010). It has been suggested that this positive deviation resulting in an increased Tg 

may be beneficial as it can provide enhanced physical stability of the system (Babu 

2009). This is especially true for a high melting point compound such as PHT as it will 

decrease the Tm/Tg ratio and thus the propensity for recrystallization. 

 

The theoretical Tgmix of the KSD product produced with TFF-PHT-Soluplus based 

on the Gordon-Taylor equation for ternary formulations above is 64.26°C. However, this 
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formulation exhibited two Tg values, the first near that observed for the KSD product 

manufactured with the TFF-PHT-PVPVA64 material while the second is substantially 

lower (Table 5.1) indicating the presence of a drug rich phase or potentially a 

PHT:Soluplus rich phase. Similarly, both ternary systems produced by KSD with 

PHT:PVPVA64:HPMCAS or PHT:Soluplus:HPMCAS physical mixtures resulted in 

multiphase systems. This indicates that the use of the TFF-PHT-PVPVA64 material in 

KSD was able to solubilize the API in the carrier yielding single phase system while the 

TFF-PHT-Soluplus material was not. 

 

While the presence of a drug rich phase may be detrimental regarding physical 

stability, the solid dispersion may still provide enhanced dissolution. Therefore the ability 

of the single and 2-phase systems to achieve and maintain supersaturation was assessed 

under non-sink conditions utilizing an acidic to neutral pH transition. HPMCAS is an 

enteric polymer less than 10% ionized at pH values below 4 minimizing its solubility and 

thus the release of PHT (Friesen 2008). However at pH values above 5.5 it undergoes 

rapid dissolution and is capable of generating and maintaining supersaturation of multiple 

APIs (Konno 2008; Curatolo 2009). The unprocessed physical mixture of 

PHT:PVPVA64:HPMCAS displayed significant PHT dissolution in acid yielding a 

concentration of 26 µg/mL which is near the equilibrium solubility of the API. Following 

the pH transition the unprocessed physical mixture displayed an early plateau yielding an 

observed dissolution Cmax of 31 µg/mL demonstrating an inability to supersaturate 

aqueous media. In acidic conditions, both KSD formulations containing PVPVA64 
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yielded approximately 16% PHT release (based on the total PHT present in the 

dissolution vessel) facilitated by the presence of the hydrophilic PVPVA64. Following 

pH change both formulations rapidly released PHT. However, the formulation produced 

with a physical mixture of PHT:PVPVA64:HPMCAS resulted in a higher saturation 

solubility compared to the product prepared with TFF-PHT-PVPVA64 (Figure 5.6). 

Indeed the formulation produced with the physical mixture resulted in 100% release 

while the TFF-PHT-PVPVA64:HPMCAS formulation yielded 85% release. This was 

initially attributed to a potency related issue as it was observed that the potency of the 

KSD materials produced with TFF-PHT-PVPVA64 was approximately 95%. However, 

even when adjusting for the difference in potency the formulation resulted in 89% release 

indicating incomplete dissolution of the API. No degradation products were found during 

potency analysis and this reduction in potency is attributed to mechanical loss of the TFF 

powder during processing. It has been shown that particle size, morphology and 

amorphicity are influential in regards to electrostatic interactions with processing 

equipment (Bennett 1999; Murtomaa 2002; Murtomaa 2004; Zhu 2007). The amorphous 

nanostructured TFF powder utilized during production may have resulted in preferential 

binding to the chamber wall during processing which was not subsequently removed into 

the molten product due to the aforementioned lubricating effect thereby reducing the 

potency. This reduction in potency would result in a lower drug load in the TFF based 

KSD products. It has been shown that solid dispersion performance is inversely 

proportional to drug loading (Barillaro 2008; Onike 2010). Therefore the product 

obtained utilizing TFF-PHT would be expected to perform better than the product 
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produced with the corresponding physical mixture as PHT loss during processing would 

result in a lower drug loading. However this was indeed not the case as can be observed 

by the reduction in the slope of the dissolution curve and the observed Cmax of the TFF-

PHT-PVPVA64 KSD product versus that of the PHT:PVPVA64:HPMCAS physical 

mixture KSD product. Indeed differentiation between the concentrations of the 

formulations can be observed within 10 minutes following the pH transition (Figure 5.6).  

 

While DSC analysis revealed a single phase system for the TFF-PHT-

PVPVA64:HPMCAS KSD product versus a two phase system for the 

PHT:PVPVA64:HPMCAS physical mixture KSD product and XRD displayed an 

amorphous halo for both products, the possibility remains that due to the aforementioned 

recrystallization at higher drug loading minor crystallinity may have remained in the 

optimized formulations. In such an instance the TFF-PHT-PVPVA64 would saturate the 

HPMCAS and the remaining material dispersed as nano-crystalline domains. These 

domains may have been overshadowed by the amorphous signal of HPMCAS, PVPVA64 

and amorphous PHT during XRD analysis or the crystalline content may have been 

below the limit of detection XRD and therefore undetected (Hancock and Zografi 1997; 

Kanaujia 2011). Crystalline material would not be detected via DSC as it will display no 

Tg and temperatures up to the melting point of the compound could not be employed due 

to degradation issues. Alternatively, the supersaturated state of the polymeric carrier may 

have resulted in in-situ crystallization of PHT during dissolution testing due to 

plasticization by the aqueous media and the strong crystallization tendency of PHT. 
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Visualization of the powder surface by SEM revealed needle-like features on the KSD 

material produced with TFF-PHT-PVPVA64 approximately 2.5 µm in length and less 

than 1 µm in diameter which may be crystalline PHT (Figure 5.5). While similar features 

were observed for the KSD products produced with a physical mixture of 

PHT:PVPVA64:HPMCAS, the number and size of these features is reduced. 

Additionally areas are present in the KSD physical mixture product lacking these features 

indicating areas of inhomogeneity justifying the multiple observed phases by DSC. Thus 

it is possible that the presence of minor crystallinity in the TFF-PHT-PVPVA:HPMCAS 

KSD product resulted in a difference in supersaturation extent and thus the observed 

dissolution Cmax and AUDC values compared to the product generated from a 

PHT:PVPVA64:HPMCAS physical mixture. Further study is needed in order to confirm 

this.  

 

Similar to the PVPVA64 containing formulations the KSD product containing 

TFF-PHT-Soluplus displayed a lower saturation solubility compared to the KSD product 

produced with a physical mixture of PHT:Soluplus:HPMCAS (Figure 5.7). This can 

again be attributed to a greater degree of crystallinity within the sample. Previous studies 

(data not published) demonstrated a negative interaction between PHT and Soluplus 

attributed to strong hydrophobic interactions between the phenyl groups of PTH and the 

caprolactam ring of Soluplus, in addition to strong hydrogen bonding at the amine groups 

of PHT. This is evidenced herein as the unprocessed physical mixture of 

PHT:Soluplus:HPMCAS yielded an observed dissolution Cmax below the equilibrium 
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solubility of crystalline PHT as the drug-polymer interaction during dissolution prevents 

solubilization. Though the KSD formulations achieved supersaturation following the pH 

transition, and HPMCAS has shown the ability to maintain supersaturation, the 

interaction between Soluplus and PHT resulted in a reduction in concentration and loss of 

the ability to maintain supersaturation.  

 

5.6 Conclusions 

 

The ability of a high SSA amorphous API powder to supersaturate a polymeric 

carrier during KSD production of solid dispersions was assessed. The high shear 

environment, increased pressures at the leading edge of the compounding teeth, and 

elevated temperatures of the process resulted in rapid recrystallization of the TFF-PHT 

material due to the high Tm/Tg ratio of the composition. A drug loading of 20% yielded 

crystalline products regardless of KSD rotation speed or ejection temperature due to 

incomplete dissolution of PHT in HPMCAS. Amorphous products containing 15% PHT 

were successfully produced by KSD demonstrating the ability of KSD to thermally 

process a high melting point drug that has a propensity for recrystallization. The drug 

loading of 15% is a 50% increase in drug loading over currently reported levels. Solid 

dispersions were produced utilizing either TFF-PHT-PVPVA or TFF-PHT-Soluplus 

materials or the corresponding physical mixtures. The KSD product manufactured with 

TFF-PHT-PVPVA64 resulted in a single-phase system while all others resulted in 2-

phase systems indicating polymeric supersaturation was achieved. Thus, the use of 
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amorphous, high specific surface area drug compositions during the fusion production of 

solid dispersions can facilitate API dissolution into a polymeric carrier yielding a high 

drug loaded single-phase system. 
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Figure 5.3 – XRD of KSD with TFF-PHT-Soluplus with 20% PHT in the final 
formulation 
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Figure 5.6 – Supersaturated dissolution of PVPVA64 formulations: (x) unprocessed 
PHT:PVPVA64:HPMCAS physical mixture; (   ) KSD product utilizing 
TFF-PHT-PVPVA64; ( ) KSD product utilizing 
PHT:PVPVA64:HPMCAS physical mixture 
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Figure 5.7 – Supersaturated dissolution of Soluplus formulations: (x) unprocessed 
PHT:Soluplus:HPMCAS physical mixture; ( ) KSD product utilizing 
TFF-PHT-Soluplus; (   ) KSD product utilizing PHT:Soluplus:HPMCAS 
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Figure 5.8 – Thermal profile of KSD process utilizing TFF powder in which excess 
residual solvent is present 
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Figure 5.9A – Thermal profiles of formulations containing PVPVA64 
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Figure 5.9B – Temperature profiles of formulations containing Soluplus 
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Formulation  RPM  Ejection Temperature (°C)  Tg(s) (°C) 

KSD with TFF PHT (PVPVA64)  2800  162  94.89 

KSD with Bulk PHT (PVPVA64)  2800  162  46.94, 95.49 

KSD with TFF PHT (Soluplus)  2200  162  57.88, 96.33 

KSD with Bulk PHT (Soluplus)  2200  162  58.40, 96.53 

Table 5.1 – Optimized processing parameters and glass transition temperatures for 
each formulation 
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Formulation AUDC (µg∙hr) Observed Cmax (µg/mL) 
KSD with TFF PHT (PVPVA64) 201.49 51.39 
KSD with Bulk PHT (PVPVA64) 238.58 59.21 
Physical Mixture with PVPVA64 153.09 31.17 
KSD with TFF PHT (Soluplus) 190.21  52.93 
KSD with Bulk PHT (Soluplus) 216.89  59.23 
Physical Mixture with Soluplus 89.23  18.02 

Table 5.2 – Area under the dissolution curve and observed Cmax values for products 
produced by KSD and the corresponding physical mixtures 
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Chapter 6: Concluding Remarks 

 

6.1 Dissertation Conclusions 

 

 Studies utilizing TFF demonstrated the ability of the technology to formulate 

amorphous solid dispersions of a high melting point, poorly water soluble drug at 

significantly higher drug loading than previously reported. Additionally, the technology 

demonstrated the possibility of cryogenically processing the graft copolymer Soluplus® 

in the formulation of amorphous solid dispersions. While the generated systems were 

two-phase in nature, the high drug loaded solid dispersions formulated with a hydrophilic 

stabilizing polymer successfully supersaturated acidic dissolution media showing 

significant improvement over the unprocessed API. The advantages of a solid dispersion 

with high drug loading include improved dissolution and thus bioavailability, while also 

reducing the required amount of product for a therapeutically relevant dose.  

