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Thermal processing of amorphous solid dispersions continues to gain 

interest in the pharmaceutical industry, as evident by several recently approved 

commercial products.  Still, a number of pharmaceutical polymer carriers exhibit 

thermal or viscoelastic limitations in thermal processing, especially at smaller 

scales.  Additionally, active pharmaceutical ingredients with high melting points 

and /or that are thermally labile present their own specific challenges.  A number 

of formulation and process driven strategies to enable thermal processing of 

challenging compositions have been adopted including the use of traditional 

plasticizers and surfactants, temporary plasticizers utilizing sub- or supercritical 

carbon dioxide, designer polymers tailored for hot melt extrusion processing, 

and KinetiSol® Dispersing technology. 

The objective of the first study was to compare and contrast two thermal 

processing methods, HME and KinetiSol® Dispersing (KSD), and investigate the 

influence of polymer type, polymer molecular weight, and drug loading on the 

ability to produce amorphous solid dispersions (ASDs) containing the model 
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compound griseofulvin (GRIS).  Dispersions were analyzed by a variety of 

imaging, solid-state, thermal, and solution-state techniques. Dispersions were 

prepared by both HME and KSD using polyvinylpyrrolidone (PVP) K17 or 

hydroxypropyl methylcellulose (HPMC) E5.  Dispersions were only prepared by 

KSD using higher molecular weight grades of HPMC and PVP, as these could 

not be extruded under the conditions selected.  PXRD analysis showed that 

dispersions prepared by HME were amorphous at 10 and 20% drug load; 

however, showed significant crystallinity at 40% drug load.  PXRD analysis of 

KSD samples showed all formulations and drug loads to be amorphous with the 

exception of trace crystallinity seen in PVP K17 and PVP K30 samples at 40% 

drug load.  These results were further supported by other analytical techniques.  

KSD produced amorphous dispersions at higher drug loads than could be 

prepared by HME, as well as with higher molecular weight polymers that were 

not processable by HME, due to its higher rate of shear and torque output. 

The purpose of the second study was to evaluate the feasibility of 

processing polyvinyl alcohol amorphous solid dispersions utilizing the model 

compound ritonavir with KinetiSol® Dispersing (KSD) technology.  Polyvinyl 

alcohol has received little attention as a matrix polymer in amorphous solid 

dispersions (ASDs) due to its thermal and rheological limitations in extrusion 

processing and limited organic solubility in spray drying applications.  

Additionally, in extrusion processing, the high temperatures required to process 

often exclude thermally labile APIs.  The effects of KSD rotor speed and ejection 

temperature on the physicochemical properties of the processed material were 

evaluated.  Powder X-ray diffraction and modulated differential scanning 

calorimetry were used to confirm amorphous conversion.  Liquid 
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chromatography-mass spectroscopy was used to characterize and identify 

degradation pathways of ritonavir during KSD processing and 13C nuclear 

magnetic resonance spectroscopy was used to investigate polymer stability.  An 

optimal range of processing conditions was found that resulted in amorphous 

product and minimal to no drug and polymer degradation.  Drug release of the 

ASD produced from the optimal processing conditions was evaluated using a 

non-sink, pH-shift dissolution test.  The ability to process amorphous solid 

dispersions with polyvinyl alcohol as a matrix polymer will enable further 

investigations of the polymer’s performance in amorphous systems for poorly 

water-soluble compounds. 