 

 An alternative solvent removal technique, atmospheric freeze drying, was 

investigated for application of successfully removing the organic solvents or aqueous-

organic solvent mixtures used during TFF production. Unique changes were observed in 

the powder morphology depending on the drying method implemented for a given 

powder. Products dried by AFD displayed the highly desirable characteristic of reduced 

electrostatic interactions. This powder quality can significantly improve powder handling 

and processing by reducing interactions with pharmaceutical equipment on the industrial 

scale. Additionally, a reduction in electrostatic interactions will result in fewer drug-

dosing device interactions resulting in more accurate and reproducible dosing. This may 

be most highly beneficial in applications with dry powder inhalers.  
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 The ability of a high SSA amorphous API powder to supersaturate a polymeric 

carrier during fusion production of solid dispersions was assessed utilizing the high 

melting point, strongly crystallizing, poorly water soluble compound phenytoin. It was 

demonstrated that the use of the amorphous high SSA API during Kinetisol® Dispersing 

can supersaturate a polymeric carrier allowing improved drug-polymer miscibility. 

Additionally it was demonstrated that Kinetisol Dispersing resulted in a 50% increase in 

drug loading of the API in the selected carrier compared to previously reported 

formulations. The ability to improve API dissolution into a polymeric carrier by this 

technique may allow for the utilization of novel polymer-drug combinations in the 

production of amorphous solid dispersions not previously possible. 

  

 The research conducted herein was intended to demonstrate the ability 

formulation technologies to improve drug loading in the formulation of solid dispersions. 

Higher drug loading is beneficial in regards to the final formulation by reducing the 

amount of powder which must be given per dose to achieve therapeutic blood levels. This 

may reduce costs during production and allow the formulation of dosage form which 

previously could not be manufactured due to size issues. Through the combined use of 

TFF and Kinetisol® Dispersing it has been successfully shown that the limitation of poor 

drug loading in a solid dispersion can be overcome by the use of processing technologies. 

It is hoped that such methods will be implemented beyond the academic field for 

industrial applications.  

 

 

 

 



 316

Bibliography 
 

 
Abbas, D., J. Kaloustian, et al. (2008). "DSC and physico-chemical properties of a 
substituted pyridoquinoline and its interaction study with excipients." Journal of Thermal 
Analysis and Calorimetry 93(2): 353-360. 
  
Adams, G. (2007). The Principles of Freeze-Drying 
Cryopreservation and Freeze-Drying Protocols. J. G. Day and G. N. Stacey, Humana 
Press. 368: 15-38. 
  
Agatonovic-Kustrin, S., N. Markovic, et al. (2008). "Compatibility studies between 
mannitol and omeprazole sodium isomers." Journal of Pharmaceutical and Biomedical 
Analysis 48(2): 356-360. 
  
Ahuja, S., Rasmussen, H. (2007). HPLC Method Development for Pharmaceuticals. 
Boston, Elsevier, Academic Press. 
  
Ahumada, A. A., Seeck, J., Allemandi, D., Manzo, R.H. (1993). "The pH/solubility 
profile of norfloxacin." S.T.P. Pharma Sciences 3(3): 250-253. 
  
Al-Humayyd, M. S. (1996). "Diltiazem and verapamil elevate plasma phenytoin 
concentrations in the rat." International Journal of Pharmaceutics 131: 153-158. 
  
Alban, L., Dahl, A.K., Hansen, A.K., Hejgarrd, K.C., Jensen, A.L., Kragh, M., Thomsen, 
P., Steensgaard, P. (2001). "The Welfare Impact of Increased Gavaging Doses in Rats." 
Animal Welfare 10(3): 303-314. 
  
Aldén, M., M. Wulff, et al. (1995). "Influence of selected variables on heat of fusion 
determinations by oscillating DSC." Thermochimica Acta 265: 89-102. 
  
Ali, S., Langley, N., Djuric, D., Kolter, K. (2010). "Eye on Excipients: Soluplus, a novel 
graft copolymer." Tablets & Capsules: 4. 
  
Allen, T. (1997). Particle Size Measurement: Volume 2 - Surface Area and Pore Size 
Determinations. London, Chapman & Hall. 
  
Alves, R., Reis, T.V.d.S., Cides da Silva, L.C., Storpirtis, S., Mercuri, L.P., Matos, J.d.R. 
(2010). "Thermal behavior and decomposition kinetics of rifampicin polymorphs under 
isothermal and non-isothermal conditions." Brazilian Journal of Pharmaceutical Sciences 
46(2): 343-351. 
  



 317

Amidon, G. L., Lennernas, H., Shah, V.P., Crison, J.R. (1995). "A theoretical basis for a 
biopharmaceutic drug classification: teh correlation of in vitro drug product dissolution 
and in vivo bioavailability." Pharmaceutical Research 12(3): 413-420. 
  
Anchordoquy, T. J. and G. S. Koe (2000). "Physical stability of nonviral plasmid-based 
therapeutics." Journal of Pharmaceutical Sciences 89(3): 289-296. 
  
Andrews, G. P., O. A. AbuDiak, et al. (2010). "Physicochemical characterization of hot 
melt extruded bicalutamide–polyvinylpyrrolidone solid dispersions." Journal of 
Pharmaceutical Sciences 99(3): 1322-1335. 
  
Andronis, V. and G. Zografi (2000). "Crystal nucleation and growth of indomethacin 
polymorphs from the amorphous state." Journal of Non-Crystalline Solids 271(3): 236-
248. 
  
Antila, R., Yliruusi, J. (1991). "Measurement of specific surface area of pharmaceutical 
powders by the BET method; effect of dryign time and drying temperature." Acta 
Pharmaceutica Nordica 3(1): 15-18. 
  
Avdeef, A., C. M. Berger, et al. (2000). "pH-Metric Solubility. 2: Correlation Between 
the Acid-Base Titration and the Saturation Shake-Flask Solubility-pH Methods." 
Pharmaceutical Research 17(1): 85-89. 
  
Babu, R. J., Brostow, W., Kalogeras, I.M., Sathigari, S. (2009). "Glass transitions in 
binary drug + polymer systems." Materials Letters 63: 2666-2668. 
  
Baena, Y., Barbosa, H.J., Jorge, A., Martinez, F. (2004). "Estimation of the aqueous 
solubility of some acetanilide derivatives from octanol-water partition coefficients and 
entropies of fusion." Acta Farmaceutica Bonaerense 23(1): 33-38. 
  
Barillaro, V., Pescarmona, P.P., Van Speybroeck, M., Thi, T.D., Van Humbeeck, J., 
Vermant, J., Augustijns, P., Martens, J.A., Van Den Mooter, G. (2008). "High-
Throughput Study of Phenytoin Solid Dispersions: Formulation Using an Automated 
Solvent Casting Method, Dissolution Testing , and Scaling up." Journal of Combinatorial 
Chemistry 10: 637-643. 
  
Barresi, A. A., Ghio, S., Fissore, D., Pisano, R. (2009). "Freeze drying of pharmaceutical 
excipients close to collapse temperature: influence of the process conditions on process 
time and product quality." Drying Technology 27: 805-816. 
  
Baucells, M., Ferrer, N., Gomez, P., Lacort, G., Roura, M. (1993). "Determination of 
caffeine in solid pharmaceutical samples by FTIR spectroscopy." Mikrochimica Acta 
112: 87-98. 



 318

  
Belal, F., Elbrashy, A., Eid, M., Nasr, J.J. (2008). "Stability-Indicating HPLC Method for 
the Determination of Quetiapine: Application to Tablets and Human Plasma." Journal of 
Liquid Chromatography & Related Technologies 31: 1283-1298. 
  
Bennett, F. S., Carter, P.A., Rowley, G., Dandiker, Y. (1999). "Modification of 
electrostatic charge on inhaled carrier lactose particles by addition of fine particles." Drug 
Development and Industrial Pharmacy 25(1): 99-103. 
  
Bergese, P., E. Bontempi, et al. (2003). "Microstructural investigation of nimesulide-
crospovidone composites by X-ray diffraction and thermal analysis." Composites Science 
and Technology 63(8): 1197-1201. 
  
Bhalekar, M. R., T. K. Shete, et al. (2010). "Solid State Photodegradation Study of 
Fexofenadine Hydrochloride." Analytical Letters 43(3): 406 - 416. 
  
Bisoyi, H. K., Kumar, S. (2010). "Discotic nematic liquid crystals: science and 
technology." Chemical Society Reviews 39(1): 264-285. 
  
Bizzi, C. A., Barin, J.S., Hermes, A.L, Mortari, S.R., Flores, E.M.M. (2011). "A fast 
microwave-assisted procedure for loss on drying determination in saccharides." Journal 
of the Brazilian Chemical Society 22(2): 376-381. 
  
Bolhuis, G. K., Holzer, A.W. (1996). Lubricant Sensitivity. Pharmaceutical Powder 
Compaction Technology. G. Alderborn, Nystrom, C. New York, Marcel Dekker. 71: 517-
560. 
  
Bormashenko, E., Bormashenko, Y., Whyman, G., Pogreb, R., Musin, A., Jager, R., 
Barkay, Z. (2008). "Contact angle hysteresis on polymer substrates estabilished with 
various experimental techniques, its interpretation, and quantitative characterization." 
Langmuir 24: 4020-4025. 
  
Bott, R. F., Oliveira, W.P. (2007). "Storage Conditions for Stability Testing of 
Pharmaceuticals in Hot and Humid Regions." Drug Development and Industrial 
Pharmacy 33: 393-401. 
  
Boyer, R. F. and R. Simha (1973). "Relation between expansion coefficients and glass 
temperature: A reply." Journal of Polymer Science: Polymer Letters Edition 11(1): 33-44. 
  
Brits, M., Liebenberg, W., de Villiers, M.M. (2010). "Characterization of Polymorphic 
Transformations that Decrease the Stability of Tablets Containing the WHO Essential 
Drug Mebendazole." Journal of Pharmaceutical Sciences 99(3): 1138-1151. 
  



 319

Brown, M. E. (2001). Introduction to Thermal Analysis. Dordrecht, Kluwer Academic 
Publishers. 
  
Bruni, G., V. Berbenni, et al. (2011). "Determination of the nateglinide polymorphic 
purity through DSC." Journal of Pharmaceutical and Biomedical Analysis 54(5): 1196-
1199. 
  
Buffeteau, T., Desbat, B., Eyquem, D. (1996). "Attenuated total reflection Fourier 
transform infrared microspectroscopy: Theory adn application to polymer samples." 
Vibrational Spectroscopy 11: 29-36. 
  
Cameron, D., Armstrong, E.E. (1988). "Optimization of stepsize in x-ray powder 
diffractogram collection." Powder Diffraction 3(1): 32-38. 
  
Cammenga, H. K., W. Eysel, et al. (1993). "The temperature calibration of scanning 
calorimeters : Part 2. Calibration substances." Thermochimica Acta 219: 333-342. 
  
Campbell Roberts, S. N., A. C. Williams, et al. (2002). "Quantitative analysis of mannitol 
polymorphs. X-ray powder diffractometry--exploring preferred orientation effects." 
Journal of Pharmaceutical and Biomedical Analysis 28(6): 1149-1159. 
  
Cappello, B., di Maio, C., Iervolino, M., Miro, A. (2007). "Combined effect of 
hydroxypropyl methylcellulose and hydroxypropyl-beta-cyclodextrin on physicochemical 
and dissolution properties of celecoxib." Journal of Inclusion Phenomena and 
Macrocyclic Chemistry 59: 237-244. 
  
Carpenter, J., Katayama, D., Liu, L., Chonkaew, W., Menard, K. (2009). "Measurement 
of Tg in lyophilized protein and protein excipient mixtures by dynamic mechanical 
analysis." Journal of Thermal Analysis and Calorimetry 95(3): 881-884. 
  
Chan, H. K., Ongpipattanakul, B., Au-Yeung, J. (1996). "Aggregation of rhDNase 
occured during the compression of KBr pellets used for FTIR spectroscopy." 
Pharmaceutical Research 13(2): 238-242. 
  
Charsley, E. L., P. G. Laye, et al. (2006). "DSC studies on organic melting point 
temperature standards." Thermochimica Acta 446(1-2): 29-32. 
  
Chatterjee, K., Shalaev, E.Y., Suryanarayanan, R. (2005). "Partially crystalline systems 
in lyophilization: II. Withstanding collapse at high primary drying temperatures and 
impact on protein activity recovery." Journal of Pharmaceutical Sciences 94(4): 809-820. 
  



 320

Chawla, G., Bansal, A.K. (2008). "Improved dissolution of a poorly water soluble drug in 
solid dispersiosn with polymeric and non-polymeric hydrophilic additives." Acta 
Pharmaceutica 58: 257-274. 
  
Chitlange, S. S., Bagri, K., Sakarkar, D.M. (2008). "Stability Indicationg RP-HPLC 
Method for Simultaneous Estimation of Valsartan and Amlodipine in Capsule 
Formulation." Asian Journal of Research Chemistry 1(1): 15-18. 
  
Chow, A. H. L., C. K. Hsia, et al. (1995). "Assessment of wettability and its relationship 
to the intrinsic dissolution rate of doped phenytoin crystals." International Journal of 
Pharmaceutics 126(1-2): 21-28. 
  
Chu, K. A., Yalkowsky, S.A. (2009). "An interesting relationship between drug 
absorption and melting point." International Journal of Pharmaceutics 373: 24-40. 
  
Claussen, I. C., Ustad, T.S., Strommen, I., Walde, P.M. (2007). "Atmospheric Freeze 
Drying - A Review." Drying Technology 25: 957-967. 
  
Condon, J. B. (2006). Surface Area and Porosity Determinations by Physisorption: 
Measurements and Theory. Amsterdam, Elsevier. 
  
Corrandini, D., Phillips, T.M. (2011). Handbook of HPLC. Boca Raton, Taylor & Francis 
Group. 
  
Craig, D. Q. M., Reading, M. (2007). Thermal Analysis of Pharmaceuticals. Boca Raton, 
CRC Press. 
  
Cuiping, C., Xingrong, L., Rujin, W. (1993). "High-Performance Liquid 
Chromatographic Method for the Determination of Norfloxacin Glutamage and 
Glucuronate in Solid and Liquid Dosage Forms and its Application to Stability Testing." 
Journal of Pharmaceutical and Biomedical Analysis 11(8): 717-721. 
  
Curatolo, W., Nightingale, J.A., Herbig, S.M. (2009). "Utility of 
hydroxypropylmethylcellulose acetate succinate (HPMCAS) for initiation and 
maintenance of drug supersaturation in the GI Milieu." Pharmaceutical Research 26(6): 
1419-1431. 
  
D'Souza, A. J. M., B. M. Ford, et al. (2009). "Biophysical characterization and 
formulation of F1–V, a recombinant plague antigen." Journal of Pharmaceutical Sciences 
98(8): 2592-2602. 
  



 321

Dahlberg, C., A. Millqvist-Fureby, et al. (2008). "Surface composition and contact angle 
relationships for differently prepared solid dispersions." European Journal of 
Pharmaceutics and Biopharmaceutics 70(2): 478-485. 
  
Dare, E. O. (2006). "Synthesis of some new functionalized octasilsesquioxane hybrid 
nanoclusters. III. Potential of the octameric clusters as hydraulic lubricating fluids." 
Turkish Journal of Chemistry 30: 585-593. 
  
de Villiers, M. M., Terblanche, R.J., Liebenberg, W., Swanepoel, E., Dekker, T.G., Song, 
M. (2005). "Variable-temperature X-ray powder diffraction analysis of the crystal 
transformation of the pharmaceutically preferred polymorph C of mebendazole." Journal 
of Pharmaceutical and Biomedical Analysis 38: 435-441. 
  
Dellamary, L. A., Tarara, T.E., Smith, D.J., Woelk, C.H., Adractas, A., Costello, M.L., 
Gill, H., Weers, J.G. (2000). "Hollow porous particles in metered dose inhalers." 
Pharmaceutical Research 17(2): 168-174. 
  
Dhumal, R. S., Shimpi, S.L., Paradkar, A.R. (2007). "Development of spray-dried co-
precipitate of amorphous celecoxib containing storage and compression stabilizers." Acta 
Pharmaceutica 57: 287-300. 
  
Diebold, S. M., Dressman, J.B. (1998). "Dissolved Oxygen as a Measure for de- and 
Reaeration of Aqueous Media for Dissolution Testing." Dissolution Technologies 5(3): 
13-16. 
  
Dinnebier, R. E., Billinge, S. (2008). Powder Diffraction: Theory and Practice. 
Cambridge, Royal Society of Chemistry. 
  
DiNunzio, J. C., C. Brough, et al. (2010). "Fusion production of solid dispersions 
containing a heat-sensitive active ingredient by hot melt extrusion and Kinetisol® 
dispersing." European Journal of Pharmaceutics and Biopharmaceutics 74(2): 340-351. 
  
DiNunzio, J. C., Brough, C., Miller, D.A., Williams, R.O. III., McGinity, J.W. (2010). 
"Applications of KinetiSol Dispersing for the production of plasticizer free amorphous 
solid dispersions." European Journal of Pharmaceutical Sciences 40(3): 179-187. 
  
DiNunzio, J. C., Hughey, J.R., Brough, C., Miller, D.A., Williams III, R.O., McGinity, 
J.W. (2010). "Production of advanced solid diserpsions for enhanced bioavailability of 
itraconazole using KinetiSol dispersing." Drug Development and Industrial Pharmacy 
36(9): 1064-1078. 
  



 322

DiNunzio, J. C., Miller, D.A., Yang, W., McGinity, J.W., Williams III, R.O. (2008). 
"Amorphous compositions using concentration enhancing polymers for improved 
bioavailability of itraconazole." Molecular Pharmaceutics 5(6): 968-980. 
  
Dios Lopez-Gonzalez, J., Carpenter, F.G., Deitz, V.R. (1955). "Adsorption of nitrogen on 
carbon adsorbents at low pressures between 69 and 90K." Journal of Research of the 
National Bureau of Standards (US) 55: 11-18. 
  
Djuric, D., Boyko, V., Karl, M., Kolter, K. (2011). Characterization of polymeric 
micelles from solid solutions with a polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer and itraconazole. 38th Annual Meeting & 
Exposition of the Controlled Release Society, National Harbor, MD, USA. 
  
Djuric, D., Kolter, K., Meyer-Boehm, K. (2009). An Innovative Amphiphilic Graft 
Copolymer for the Formation of Solid Solutions by Hot Melt Extrusion. Proceedings 
from the AAPS Annual Meeting and Exposition, Los Angeles, CA. 
  
Dorrer, C., Ruhe, J. (2008). "Drops on microstructured surfaces coated with hydrophilic 
polymers: Wenzel's model and beyond." Langmuir 24: 1959-1964. 
  
Duddu, S. P., Weller, K. (1996). "Importance of glass transition temperature in 
accelerated stability testing of amorphous solids: case study using a lyophilized aspirin 
formulation." Journal of Pharmaceutical Sciences 85(3): 345-347. 
  
Dwivedi, A. M. (2002). "Residual Solvent Analysis in Pharmaceuticals." Pharmaceutical 
Technology November: 42-46. 
  
Dylag, T., Zygmunt, M., Maciag, D., Handzlik, J., Bednarski, M., Filipek, B., Kieć-
Kononowicz, K. (2004). "Synthesis and evaluation of in vivo activity of 
diphenylhydantoin basic derivatives." European Journal of Medicinal Chemistry 39(12): 
1013-1027. 
  
Eilbeck, J., Rowley, G., Carter, P.A., Fletcher, E.J. (2000). "Effect of contamination of 
pharmaceutical equipment on powder triboelectrification." International Journal of 
Pharmaceutics 195: 7-11. 
  