The oral delivery of mucoadhesive patches has been shown to enhance 

the absorption of large molecules such as peptides.  In this study, we 

hypothesized that this mechanism could have utility for poorly soluble small 

molecules by utilizing a mucoadhesive polymer as the matrix for an amorphous 

solid dispersion.  Binary dispersions of itraconazole and Carbopol 71G were 

prepared utilizing a thermokinetic mixing process (KinetiSol Dispersing) and the 

physicochemical properties were investigated by powder x-ray diffraction, 

calorimetry, and liquid chromatography.  Adhesion of the dispersions to freshly 

excised porcine intestine was investigated with a texture analyzer. Minitablets 

were compressed from the optimal dispersion and further investigated in vitro 

and in vivo in rats.  Thermokinetic mixing successfully processed amorphous 

dispersions up to 30% drug loading and each dispersion exhibited works of 

adhesion that were approximately an order of magnitude greater than a negative 

control in vitro.  Ethylcellulose (EC) coated and uncoated minitablets prepared 

with the 30% drug load dispersion were delivered orally to rats and exhibited 
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sustained release characteristics, with overall bioavailability greater for the 

uncoated minitablets compared to the EC-coated minitablets, similar to the rank 

order observed in our in vitro dissolution experiments.  Necropsy studies 

showed that minitablets delivered with enteric-coated capsules targeted release 

to the distal small intestine and adhered to the intestinal mucosa, but the rat 

model presented limitations with respect to evaluating the overall performance.  

Based on the in vitro and in vivo results, further investigations in larger animals 

are a logical next step where fluid volumes, pH, and transit times are more 

favorable for the evaluated dosage forms. 
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Chapter 1:  Challenges and Strategies in Thermal Processing 
Amorphous Solid Dispersions: A Review1 

1.1  ABSTRACT 

Thermal processing of amorphous solid dispersions continues to gain 

interest in the pharmaceutical industry, as evident by several recently approved 

commercial products.  Still, a number of pharmaceutical polymer carriers exhibit 

thermal or viscoelastic limitations in thermal processing, especially at smaller 

scales.  Additionally, active pharmaceutical ingredients with high melting points 

and /or that are thermally labile present their own specific challenges.  This 

review will outline a number of formulation and process driven strategies to 

enable thermal processing of challenging compositions.  These include the use 

of traditional plasticizers and surfactants, temporary plasticizers utilizing sub- or 

supercritical carbon dioxide, designer polymers tailored for hot melt extrusion 

processing, and KinetiSol® Dispersing technology.  Recent case studies of each 

strategy will be described along with potential benefits and limitations. 

1.2 INTRODUCTION 

Drugs with poor aqueous solubility continue to represent a significant 

challenge for oral delivery, as dissolution in the gastrointestinal tract is a 

prerequisite to absorption.  It has been reported that up to 70% of 

investigational new drugs [1] and up to 40% of marketed drugs [2] exhibit poor 

aqueous solubility and fall into Class II or IV of the Biopharmaceutics 

                                            
1 Published in: LaFountaine, Justin S., James W. McGinity, and Robert O. Williams III. 
"Challenges and strategies in thermal processing of amorphous solid dispersions: a review." 
AAPS PharmSciTech 17, no. 1 (2016): 43-55.  Justin S. LaFountaine performed the literature 
review and wrote the manuscript. 
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Classification System [3].  A number of solubility enhancing strategies have been 

investigated over the last few decades to enable oral delivery of these drugs [4, 

5].  Examples include the use of salts or cocrystals [6], lipid vehicles [7], 

cyclodextrins [8], micronization and nanoparticle engineering [9, 10], and 

amorphous solid dispersions [11-13].  

Amorphous solid dispersions (ASDs) in particular have attracted 

increased attention and commercial success in the pharmaceutical industry over 

the last two decades [14].  Some notable examples include Kaletra®, Onmel®, 

Incivek®, Zelboraf®, Kalydeco®, and Noxafil®, among others [1, 15].  There are 

a number of reasons why ASDs are becoming the preferred technology to 

enable the delivery of poorly water-soluble drugs.  First, dissolution of 

amorphous drug can result in an apparent solubility that is orders of magnitude 

higher than the thermodynamic solubility of the crystalline counterpart [16].  This 

increase in apparent solubility in ASDs, along with other supersaturating 

systems, does not result in a concomitant decrease in apparent permeability as 

demonstrated in PAMPA, rat intestinal perfusion, and Caco-2 models [17, 18].  

This is in contrast to other solubility enhancing techniques such as excipient 

complexation (cyclodextrins, surfactant micellization) or cosolvent solubilization 

where the apparent increase in solubility is hampered by an apparent decrease 

in permeability, limiting the overall rate and extent of oral absorption [19-21].  

Finally, the preference for a solid dosage form and corresponding established 

manufacturing processes is driving the adoption of ASDs [22, 23]. 

ASDs are primarily manufactured by solvent evaporation or thermal 

(fusion) methods [12, 23].  Spray drying is the principal technology used in the 

solvent evaporation method as it is well established and the rapid evaporation 
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rate lends itself well to forming ASDs [24].  In this process, the drug, polymer, 

and potentially other excipients are dissolved in a suitable solvent and sprayed 

through a nozzle into a stream of drying gas.  The rapid evaporation and 

presence of the polymer leads to a rapid viscosity increase that kinetically traps 

the amorphous drug in the polymer matrix [24].  The collected material is 

typically dried further in a batch step to remove residual solvent.  Additional 

benefits include the scalability of the process and the ability to engineer 

particles to desired morphologies [25].  However, spray drying is not without its 

challenges.  The use of organic solvents in particular can be costly from a raw 

materials and explosion risk-mitigation perspective.  Additionally, given the 

toxicity, added quality controls are required to ensure the residual levels of 

solvent are below regulatory requirements (USP Monograph <467> Residual 

Solvents) [26].  The alternative to solvent evaporation methods for producing 

ASDs is the use of thermal, or fusion, processing methods [27], particularly hot-

melt extrusion [28-31].  A number of other thermal processing methods have 

been described in the literature including melt mixing, spray congealing, 

sintering/curing, melt granulation, and injection molding [27], however this 

review will focus on hot-melt extrusion and KinetiSol processing technologies. 

Hot-melt extrusion (HME) is a manufacturing process adapted from the 

plastics industry, including single and twin-screw extruders.  Twin-screw 

extruders are more common for pharmaceutical applications and can be 

operated in counter-rotating or co-rotating configurations [32].  Typically, solid 

raw materials are fed into the extruder barrel and the screws perform the 

operations of conveying, mixing, and softening or melting [33].  The softened 

material is then forced through a die for shaping and downstream processing.  
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In processing ASDs, the drug is melted or solubilized in the polymeric carrier 

and the rapid cooling and high viscosity results in a thermodynamically or 

kinetically stabilized amorphous dispersion [11].  The Meltrex® platform 

commercialized by Soliqs and AbbVie is perhaps the most well known example 

of HME-enabled products in the pharmaceutical industry, including the solid oral 

dosage forms of Kaletra® and Norvir® for treatment of HIV [34], the recently 

approved Viekirax® for treatment of HCV [35, 36], and other products in 

development for oncology indications [37].  In addition, other pharmaceutical 

companies have adopted hot-melt extrusion technology with the recent 

approvals of Onmel® by Merz Pharmaceuticals and Noxafil® by Merck & Co 

[38-40].  Despite this recent commercial success of HME for pharmaceutical 

applications, a number of challenges still exist, particularly for thermally labile 

drugs and polymers, as well as viscosity limitations for a number of 

pharmaceutical polymer carriers. 

This review will outline the thermal and rheological processing windows, 

or lack thereof, of common pharmaceutical polymers for HME processing.  This 

will be followed by a review of formulation and process driven strategies being 

investigated to further enable thermal processing of a wider range of 

compositions.  Expanding the compositions that can be thermally processed will 

aid in finding the optimal stabilizers for ASDs in both the solid state and during 

dissolution in the gastrointestinal tract.  Additionally, alternative carriers can 

provide modified release properties as may be required for a particular 

product’s target profile. 
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1.3 EXTRUSION PROCESSING WINDOWS OF COMMON POLYMER CARRIERS 