Emery, E., Oliver, J., Pugsley, T., Sharma, J., Zhou, J. (2009). "Flowability of moist 
pharmaceutical powders." Powder Technology 189: 409-415. 
  
Engstrom, J. D., Lai, E.S., Ludher, B.S., Chen, B., Milner, T.E., Williams III, R.O., Kitto, 
G.B., Johnston, K.P. (2008). "Formation of stable submicron protein particles by thin 
film freezing." Pharmaceutical Research 25(6): 1334-1346. 
  



 323

Engstrom, J. D., Simpson, D.T., Lai, E.S., Williams III, R.O., Johnston, K.P. (2007). 
"Morphology of protein particles produced by spray freezing of concentrated solutions." 
European Journal of Pharmaceutics and Biopharmaceutics 64: 149. 
  
Engstrom, J. D., Tam, J.M., Miller, M.A., Williams, R.O. III, Johnston, K.P. (2009). 
"Templated Open Flocs of nanorods for enhanced pulmonary delivery with pressurized 
metered dose inhalers." Pharmaceutical Research 26(1): 101-117. 
  
Fagerlund, G. (1973). "Determination of specific surface by the BET method." Materiaux 
et Constructions 6(33): 239-245. 
  
Fahr, A. and X. Liu (2007). "Drug delivery strategies for poorly water-soluble drugs." 
Expert Opinion on Drug Delivery 4(4): 403-416. 
  
Ferrari, P. C., Oliveira, G.F., Chibebe, F.C.S., Evangelista, R.C. (2009). "In vitro 
characterization of coevaporates containing chitosan for colonic drug delivery." 
Carbohydrate Polymers 78: 557-563. 
  
Filho, R., P. Franco, et al. (2009). "Stability studies on nifedipine tablets using 
thermogravimetry and differential scanning calorimetry." Journal of Thermal Analysis 
and Calorimetry 97(1): 343-347. 
  
Folttmann, H., Quadir, A. (2008). "Copovidone - A Copolymer with Unique Formulation 
Properties." Drug Delivery Technology 8(8): 22-27. 
  
Forster, A., Hempenstall, J., Tucker, I., Rades, T. (2001). "Selection of excipients for 
melt extrusion with two poorly water-soluble drugs by solubility parameter calculation 
and thermal analysis." International Journal of Pharmaceutics 226(1-2): 147-161. 
  
Fortunato, D. (2005). "Dissolution method development for immediate release solid oral 
dosage forms." Dissolution Technologies August: 12-14. 
  
Fotaki, N., M. Symillides, et al. (2005). "Canine versus in vitro data for predicting input 
profiles of l-sulpiride after oral administration." European Journal of Pharmaceutical 
Sciences 26(3-4): 324-333. 
  
Franco, M., Trapani, G., Latrofa, A., Tullio, C., Provenzano, M.R., Serra, M., Muggironi, 
M., Biggio, G., Liso, G. (2001). "Dissolution properties and anticonvulsant activity of 
phenytoin-polyethylene glycol 6000 and polyvinylpyrrolidone K-30 solid dispersions." 
International Journal of Pharmaceutics 225: 63-73. 
  



 324

Friesen, D. T., Shanker, R., Crew, M., Smithey, D.T., Curatolo, W.J., Nightingale, J.A.S. 
(2008). "Hydroxypropyl Methylcellulose Acetate Succinate-Based Spray-Dried 
Dispersions: An Overview." Molecular Pharmaceutics 5(6): 1003-1019. 
  
Fujii, M., Harada, K., Yamanobe, K., Matsumoto, M. (1988). "Dissolution and 
bioavalability of phenytoin in solid dispersion with phosphatidylcholine." Chemical and 
Pharmaceutical Bulletin 36(12): 4908-4913. 
  
Gad, S. C. (2008). Pharmaceutical Manufacturing Handbook: Regulations and Quality. 
Hoboken, John Wiley & Sons, Inc. 
  
Gao, Z., T. W. Moore, et al. (2006). "Effects of deaeration methods on dissolution testing 
in aqueous media: A study using a total dissolved gas pressure meter." Journal of 
Pharmaceutical Sciences 95(7): 1606-1613. 
  
Gordon, M., Taylor, J.S. (1952). "Ideal copolymers and the second-order transitions of 
synthetic rubbers. I. Noncrystalline copolymers." Journal of Applied Chemistry 2: 493-
500. 
  
Goskonda, V. R., Reddy, I.K., Durrant, M.J., Wilber, W., Khan, M.A. (1998). "Solid-
state stability assessment of controlled release tablets containing Carbopol 971P." Journal 
of Controlled Release 54: 87-93. 
  
Gregg, S. J., Sing, K.S.W. (1982). Adsorption, Surface Area and Porosity. New York, 
Academic Press Inc. 
  
Hancock, B. C. and G. Zografi (1997). "Characteristics and significance of the 
amorphous state in pharmaceutical systems." Journal of Pharmaceutical Sciences 86(1): 
1-12. 
  
Hancock, B. C., Zografi, G. (1994). "The Relationship Between the Glass Transition 
Temperature and the Water Content of Amorphous Pharmaceutical Solids." 
Pharmaceutical Research 11(4): 471-477. 
  
Hardung, H., Djuric, D. (2010). "Soluplus - A novel excipient for hot melt extrusion." 
Chemistry Today 28(5): XIV-XV. 
  
Hardung, H., Djuric, D., Ali, S. (2010). "Combining HME & Solubilization: Soluplus - 
The Solid Solution." Drug Delivery Technology 10(3): 20-27. 
  
Hartauer, K. J., E. S. Miller, et al. (1992). "Diffuse reflectance infrared Fourier transform 
spectroscopy for the quantitative analysis of mixtures of polymorphs." International 
Journal of Pharmaceutics 85(1-3): 163-174. 



 325

Hauss, D. J. (2007). Oral Lipid-Based Formulations: Enhancing the Bioavailability of 
Poorly Water Soluble Drugs. New York, Informa Healthcare. 
  
Heigoldt, U., F. Sommer, et al. (2010). "Predicting in vivo absorption behavior of oral 
modified release dosage forms containing pH-dependent poorly soluble drugs using a 
novel pH-adjusted biphasic in vitro dissolution test." European Journal of Pharmaceutics 
and Biopharmaceutics 76(1): 105-111. 
  
Heinz, A., C. J. Strachan, et al. (2009). "Analysis of solid-state transformations of 
pharmaceutical compounds using vibrational spectroscopy." Journal of Pharmacy and 
Pharmacology 61(8): 971-988. 
  
Heng, D., D. Cutler, et al. (2008). "What is a Suitable Dissolution Method for Drug 
Nanoparticles?" Pharmaceutical Research 25(7): 1696-1701. 
  
Hickey, A. J., H. M. Mansour, et al. (2007). "Physical characterization of component 
particles included in dry powder inhalers. II. Dynamic characteristics." Journal of 
Pharmaceutical Sciences 96(5): 1302-1319. 
  
Hirst, P. H., Pitcairn, G.R., Weers, J.G., Tarara, T.E., Clark, A.R., Dellamary, L.A., Hall, 
G., Shorr, J., Newman, S.P. (2002). "In vivo lung deposition of hollow porous particles 
from a pressurized metered dose inhaler." Pharmaceutical Research 19(3): 258-264. 
  
Huber, S., N. Hutter, et al. (2008). "Effect of end group polarity upon the lower critical 
solution temperature of poly(2-isopropyl-2-oxazoline)." Colloid & Polymer Science 
286(14): 1653-1661. 
  
Hughey, J. R., DiNunzio, J.C., Bennett, R.C., Brough, C., Miller, D.A., Hua, M., 
Williams III, R.O., McGinity, J.W. (2010). "Dissolution enhancement of a drug 
exhibiting thermal and acidic decomposition characteristics by fusion processing: a 
comparative study to hot melt extrusion and KinetiSol dispersing." AAPS PharmSciTech 
11(2): 760-774. 
  
Hughey, J. R., Keen, J. M., Brough, C., Saeger, S., McGinity, J. W. (2011). "Thermal 
processing of a poorly water-soluble drug substance exhibiting a high melting point: The 
utility of KinetiSol® Dispersing." International Journal of Pharmaceutics 419: 222-230. 
  
Igwe, G. J. I. (1991). Powder Technology and Multiphase Systems: gas permeametry and 
surface area measurement. Chichester, West Sussex, Ellis Horwood Limited. 
  
Ivanisevic, I. (2010). "Physical stability studies of miscible amorphous solid dispersions." 
Journal of Pharmaceutical Sciences 99(9): 4005-4012. 
  



 326

Izutsu, K., Fujii, K., Katori, C., Yomota, C., Kawanishi, T., Yoshihashi, Y., Yonemochi, 
E., Terada, K. (2010). "Effects of solute miscibility on the micro- and macroscopic 
structural integrity of freeze-dried solids." Journal of Pharmaceutical Sciences 99(11): 
4710-4719. 
  
Jain, N. and S. H. Yalkowsky (2001). "Estimation of the aqueous solubility I: Application 
to organic nonelectrolytes." Journal of Pharmaceutical Sciences 90(2): 234-252. 
  
Janssens, S., A. De Zeure, et al. (2010). "Influence of Preparation Methods on Solid State 
Supersaturation of Amorphous Solid Dispersions: A Case Study with Itraconazole and 
Eudragit E100." Pharmaceutical Research 27(5): 775-785. 
  
Janssens, S., Nagels, S., Novoa de Armas, H., D’Autry, W., Van Schepdael, A., Van den 
Mooter, G. (2008). "Formulation and characterization of ternary solid dispersions made 
up of Itraconazole and two excipients, TPGS 1000 and PVPVA 64, that were selected 
based on a supersaturation screening study." European Journal of Pharmaceutics and 
Biopharmaceutics 69(1): 158-166. 
  
Jantratid, E., N. Janssen, et al. (2008). "Dissolution Media Simulating Conditions in the 
Proximal Human Gastrointestinal Tract: An Update." Pharmaceutical Research 25(7): 
1663-1676. 
  
Joly, C., D. Le Cerf, et al. (1999). "Residual solvent effect on the permeation properties 
of fluorinated polyimide films." Separation and Purification Technology 16(1): 47-54. 
  