As described, HME is the most common thermal processing method for 

the production of ASDs in the pharmaceutical industry.  Identifying suitable 

extrusion parameters is highly formulation dependent [41].  The physicochemical 

properties of the API must be considered including the glass transition and 

melting temperatures, the degradation temperature, and the miscibility or 

solubility of the API in the polymer carrier [42-44].   The polymer carrier is often 

the predominant component within the formulation and only a limited number of 

carrier options are approved for pharmaceutical use.  Thus, the physicochemical 

properties of the polymer carrier often have the greatest influence in defining 

processing conditions.  The two major factors of the polymer carrier to consider 

when identifying an extrusion-processing window are its degradation 

temperature and viscoelastic properties [45]. 

The degradation temperature of the polymer can grossly be defined by 

weight loss in thermogravimetric analysis, which establishes an upper 

temperature limit for extrusion processing.  Notably, chemical degradation 

without weight loss can occur at lower temperatures and the effects of shear 

stress are not accommodated by this analysis, but at least a starting reference 

temperature is established for the maximum.  Next, the viscoelastic properties 

of the polymer must be investigated in terms of the torque limitations of 

extrusion processing.  The viscoelastic properties of a polymer can be 

described in terms of its storage modulus (G’, how elastic or solid-like the 

polymer is) and its loss modulus (G’’, how viscous or liquid-like the polymer is).  

The loss tangent is the ratio of the loss modulus to the storage modulus (G’’/G’) 

and a value of 1 represents the transition point from solid-like to liquid-like 
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properties.  The sum of the storage modulus and loss modulus is the complex 

modulus, which represents the overall resistance to deformation.  Finally, the 

complex viscosity (η) represents the frequency dependence on melt viscosity, 

which typically decreases with increasing frequencies, or shear, in 

pharmaceutical polymers.  The complex viscosity of neat polymer can be 

measured by melt rheology and have been correlated to torque limitations in 

extrusion processing [45].  A complex viscosity between 10,000 and 1,000 Pa.s 

has been correlated to extrusion processing capabilities with 10,000 Pa.s being 

too solid-like and exceeding the torque limitations of a small-scale extruder and 

1,000 Pa.s being too liquid-like to shape through an extruder die [46].  A 

temperature range corresponding to the complex viscosity range between 

10,000 Pa.s and 1,000 Pa.s establishes the baseline extrusion-processing 

window when this temperature range is between the glass transition and the 

degradation temperatures (Tg and Td, respectively) of the polymer. 

In the following sub-sections, the extrusion-processing windows of three 

common classes of pharmaceutical polymers will be reviewed.  The data was 

predominantly obtained by a series of valuable papers from the group of Dr. 

Serajuddin [46-48], along with vendor information and other sources as 

identified. 

1.3.1 Polyvinyl-based polymers 

Polyvinyl-based polymers such as polyvinylpyrrolidone (PVP), polyvinyl 

pyrrolidone-vinyl acetate copolymer (PVP VA64), and Poly(vinyl carprolactam-

co-vinylacetate-ethylene glycol) (Soluplus®) have been widely studied and 

utilized as carriers for amorphous solid dispersions.  Polyvinyl-based polymers 
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are fully synthetic with properties that vary in relation to different degrees of 

polymerization.  PVP is a linear polymer consisting of 1-vinyl-2-pyrrolidone 

groups and is available in a variety of grades based on the degree of 

polymerization, expressed as a K-value that corresponds to a molecular weight 

range between 2,500 and 3,000,000 Da [49].   The polymer backbone contains 

carbonyl groups that can act as proton acceptors, which can interact with 

molecules containing proton donor groups for enhanced physical stability [50].  

PVP has successfully been utilized in marketed amorphous solid dispersions in 

the product Rezulin™, which was subsequently withdrawn due to toxicology 

concerns of the active ingredient [51] and in fast-acting ibuprofen [52].  

Copovidone (PVP VA64) is a block copolymer of 1-vinyl-2-pyrrolidone and vinyl 

acetate in a 3:2 ratio and is only available in one grade with a nominal K-value of 

28 [49].   The lower glass transition temperature and hygroscopicity of PVP 

VA64 compared to PVP is more amenable from a processing and stability 

perspective.  It has been successfully utilized in a number of studies to produce 

stable ASDs and is the polymer carrier used in Meltrex® products [34]. 

The glass transition and/or melting temperature, the degradation 

temperature, and the extrusion temperature range based on viscoelastic 

properties as previously described of polyvinyl-based polymers are shown in 

Table 1.1 [45, 46].  Polymers such as copovidone, Soluplus®, and Kollicoat IR 

have a wide extrusion temperature range of more than 20°C, offering greater 

flexibility in processing.  Lower molecular weight grades of PVP have a narrow 

processing window and higher molecular weight grades are too viscous to be 

processed below their degradation temperatures.  Plasticization by the drug or 
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another excipient, or other processing strategies would be necessary in order to 

utilize the higher molecular weight grades of PVP. 
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Table 1.1: Thermal properties and extrusion temperature ranges of polyvinyl 
polymers (star denotes lack of extrusion temperature range).  
Adapted from [46] and [45]. 

Chemical Name 
(MW in g/mol) 

Abbreviation/ 
Trade Name 

Tg, Tm 
(°C) 

Tdeg 
(°C) 

Extrusion 
Temp. Range 

(°C) 
Polyvinylpyrrolidone 
(MW 2000 – 3000) PVP K12 72 196 152 – 167 

Polyvinylpyrrolidone 
(MW 7000 – 11000) PVP K17 140 217 175 - 185 

Polyvinylpyrrolidone 
(MW 28000 – 34000) PVP K25 153 166 * 

Polyvinylpyrrolidone 
(MW 44000 – 54000) PVP K30 160 171 * 

Polyvinylpyrrolidone 
(MW 1000000 – 1500000) PVP K90 177 194 * 

Vinylpyrrolidone:vinylacetate 
(6:4) 

(MW 45000 – 70000) 
PVP VA64 105 270 157 – 177 

Poly(vinyl carprolactam-co-
vinylacetate-ethylene glycol) 

(MW 900000 – 140000) 
Soluplus® 72 278 142 – 166 

Polyvinyl alcohol-polyethylene 
glycol graft copolymer 

(MW ~45000) 
Kollicoat IR 45, 

208 200 155 - 185 

 

1.3.2 Cellulose-based polymers 

Cellulose is the most abundant natural polymer consisting of linked D-

glucose units.  Derivatives of cellulose based on reactions of the hydroxyl 

groups are among the most studied polymers for pharmaceutical use.  Example 

polymers include hydroxypropyl methylcellulose (HPMC), hydroxypropyl 

cellulose (HPC), hydroxypropyl methylcellulose acetate succinate (HPMC AS), 

hyroxypropyl methylcellulose phthalate (HPMC P), and ethylcellulose (EC).  
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HPMC is available in a variety of grades consisting of different degrees of 

hydroxyl and methyl substitution and a wide range of molecular weights [49].  

HPMC exhibits unique thermal gelation properties, which vary depending on 

chemistry and molecular weight and have been exploited for controlled release 

applications [53].  The available hydrogen bond donors of the hydroxyl groups in 

HPMC are also ideal for stabilizing amorphous drugs with available hydrogen 

bond acceptors.   Other derivatives such as HPMC AS and HPMC P offer 

modified drug release to different sites in the gastrointestinal tract based on 

differences in pH solubility.  Such pH-dependent release is especially useful for 

delivering drugs that are acid labile [54] or when targeting higher concentrations 

of drug in the small intestines [55].   In summary, cellulose derivatives are 

extremely versatile for use in drug delivery applications and have been widely 

studied and commercially accepted in formulating amorphous solid dispersions 

such as in the cases of Onmel™ and Zelboraf™ [56, 57]. 