Joshi, B. V., Patil, V.B., Pokharkar, V.B. (2002). "Compatibility Studies Between 
Carbamazepine and Tablet Excipients Using Thermal and Non-Thermal Methods." Drug 
Development and Industrial Pharmacy 28(6): 687-694. 
  
Joy, A. S. (1953). "Methods and techniques for the determination of specific surface by 
gas adsorption." Vacuum 3: 254. 
  
Juenemann, D., E. Jantratid, et al. (2011). "Biorelevant in vitro dissolution testing of 
products containing micronized or nanosized fenofibrate with a view to predicting plasma 
profiles." European Journal of Pharmaceutics and Biopharmaceutics 77(2): 257-264. 
  
Junghanns, J. A. H., Mueller, R.H. (2008). "Nanocrystal technology, drug delivery and 
clinical applications." International Journal of Nanomedicine 3(3): 295-309. 
  
Kanaujia, P., Lau, G., Ng, W.K., Widjaja, E., Schreyer, M., Hanefeld, A., Fischbach, M., 
Saal, C., Maio, M., Tan, R.B.H. (2011). "Investigating the effect of moisture protection 
on solid-state stability and dissolution of fenofibrate and ketoconazole solid dispersions 



 327

using PXRD, HSDSC, and Raman microscopy." Drug Development and Industrial 
Pharmacy 37(9): 1026-1035. 
  
Karner, S. and N. Anne Urbanetz (2011). "The impact of electrostatic charge in 
pharmaceutical powders with specific focus on inhalation-powders." Journal of Aerosol 
Science 42(6): 428-445. 
  
Kelland, M. A., T. M. Svartaas, et al. (2000). "A New Class of Kinetic Hydrate 
Inhibitor." Annals of the New York Academy of Sciences 912(1): 281-293. 
  
Kelly, F. N., Bueche, F. (1961). "Viscosity and glass-transition relations for polymer-
diluent systems." Journal of Polymer Science 50: 549-556. 
  
Kennedy, M., Hu, J., Gao, P., Li, L., Ali-Reynolds, A., Chal, B., Gupta, V., Ma, C., 
Mahajan, N., Akrami, A., Surapaneni, S. (2008). "Enhanced bioavailability of a poorly 
soluble VR1 antagonist using an amorphous solid dispersion approach: a case study." 
Molecular Pharmaceutics 5(6): 981-993. 
  
Khan, M. A., Karnachi, A.A., Agarwal, V., Vaithiyalingam, S.R., Nazzal, S., Reddy, I.K. 
(2000). "Stability characterization of controlled release coprecipitates and solid 
dispersions." Journal of Controlled Release 63: 1-6. 
  
Khomane, K., L. Kumar, et al. (2011). "NP-647, a novel TRH analogue: Investigating 
physicochemical parameters critical for its oral and parenteral delivery." International 
Journal of Pharmaceutics 406(1-2): 21-30. 
  
Kimura, N., Fukui, H., Takagaki, H., Yonemochi, E., Terada, K. (2001). 
"Characterization of Polymorphs of a Novel Quinolinone Derivative, TA-270 (4-
Hydroxy-1-methyl-3-octyloxy-7-sinapinoylamino-2(1H)-quinolinone)." Chemical and 
Pharmaceutical Bulletin 49(10): 1321-1325. 
  
Kirk, J. H., Blatchford, C.G. (2007). "Lactose: a definitive guide to polymorph 
determination." International Journal of Pharmaceutics 334: 103-114. 
  
Konno, H., Handa, T., Alonzo, D.E., Taylor, L.S. (2008). "Effect of polymer type on the 
dissolution profile of amorphous solid dispersions containing felodipine." European 
Journal of Pharmaceutics and Biopharmaceutics 70: 493-499. 
  
Konstantinidis, A. K., W. Kuu, et al. (2011). "Controlled nucleation in freeze-drying: 
Effects on pore size in the dried product layer, mass transfer resistance, and primary 
drying rate." Journal of Pharmaceutical Sciences 100(8): 3453-3470. 
  



 328

Kumar, V., Kothari, S.H., Banker, G.S. (2001). "Compression, compaction, and 
disintegration properties of low crystallinity celluloses produced using different agitation 
rates during their regeneration from phosphoric acid solutions." AAPS PharmSciTech 
2(2): article 7. 
  
Lai, J., Sunderland, B., Xue, J., Yan, S., Zhao, W., Folkard, M., Michael, B.D., Wang, Y. 
(2006). "Study on hydrophilicity of polymer surfaces improved by plasma treatment." 
Applied Surface Science 252: 3375-3379. 
  
Lakshman, J. P., Cao, Y., Kowalski, J., Serajuddin, A.T.M. (2008). "Application of Melt 
Extrusion in the Development of a Physically and Chemically Stable High-Energy 
Amorphous Solid Dispersion of a Poorly Water-Soluble Drug." Molecular Pharmaceutics 
5(6): 994-1002. 
  
Law, D., S. L. Krill, et al. (2001). "Physicochemical considerations in the preparation of 
amorphous ritonavir–poly(ethylene glycol) 8000 solid dispersions." Journal of 
Pharmaceutical Sciences 90(8): 1015-1025. 
  
Lee, E. H., Smith, D.T., Fanwick, P.E., Byrn, S.R. (2010). "Characterization and 
anisotropic lattice expansion/contraction of polymorphs of tenofovir disoproxil 
fumarate." Crystal Growth and Design 10: 2314-2322. 
  
Lee, H. G., G. G. Z. Zhang, et al. (2011). "Cocrystal intrinsic dissolution behavior using a 
rotating disk." Journal of Pharmaceutical Sciences 100(5): 1736-1744. 
  
Lee, Y. S. L., Poynter, R., Podczeck, F., Newton, J.M. (2000). "Development of a dual 
approach to assess powder flow from avalanching behavior." AAPS PharmSciTech 1(3): 
article 21. 
  
Lenhardt, T., Vergnault, G., Grenier, P., Scherer, D., Langguth, P. (2008). "Evaluation of 
nanosuspensions for absorption enhancement of poorly soluble drugs: in vitro transport 
studies across intestinal epithelial monolayers." The AAPS Journal 10(3): 435-438. 
  
Leppik, I. E. (2006). Phenytoin in the treatment of status epilepticus. Status Epilepticus. 
C. G. Wasterlain, Treiman, D.M. Cambridge, MIT Press: 539-544. 
  
Lerk, C. F., Lagas, M., Lie-A-Huen, L., Broersma, P., Zuurman, K. (1979). "In Vitro and 
In Vivo availability of hydrophilized phenytoin from capsules." Journal of 
Pharmaceutical Sciences 68(5): 634-638. 
  
Leuner, C., Dressman, J. (2000). "Improving drug solubility for oral delivery using solid 
dispersions." European Journal of Pharmaceutics and Biopharmaceutics 50: 47-60. 
  



 329

Li, S., S. Wong, et al. (2005). "Investigation of Solubility and Dissolution of a Free Base 
and Two Different Salt Forms as a Function of pH." Pharmaceutical Research 22(4): 628-
635. 
  
Lin, C. W., Cham, T.M. (1996). "Effect of particle size on the available surface area of 
nifedipine from nifedipine-polyethylene glycol 6000 solid dispersions." International 
Journal of Pharmaceutics 127: 261-272. 
  
Lipinski, C. (2002). "Poor Aqueous Solubility - an industry wide problem in drug 
discovery." American Pharmaceutical Review 5(Fall): 82-85. 
  
Liu, F.-h. and Y. Jiang (2007). "Room temperature ionic liquid as matrix medium for the 
determination of residual solvents in pharmaceuticals by static headspace gas 
chromatography." Journal of Chromatography A 1167(1): 116-119. 
  
Liu, H., P. Wang, et al. (2010). "Effects of extrusion process parameters on the 
dissolution behavior of indomethacin in Eudragit® E PO solid dispersions." International 
Journal of Pharmaceutics 383(1-2): 161-169. 
  
Liu, X. B., Ye, J.X., Quan, L.H., Liu, C.Y., Deng, X.L., Yang, M., Liao, Y.H. (2008). 
"Pulmonary delivery of scutellarin solution and mucoadhesive particles in rats." 
European Journal of Pharmaceutics and Biopharmaceutics 70: 845-852. 
  
Löbmann, K., R. Laitinen, et al. (2011). "Coamorphous Drug Systems: Enhanced 
Physical Stability and Dissolution Rate of Indomethacin and Naproxen." Molecular 
Pharmaceutics 8(5): 1919-1928. 
  
Lowell, S., Shields, J. E. (1991). Powder surface area and porosity. Powder Technology 
Series. B. Scarlett. New York, Chapman & Hall: 155-173. 
  
Mahajan, A. N., Pancholi, S.S. (2010). "Formulation and evaluation of timed delayed 
capsule device for chrnotherapeutic delivery of terbutaline sulphate." ARS Pharmaceutica 
50(4): 215-223. 
  
Marsac, P. J., Konno, H., Taylor, L.S. (2006). "A comparison of the physical stability of 
amorphous felodipine and nifedipine systems." Pharmaceutical Research 10: 2306-2316. 
  
Martins, M. T., C. S. Paim, et al. (2010). "Development of a dissolution test for 
lamotrigine in tablet form using an ultraviolet method." Brazilian Journal of 
Pharmaceutical Sciences 46: 179-186. 
  



 330

Mashru, R. C., V. B. Sutariya, et al. (2005). "Characterization of solid dispersions of 
rofecoxib using differential scanning calorimeter." Journal of Thermal Analysis and 
Calorimetry 82(1): 167-170. 
  
Matsumoto, T., Zografi, G. (1999). "Physical properties of solid molecular dispersions of 
indomethacin with poly(vinylpyrrolidone) and poly(vinylpyrrolidone-co-vinyl-acetate) in 
relation to indomethacin crystallization." Pharmaceutical Research 16(11): 1722-1728. 
  
Matusita, K., Komatsu, T., Yokota, R. (1984). "Kinetics of non-isothermal crystallization 
process and activation energy for crystal growth in amorphous materials." Journal of 
Material Science 19: 291-296. 
  
McAllister, M. (2010). "Dynamic Dissolution: A Step Closer to Predictive Dissolution 
Testing?" Molecular Pharmaceutics 7(5): 1374-1387. 
 
McConville, J. T., Overhoff, K.A., Sinswat, P., Vaughn, J.M., Frei, B.L., Burgess, D.S., 
Talbert, R.L., Peters, J.I., Johnston, K.P., Williams III, R.O. (2006). "Targeted high lung 
concentrations of itraconazole using nebulized dispersions in a murine model." 
Pharmaceutical Research 23(5): 901-911. 
  
McConville, J. T., Williams III, R.O., Carvalho, T.C., Iberg, A.N., Johnston, K.P., 
Talbert, R.L., Burgess, D., Peters, J.I. (2005). "Design and evaluation of a restraint-free 
small animal inhalation dosing chamber." Drug Development and Industrial Pharmacy 1: 
35-42. 
  
Men'shutina, N. V., Korneeva, A.E., Leuenberger, H. (2005). "Modeling of Atmospheric 
Freeze Drying in a Spouted Bed." Theoretical Foundations of Chemical Engineering 
39(6): 594-598. 
  
Menegola, J., M. Steppe, et al. (2007). "Dissolution test for citalopram in tablets and 
comparison of in vitro dissolution profiles." European Journal of Pharmaceutics and 
Biopharmaceutics 67(2): 524-530. 
  
Merisko-Liversidge, E., Liversidge, G.G., Cooper, E.R. (2003). "Nanosizing: a 
formulation approach for poorly-water-soluble compounds." European Journal of 
Pharmaceutical Sciences 18: 113-120. 
  
Meryman, H. T. (1959). "Sublimation Freeze-Drying without Vacuum." Science 
130(3376): 628-629. 
  
Miller, D. A., DiNunzio, J.C., Yang, W., McGinity, J.W., Williams III, R.O. (2008). 
"Enhanced in vivo absorption of itraconazole via stabilization of supersaturation 



 331

followign acidic-to-neutral pH transition." Drug Development and Industrial Pharmacy 
34: 890-902. 
  
Miller, S. W., Strom, J.G. (1988). "Stability of phenytoin in three enteral nutrient 
formulas." American Journal of Hospital Pharmacy 45: 2529-2532. 
  
Mockus, L., LeBlond, D., Basu, P., Shah, R., Khan, M. (2011). "A QbD Case Study: 
Bayesian Prediction of Lyophilization Cycle Parameters." AAPS PharmSciTech 12(1): 
442-448. 
  
Mora, P. C., M. Cirri, et al. (2006). "Differential scanning calorimetry as a screening 
technique in compatibility studies of DHEA extended release formulations." Journal of 
Pharmaceutical and Biomedical Analysis 42(1): 3-10. 
  
Morello, M., Krone, C.L., Dickerson, S., Howerth, E., Germishuizen, W.A., Wong, Y.L., 
Edwards, D., Bloom, B.R., Hondalus, M.K. (2009). "Dry-powder pulmonary insufflation 
in the moues for application to vaccine or drug studies." Tuberculosis 89: 371-377. 
  
Mosharraf, M., Sebhatu, T., Nystrom, C. (1999). "The effects of disordered structure on 
the solubility and dissolution rates of some hydrophilic, sparingly soluble drugs." 
International Journal of Pharmaceutics 177: 29-51. 
  
Mulligan, K. J., McCauley, H. (1995). "Factors That Influence the Determination of 
Residual Solvents in Pharmaceuticals by Automated Static Headspace Sampling Coupled 
to Capillary GCMS." Journal of Chromatographic Science 33: 49-54. 
  
Mumenthaler, M., Leuenberger, H. (1991). "Atmospheric spray-freeze drying: a suitable 
alternative in freeze-drying technology." International Journal of Pharmaceutics 72(2): 
97-110. 
  
Mura, P., G. P. Bettinetti, et al. (1998). "Differential scanning calorimetry in 
compatibility testing of picotamide with pharmaceutical excipients." Thermochimica 
Acta 321(1-2): 59-65. 
  
Mura, P., M. T. Faucci, et al. (1998). "Compatibility study between ibuproxam and 
pharmaceutical excipients using differential scanning calorimetry, hot-stage microscopy 
and scanning electron microscopy." Journal of Pharmaceutical and Biomedical Analysis 
18(1-2): 151-163. 
  
Murtomaa, M., Harjunen, P., Mellin, V., Lehto, V.P., Laine, E. (2002). "Effect of 
amorphicity on the triboelectrification of lactos powder." Journal of Electrostatics 56: 
103-110. 
  



 332

Murtomaa, M., Mellin, V., Harjunene, P., Lankinen, T., Laine, E., Lehto, V.P. (2004). 
"Effect of particle morphology on the triboelectrification in dry powder inhalers." 
International Journal of Pharmaceutics 282: 107-114. 
  
Nagy, Z. K., A. Balogh, et al. (2011). "Comparison of electrospun and extruded 
soluplus®-based solid dosage forms of improved dissolution." Journal of Pharmaceutical 
Sciences: n/a-n/a. 
  
O'Donnell, K. P., Williams III, R.O. (2011). "Nanoparticulate systems for oral drug 
delivery to the colon." International Journal of Nanotechnology 8(1/2): 4-20. 
  
Okazaki, A., Mano, T., Sugano, K. (2008). "Theoretical dissolution model of poly-
disperse drug particles in biorelevant media." Journal of Pharmaceutical Sciences 97(5): 
1843-1852. 
  
Okonogi, S., Puttipipatkhachorn, S. (2006). "Dissolution Improvement of High Drug-
Loaded Solid Dispersion." AAPS PharmSciTech 7(2): E1-E6. 
  
Onike, O., Dhumal, R., Paradkar, A. (2010). "Tadalafil-Soluplus solid dispersions using 
melt extrusion for improved dissolution." Journal of Pharmacy and Pharmacology 62(10): 
1476-1477. 
  
Otsuka, M. and Y. Matsuda (1996). "Comparative evaluation of mean particle size of 
bulk drug powder in pharmaceutical preparations by fourier-transformed powder diffuse 
reflectance infrared spectroscopy and dissolution kinetics." Journal of Pharmaceutical 
Sciences 85(1): 112-116. 
  
Overcashier, D. E., Patapoff, T.W., Hsu, C.C. (1999). "Lyophilization of protein 
formulations in vials: Investigation of the relationship between resistance to vapor flow 
during primary drying and small-scale product collapse." Journal of Pharmaceutical 
Sciences 88(7): 688-695. 
  
Overhoff, K. A., Engstrom, J.D., Chen, B., Scherzer, B.D., Milner, T.E., Johnston, K.P., 
Williams III, R.O. (2007). "Novel ultra-rapid freezing particle engineering process for 
enhancement of dissolution rates of poorly water-soluble drugs." European Journal of 
Pharmaceutics and Biopharmaceutics 65: 57-67. 
  
Overhoff, K. A., McConville, J.T., Yang, W., Johnston, K.P., Peters, J.I., Williams III, 
R.O. (2008). "Effect of stabilizer on the maximum degree and extent of supersaturation 
and oral absorption of tacrolimus made by ultra-rapid freezing." Pharmaceutical Research 
25(1): 167-175. 
  



 333

Overhoff, K. A., Moreno, A., Miller, D.A., Johnston, K.P., Williams III, R.O. (2007). 
"Solid Dispersions of itraconazole and enteric polymers made by ultra-rapid freezing." 
International Journal of Pharmaceutics 336: 122-132. 
  
Paim, C. S., Martins, M.T., Malesuik, M.D., Steppe, M. (2010). "LC Determination of 
Entacapone in Tablets: In Vitro Dissolution Studies." Journal of Chromatographic 
Science 48: 755-759. 
  
Papageorgiou, G. Z., D. S. Achilias, et al. (2005). "Crystallization kinetics and nucleation 
activity of filler in polypropylene/surface-treated SiO2 nanocomposites." Thermochimica 
Acta 427(1-2): 117-128. 
  
Parker, A., Rigby-Singleton, S., Perkins, M., Bates, D., Le Roux, D., Roberts, C.J., 
Madden-Smith, C., Lewis, L., Teagarden, D.L., Johnson, R.E., Ahmed, S.S. (2010). 
"Determination of the influence of primary drying rates on the microscale structural 
attributes and physicochemical properties of protein containing lyophilized products." 
Journal of Pharmaceutical Sciences 99(11): 4616-4629. 
  
Patel, S. M., Doen, T., Pikal, M.J. (2010). "Determination of end point of primary drying 
in freeze-drying process control." AAPS PharmSciTech 11(1): 73-84. 
  
Patton, J. S. (1996). "Mechanisms of macromolecule absorption by the lungs." Advanced 
Drug Delivery Reviews 19: 3-36. 
  
Paulsson, M. and K. Edsman (2001). "Controlled drug release from gels using surfactant 
aggregates: I. Effect of lipophilic interactions for a series of uncharged substances." 
Journal of Pharmaceutical Sciences 90(9): 1216-1225. 
  
Pavon, J. L. P., del Nogal Sanchez, M., Pinto, C.G., Laespada, M.E.F., Cordero, B.M. 
(2006). "Use of mass spectrometry methods as a strategy for detection and determination 
of residual solvents in pharmaceutical products." Analytical Chemistry 78: 4901-4908. 
  
Pendharkar, C. M., Jhawar, R.J., Rutledge, J.M., Hause, W., Grim, W.M., Harwood, R.J. 
(1990). "Influence of the specific surface area of selected raw materials on the 
granulation process using an instrumented mixer." Pharmaceutical Technology 14(4): 44-
53. 
  
Phalen, R. F., Mannix, R.C., Drew, R.T. (1984). "Inhalation exposure methodology." 
Environmental Health Perspectives 56: 23-34. 
  
Pingali, K. C., S. V. Hammond, et al. (2009). "Use of a static eliminator to improve 
powder flow." International Journal of Pharmaceutics 369(1-2): 2-4. 
  



 334

Pingali, K. C., T. Shinbrot, et al. (2009). "An observed correlation between flow and 
electrical properties of pharmaceutical blends." Powder Technology 192(2): 157-165. 
  
Price, C. W. (1990). "Use of Kolmogorov-Johnson-Mehl-Avrami kinetics in 
recrystallization of metals and crystallization of metallic glasses." Acta Metallurgica et 
Materialia 38(5): 727-738. 
  
Pu, Y., M. Mazumder, et al. (2009). "Effects of electrostatic charging on pharmaceutical 
powder blending homogeneity." Journal of Pharmaceutical Sciences 98(7): 2412-2421. 
  
Purvis, T., Mattucci, M.E., Crisp, M.T., Johnston, K.P., Williams III, R.O. (2007). 
"Rapidly Dissolving Repaglinide Powders Produced by the Ultra-Rapid Freezing 
Process." AAPS PharmSciTech 8(3): E1-E9. 
  