The glass transition and/or melting temperature, the degradation 

temperature, and the extrusion temperature range of some common cellulose-

based polymers are shown in Table 1.2 [48].  Of the polymers tested, only HPC 

exhibited a wide extrusion processing window of >20°C.  Various grades of EC 

exhibited narrow processing windows of ~5 to 15°C, and various grades of 

HPMC, HPMC AS, HPMC P and methylcellulose exhibited no processing 

window below the degradation temperature, representing a significant 

challenge. 
  



 11 

Table 1.2: Thermal properties and extrusion temperature ranges of cellulosic 
polymers (star denotes lack of extrusion temperature range).  
Adapted from [48]. 

Chemical Name 
(MW in g/mol) 

Abbreviation/ 
Trade Name 

Tg, Tm 
(°C) 

Tdeg  
(°C) 

Extrusion 
Temp. Range  

(°C) 
Hydroxypropyl 

methylcellulose, 6cps 
(MW 10,000) 

HPMC 2910 
6cps 139 244 * 

Hydroxypropyl 
methylcellulose, 100 cps 

(MW 25000) 

HPMC 
K100LV 168 259 * 

Hydroxypropyl 
methylcellulose, 100000 

cps 
(MW 150,000) 

HPMC 
K100M 173 259 * 

Hydroxypropyl 
methylcellulose acetate 

succinate, 3 cps 
(MW 18,000) 

HPMC AS 
MF 122 204 * 

Hydroxypropyl 
methylcellulose phthalate, 

40 cps 
(MW 45,600) 

HPMC P 
HP-55 147 194 * 

Hydroxypropyl 
methylcellulose phthalate, 

55 cps 
(MW 37,900) 

HPMC P 
HP-50 143 199 * 

Methylcellulose, 15 cps 
(MW 14,000) MC 15LV 175 247 * 

Hydroxypropyl cellulose 
(MW 95,000) HPC LF 111 227 170 – 200 

Ethylcellulose, 4 cps EC 4p 128,168 200 184 – 198 
Ethylcellulose, 7 cps EC 7p 128,168 205 192 – 200 

Ethylcellulose, 10 cps EC 10p 132,172 205 195 - 200 
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1.3.3 Polymethacrylate-based polymers 

Polymethacrylates encompass a group of synthetic, ionic polymers with 

varying ratios of dimethylaminoethyl methacrylates, methacrylic acid, and 

methacrylic acid esters [49].  These polymers have historically been used as film 

coating agents but have gained interest as carriers in ASDs in recent years due 

to their ionic characteristics that allow for targeted drug delivery along the 

gastrointestinal tract [58].  They are commonly referred to by the trade name 

Eudragit® with Eudragit® E soluble at pH > 5, Eudragit® L100-55 soluble at pH 

> 5.5, Eudragit® L soluble at pH > 6, and Eudragit® S soluble at pH > 7.  

Additionally, sustained release grades are available as Eudragit® RL, Eudragit® 

LS, and Eudragit® NE.   

The glass transition and/or melting temperature, the degradation 

temperature, and the extrusion temperature range of some common 

polymethacrylate-based polymers are shown in Table 1.3 [47].  Interestingly, the 

homo block copolymers Eudragit® E PO, Eudragit® RL PO, and Eudragit® RS 

PO exhibited extrusion-processing windows, but the hetero block copolymers 

Eudragit® L100, Eudragit® S100, and Eudragit® L100-55 were too viscous to 

be extruded as neat polymers. 
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Table 1.3: Thermal properties and extrusion temperature ranges of 
polymethacrylate-based polymers (star denotes lack of extrusion 
temperature range).  Adapted from [47]. 