Qi, S., Gryczke, A., Belton, P., Craig, D.Q.M. (2008). "Characterisation of solid 
dispersions of paracetamol and EUDRAGIT E prepared by hot-melt extrusion using 
thermal, microthermal and spectroscopic analysis." International Journal of 
Pharmaceutics 354: 158-167. 
  
Qian, F., Huang, J., Zhu, Q., Haddadin, R., Gawel, J., Garmise, R., Hussain, M. (2010). 
"Is a distinctive single Tg a reliable indicator for the homogeneity of amorphous solid 
dispersion?" International Journal of Pharmaceutics 395: 232-235. 
  
Radha, S., P. K. Gutch, et al. (2010). "Thermal analysis of interactions between an oxime 
and excipients in some binary mixtures by differential scanning calorimetry and 
thermagravimetric analysis." Journal of Pharmacy Research 3(3): 590-595. 
 
Ramirez-Dorronsoro, J. C., Jacko, R.B., Kildsig, D.O. (2006). "Chargeability 
measurements of selected pharmaceutical dry powders to assess their electrostatic charge 
control capabilities." AAPS PharmSciTech 7(4): E1-E8. 
  
Ran, Y., Y. He, et al. (2002). "Estimation of aqueous solubility of organic compounds by 
using the general solubility equation." Chemosphere 48(5): 487-509. 
  
Rey, L. (1999). Freeze-Drying/Lyophilization of Pharmaceutical and Biological Products. 
New York, Informa Healthcare. 
  
Rogers, T. L., Nelsen, A.C., Hu, J., Brown, J.N., Sarkari, M., Young, T.J., Johnston, K.P., 
Williams III, R.O. (2002). "A novel particle engineering technology to enhance 
dissolution of poorly water soluble drugs: Spray-freezing into liquid." European Journal 
of Pharmaceutics and Biopharmaceutics 54: 271-280. 
  



 335

Rogers, T. L., Nelsen, A.C., Sarkari, M., Young, T., Johnston, K.P., Williams III, R.O. 
(2003). "Enhanced Aqueous Dissolution of a Poorly Water Soluble Drug by Novel 
Particle Engineering Technology: Spray-Freezing into Liquid with Atmospheric Freeze-
Drying." Pharmaceutical Research 20(3): 485-493. 
  
Roy, C. J., Hale, M., Hartings, J.M., Pitt, L., Duniho, S. (2003). "Impact of inhalation 
exposure modality and particle size on the respiratory deposition of ricin in BALB/c 
mice." Inhalation Toxicology 15(6): 619-638. 
  
Royall, P. G., D. Q. M. Craig, et al. (1998). "Characterisation of the Glass Transition of 
an Amorphous Drug Using Modulated DSC." Pharmaceutical Research 15(7): 1117-
1121. 
  
Salari, A., Young, R.E. (1998). "Application of attenuated total reflectance FTIR 
spectroscopy to the analysis of mixtures of pharmaceutical polymorphs." International 
Journal of Pharmaceutics 163: 157-166. 
  
Sandell, E. (1993). Industrial Aspects of Pharmaceutics. Stockholm, Swedish 
Pharmaceutical Press. 
  
Sauer, B. B., W. G. Kampert, et al. (2000). "Temperature modulated DSC studies of 
melting and recrystallization in polymers exhibiting multiple endotherms." Polymer 
41(3): 1099-1108. 
  
Schawe, J. E. K. (1996). "Modulated temperature DSC measurements: the influence of 
the experimental conditions." Thermochimica Acta 271: 127-140. 
  
Schick, C. (2009). "Differential scanning calorimetry (DSC) of semicrystalline 
polymers." Analytical and Bioanalytical Chemistry 395(6): 1589-1611. 
  
Schmitt, E. A., D. Law, et al. (1999). "Nucleation and crystallization kinetics of hydrated 
amorphous lactose above the glass transition temperature." Journal of Pharmaceutical 
Sciences 88(3): 291-296. 
  
Searles, J. A., J. F. Carpenter, et al. (2001). "Annealing to optimize the primary drying 
rate, reduce freezing-induced drying rate heterogeneity, and determine Tg′ in 
pharmaceutical lyophilization." Journal of Pharmaceutical Sciences 90(7): 872-887. 
  
Seedher, N. and M. Kanojia (2009). "Co-solvent solubilization of some poorly-soluble 
antidiabetic drugs." Pharmaceutical Development & Technology 14(2): 185-192. 
 



 336

Serajuddin, A. T. M. (1999). "Solid dispersiosn of poorly water-soluble drugs: early 
promises, subsequent problems and recent breakthroughs." Journal of Pharmaceutical 
Sciences 88(10): 1058-1066. 
  
Serajuddin, A. T. M. (2007). "Salt formation to improve drug solubility." Advanced Drug 
Delivery Reviews 59(7): 603-616. 
  
Shaw, L. R., W. J. Irwin, et al. (2005). "The Effect of Selected Water-Soluble Excipients 
on the Dissolution of Paracetamol and Ibuprofen." Drug Development and Industrial 
Pharmacy 31(6): 515-525. 
  
Shi, Y., P. Gao, et al. (2010). "Application of a Biphasic Test for Characterization of In 
Vitro Drug Release of Immediate Release Formulations of Celecoxib and Its Relevance 
to In Vivo Absorption." Molecular Pharmaceutics 7(5): 1458-1465. 
 null 
 
Sing, K. S. W., Everett, D.H., Haul, R.A.W., Moscou, L., Pierotti, R.A., Rouquerol, J., 
Siemieniewska, T. (1985). "Reporting physisorption data for gas/solid systems with 
special reference to the determination of surface area and porosity." Pure & Applied 
Chemistry 57(4): 603-619. 
  
Singh, S., B. Singh, et al. (2006). "Stress degradation studies on ezetimibe and 
development of a validated stability-indicating HPLC assay." Journal of Pharmaceutical 
and Biomedical Analysis 41(3): 1037-1040. 
  
Sinha, S., M. Ali, et al. (2010). "Solid Dispersion as an Approach for Bioavailability 
Enhancement of Poorly Water-Soluble Drug Ritonavir." AAPS PharmSciTech 11(2): 
518-527. 
  
Sitar Curin, A., Greman, M., Vrecer, F., Kotar-Jordan, B., Sustar, B. (1997). "Study of 
crystal modifications of lansoprazole using FT-IR spectroscopy, solid-state NMR 
spectroscopy and FT-Raman spectroscopy." Farmacevtski Vestnik 48: 290-291. 
  
Six, K., Leuner, C., Dressman, J., Verreck, G., Peeters, J., Blanton, N., Augustijns, P., 
Kinget, R., Van den Mooter, G. (2002). "Thermal Properties of hot-stage extrudates of 
itraconazole and Eudragit E100." Journal of Thermal Analysis and Calorimetry 68: 591-
601. 
  
Six, K., Verreck, G., Peeters, J., Binnemans, K., Berghmans, H., Augustijns, P., Kinget, 
R., Van den Mooter, G. (2001). "Investigation of thermal properties of glassy 
itraconazole: identification of a monotropic mesophase." Thermochimica Acta 376: 175-
181. 
  



 337

Six, K., Verreck, G., Peeters, J., Brewster, M., Van den Mooter, G. (2004). "Increased 
Physical Stability and Improved Dissolution Properties of Itraconazole, a Class II Drug, 
by Solid Dispersions that Combine Fast- and Slow-dissolving Polymers." Journal of 
Pharmaceutical Sciences 93(1): 124-131. 
  
Smithey, D., Fennewald, J., Gautschi, J., Crew, M., Ali, S., Lan, Y., Langley, N. 
"Evaluation of the Polymer Soluplus for Spray-Dried Dispersions of Poorly Soluble 
Compounds." from http://www.pharma-
ingredients.basf.com/Documents/ENP/Poster/EN/Evaluation%20of%20the%20Polymer
%20Soluplus.pdf. 
  
Stanisz, B., Kania, L. (2006). "Validation of HPLC Method for Determination of 
Atorvastatin in Tablets and for Monitoring Stability in Solid Phase." Acta Poloniae 
Pharmaceutica - Drug Research 63(6): 471-476. 
  
Stark, G., Fawcett, J.P., Tucker, I.G., Weatherall, I.L. (1996). "Instrumental Evaluation of 
Color of Solid Dosage Forms During Stability Testing." International Journal of 
Pharmaceutics 143: 93-100. 
  
Stavchansky, S., Gowan, W.G. (1984). "Evaluation of the bioavailability of a solid 
dispersion of phenytoin in polyethylene glycol 6000 and a commercial phenytoin soldium 
capsule in teh dog." Journal of Pharmaceutical Sciences 73(6): 733-736. 
  
Sung, J. C., Padilla, D.J., Garcia-Contreras, L., VerBerkmoes, J.L., Durbin, D., Peloquin, 
C.A., Elbert, K.J., Hickey, A.J., Edwards, D.A. (2009). "Formulation and 
pharmacokinetics of self-assembled rifampicin nanoparticle systems for pulmonary 
delivery." Pharmaceutical Research 26(8): 1847-1855. 
  
Surendrakumar, K., Martyn, G.P., Hodgers, E.C.M., Jansen, M., Blair, J.A. (2003). 
"Sustained release of insulin from sodium hyaluronate based dry powder formulatiosn 
after pulmonary delivery in beagle dogs." Journal of Controlled Release 91: 385-394. 
  
Swinkels, D., Bristow, N., Gale L. (1994). Effect of sample preparation on the BET 
surface area of EMD. Progress in Batteries & Battery Materials, Belgium. 
  
Syam, P., Sundaramoorthy, K., Vetrichel, V.T. (2010). "Design of biodegradable 
polymer nanoparticles for oral drug delivery of stavudine: in-vitro dissolution studies and 
characterization." International Journal of Pharmacy and Technology 3(1): 1360-1372. 
 
  
Tam, J. M., Engstrom, J.D., Ferrer, D., Williams, R.O. III, Johnston, K.P. (2010). 
"Templated open flocs of anisotropic particles for pulmonary delivery with pressurized 
metered dose inhalers." 



 338

  
Tanino, T., Ogiso, T., Iwaki, M. (1999). "Effect of sugar-modified beta-cyclodextrins on 
dissolution and absorption characteristics of phenytoin." Biological & Pharmaceutical 
Bulletin 22(3): 298-304. 
  
Teijeiro, S. A. and M. C. Briñón (2006). "3′-Azido-3′-Deoxy-5′-O-
Isonicotinoylthymidine: A Novel Antiretroviral Analog of Zidovudine. III. Solubility 
Studies." Nucleosides, Nucleotides & Nucleic Acids 25(2): 191-202. 
 
Thakur, R. and R. B. Gupta (2006). "Formation of phenytoin nanoparticles using rapid 
expansion of supercritical solution with solid cosolvent (RESS-SC) process." 
International Journal of Pharmaceutics 308(1-2): 190-199. 
  
Tho, I., B. Liepold, et al. (2010). "Formation of nano/micro-dispersions with improved 
dissolution properties upon dispersion of ritonavir melt extrudate in aqueous media." 
European Journal of Pharmaceutical Sciences 40(1): 25-32. 
  
Tiwari, M., G. Chawla, et al. (2007). "Quantification of olanzapine polymorphs using 
powder X-ray diffraction technique." Journal of Pharmaceutical and Biomedical Analysis 
43(3): 865-872. 
  
Tobyn, M., J. Brown, et al. (2009). "Amorphous drug–PVP dispersions: Application of 
theoretical, thermal and spectroscopic analytical techniques to the study of a molecule 
with intermolecular bonds in both the crystalline and pure amorphous state." Journal of 
Pharmaceutical Sciences 98(9): 3456-3468. 
  
Tomoda, K., Ohkoshi, T., Hirota, K., Sonavane, G.S., Nakajima, T., Terada, H., Komuro, 
M., Kitazato, K., Makino, K. (2009). "Preparation and properties of inhalable 
nanocomposite particles for treatment of lung cancer." Colloids and Surfaces B: 
Biointerfaces 71: 177-182. 
  
Van den Mooter, G., M. Wuyts, et al. (2001). "Physical stabilisation of amorphous 
ketoconazole in solid dispersions with polyvinylpyrrolidone K25." European Journal of 
Pharmaceutical Sciences 12(3): 261-269. 
  
Vandecruys, R., Peeters, J., Verreck, G., Brewster, M.E. (2007). "Use of a screening 
method to determine excipients which optimize the extent and stability of supersaturated 
drug solutions and application of this system to solid formulation design." International 
Journal of Pharmaceutics 342: 168-175. 
  
Variankaval, N., A. S. Cote, et al. (2008). "From form to function: Crystallization of 
active pharmaceutical ingredients." AIChE Journal 54(7): 1682-1688. 
  



 339

Vasconcelos, T., B. Sarmento, et al. (2007). "Solid dispersions as strategy to improve oral 
bioavailability of poor water soluble drugs." Drug Discovery Today 12(23-24): 1068-
1075. 
  
Venkatesh, S., J. Li, et al. (1996). "Intrinsic Solubility Estimation and pH-Solubility 
Behavior of Cosalane (NSC 658586), an Extremely Hydrophobic Diprotic Acid." 
Pharmaceutical Research 13(10): 1453-1459. 
 
Vertzoni, M., Dressman, J., Butler, J., Hempenstall, J., Reppas, C. (2005). "Simulation of 
fasting gastric conditions and its importance for the in vivo dissolution of lipophilic 
compounds." European Journal of Pharmaceutics and Biopharmaceutics 60: 413-417. 
  
Viegas, T. X., Curatella, R.U., Van Winkle, L.L., Brinker, G. (2001). "Intrinsic Drug 
Dissolution Testing Using the Stationary Disk System." Dissolution Technologies 8(3): 
19-23. 
  
Viegas, T. X., Curatella, R.U., Van Winkle, L.L., Brinker, G. (2001). "Measurement of 
Intrinsic Drug Dissolution Rates Using Two Types of Apparatus." Pharmaceutical 
Technology 25(6): 44-53. 
  
Vihola, H., A. Laukkanen, et al. (2002). "Binding and release of drugs into and from 
thermosensitive poly(N-vinyl caprolactam) nanoparticles." European Journal of 
Pharmaceutical Sciences 16(1-2): 69-74. 
  
Wahlgren, M., Christensen, K.L., Jorgensen, E.V., Svensson, A., Ulvenlund, S. (2009). 
"Oral-based controlled release formulations using poly(acrylic acid) microgels." Drug 
Development and Industrial Pharmacy 35(8): 922-929. 
  
Wang, J., M. Davidovich, et al. (2010). "Solid-state interactions of a drug substance and 
excipients and their impact on tablet dissolution: a thermal–mechanical facilitated 
process-induced transformation or PIT." Journal of Pharmaceutical Sciences 99(9): 3849-
3862. 
  
Wang, Y., M. S. S. Chow, et al. (2008). "Mechanistic analysis of pH-dependent solubility 
and trans-membrane permeability of amphoteric compounds: Application to sildenafil." 
International Journal of Pharmaceutics 352(1-2): 217-224. 
  
Wang, Y., Jiang, Z.T., Li, R. (2009). "Complexation and molecular microcapsules of 
Litsea cubeba essential oil with beta-cyclodextrin and its derivatives." European Food 
Research and Technology 228: 865-873. 
  
Waterman, K. C. and R. C. Adami (2005). "Accelerated aging: Prediction of chemical 
stability of pharmaceuticals." International Journal of Pharmaceutics 293(1-2): 101-125. 



 340

  
Watts, A. B., J. I. Peters, et al. (2011). "Preclinical evaluation of tacrolimus colloidal 
dispersion for inhalation." European Journal of Pharmaceutics and Biopharmaceutics 
77(2): 207-215. 
  
Webb, P. A., Orr, C. (1997). Analytical Methods in Fine Particle Technology. Norcross, 
GA, Micromeritics Instrument Corporation. 
  
Wempe, M. F., C. M. Buchanan, et al. (2007). "Pharmacokinetics of letrozole in male and 
female rats: influence of complexation with hydroxybutenyl-β-cyclodextrin." Journal of 
Pharmacy and Pharmacology 59(6): 795-802. 
  
Wildfong, P. L. D., K. R. Morris, et al. (2007). "Demonstration of a shear-based solid-
state phase transformation in a small molecular organic system: Chlorpropamide." 
Journal of Pharmaceutical Sciences 96(5): 1100-1113. 
  
Williams, A. C., Cooper, V.B., Thomas, L., Griffith, L.J., Petts, C.R., Booth, S.W. 
(2004). "Evaluation of drug physical form during granulation, tabletting and storage." 
International Journal of Pharmaceutics 275: 29-39. 
  
Witschi, C. and E. Doelker (1997). "Residual solvents in pharmaceutical products: 
acceptable limits, influences on physicochemical properties, analytical methods and 
documented values." European Journal of Pharmaceutics and Biopharmaceutics 43(3): 
215-242. 
  
Wolkers, W. F., Oldenhof, H. (2005). "In situ FTIR assessment of dried Lactobacillus 
bulgaricus: KBr disk formation affects physical properties." Spectroscopy 19: 89-99. 
  
Xia, D., Cui, F., Piao, H., Cun, D., Piao, H., Jiang, Y., Ouyang, M., Quan, P. (2010). 
"Effect of crystal size on the In Vitro dissolution and oral absorption of nitrendipine in 
rats." Pharmaceutical Research 27: 1965-1976. 
  
Xu, Q. A., Trissel, L.A. (2003). Stability-Indicating HPLC Methods for Drug Analysis. 
London, Pharmaceutical Press. 
  
Yalkowsky, S. H. and S. C. Valvani (1980). "Solubility and partitioning I: Solubility of 
nonelectrolytes in water." Journal of Pharmaceutical Sciences 69(8): 912-922. 
  
Yang, L., X. Wu, et al. (2009). "Novel Biodegradable Polylactide/poly(ethylene glycol) 
Micelles Prepared by Direct Dissolution Method for Controlled Delivery of Anticancer 
Drugs." Pharmaceutical Research 26(10): 2332-2342. 
  



 341

Yang, R. Y., Yu, A. B., McElroy, L., Bao, J. (2008). "Numerical simulation of particle 
dynamics in different flow regimes in a rotating drum." Powder Technology 188(2): 170-
177. 
  
Yang, W., Johnston, K.P., Williams II, R.O. (2010). "Comparison of bioavailability of 
amorphous versus crystalline itraconazole nanoparticles via pulmonary administration in 
rats." European Journal of Pharmaceutics and Biopharmaceutics 75: 33-41. 
  
Yang, W., Tam, J., Miller, D.A., Zhou, J., McConville, J.T., Johnston, K.P., Williams III, 
R.O. (2008). "High bioavailability from nebulized itraconazole nanoparticle dispersions 
with biocompatible stabilizers." International Journal of Pharmaceutics 361: 177-188. 
  
Yu, L. (2001). "Amorphous pharmaceutical solids: preparation, characterization adn 
stabilization." Advanced Drug Delivery Reviews 48: 27-42. 
  
Yu, L. X., A. S. Carlin, et al. (2004). "Feasibility studies of utilizing disk intrinsic 
dissolution rate to classify drugs." International Journal of Pharmaceutics 270(1-2): 221-
227. 
  
Zakeri-Milani, P., Barzegar-Jalali, M., Azimi, M., Valizadeh, H. (2009). 
"Biopharmaceutical classification of drugs using intrinsic dissolution rate (IDR) and rat 
intestinal permeability." European Journal of Pharmaceutics and Biopharmaceutics 73: 
102-106. 
  
Zhang, G. G. Z., D. Law, et al. (2004). "Phase transformation considerations during 
process development and manufacture of solid oral dosage forms." Advanced Drug 
Delivery Reviews 56(3): 371-390. 
  
Zhao, C., Furukawa, S., Ohki, Y. (2009). "A novel collagenase-assisted extraction of 
active pharmaceutical ingredients from gelatin products for quantitative analysis by high 
performance liquid chromatography." Journal of Chromatography A 1216: 4524-4528. 
 
  
Zhou, D., E. A. Schmitt, et al. (2003). "Crystallization kinetics of amorphous nifedipine 
studied by model-fitting and model-free approaches." Journal of Pharmaceutical Sciences 
92(9): 1779-1792. 
  
Zhu, K., Tan, R.B.H., Chen, F., Ong, K.H., Heng, P.W.S. (2007). "Influence of particle 
wall adhesion on particle electrification in mixers." International Journal of 
Pharmaceutics 328: 22-34. 
  

 