Chemical Name 
(MW in g/mol) 

Abbreviation/ 
Trade Name 

Tg, Tm 
(°C) 

Tdeg 
(°C) 

Extrusion 
Temp. Range 

(°C) 
Butyl methacrylate: 
Dimethylamino ethyl 
methacrlate: Methyl 
methacrylate (1: 2: 1) 

(MW 47,000) 

Eudragit® 
EPO 52 250 127 – 150 

Ethyl acrylate: Methyl 
Methacrylate : 

Trimethylammonioethyl 
ethacrylate chloride (1: 2: 

0.2) 
(MW 32,000) 

Eudragit® 
RL PO 63 166 165 – 170 

Ethyl acrylate: Methyl 
methacrylate: 

Trimethylammonioethyl 
methacrylate chloride (1: 2: 

0.1) 
(MW 32,000) 

Eudragit® 
RS PO 64 170 142 – 167 

Methacrylic acid: Methyl 
methacrylate (1: 1) 

(MW 125,000) 
Eudragit® 

L100 195 176 * 

Methacrylic acid: Methyl 
methacrylate (1: 2) 

(MW 125,000) 
Eudragit® 

S100 173 173 * 

Methacrylic acid: Ethyl 
acrylate (1: 1) 
(MW 320,000) 

Eudragit® 
L100-55 111 176 * 

1.3.4 Summary 

Among the polymers investigated in all three classes, more than 50% 

(13/25) could not be processed as neat polymer by HME.  It is worth noting that 

as these windows are defined for neat polymers, many polymers that exhibit 
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viscosities just above the defined maximum viscosity limit will be sufficiently 

plasticized with addition of API to bring down the viscosity to extrudable levels.  

For example, low molecular weight grades of HPMC and HPMC AS have been 

extensively investigated by hot melt extrusion in ASDs [57, 59-61].   Additionally, 

the complex viscosity range was correlated to the torque limitation for a small-

scale extruder and higher torque capacity will often be achievable in larger scale 

extruders.  However, early phase formulations developed at small-scale will 

generally determine later stage formulation compositions, as significant changes 

in composition between phases are not preferred.  In cases where the API is not 

able to sufficiently plasticize the polymer, an alternative formulation or 

processing strategy will be necessary to utilize a particular carrier.  Additionally, 

for polymer carriers that exhibit an extrusion-processing window at relatively 

high temperatures, processing of thermally labile APIs becomes less feasible.  

The following section will review various strategies being investigated to expand 

thermal processing capabilities along with their benefits and limitations. 

1.4 THERMAL PROCESSING STRATEGIES 

1.4.1 Incorporation of plasticizers and plasticizing surfactants 

The addition of plasticizers as a strategy to facilitate the extrusion 

processing is well established in the plastics and pharmaceutical industries [62].  

Plasticizers are typically small molecules that act to increase the free volume 

between polymer chains, resulting in a depression of the Tg and the melt 

viscosity [63].  Incorporation of plasticizers is not limited to improving 

processing, but may be incorporated to alter the physicochemical properties of 
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the final product (e.g. mechanical, release rate, etc.).  A list of common 

pharmaceutical plasticizers is shown in Table 1.4. 

Table 1.4: Common plasticizers used in pharmaceutical dosage forms.  
Adapted with permission from [31]. 

Type Examples 

Citrate esters triethyl citrate, tributyl citrate, acetyl 
triethyl citrate, acetyl tributyl citrate 

Fatty acid esters butyl stearate, glycerol monostearate, 
stearyl alcohol 

Sebacate esters dibutyl sebacate 

Phthalate esters diethyl phthalate, dibutyl phthalate, 
dioctyl phosphate 

Glycol derivatives polyethylene glycol, propylene glycol 

Vitamin E TPGS d-α-tocopheryl polyethylene glycol 
1000 succinate 

Other triacetin, mineral oil, castor oil 

 

Most of the plasticizers in Table 1.4 are liquid at room temperature and 

would require liquid injection or a wet granulation step prior to extrusion.   

Alternatively, solid-state plasticizers such as methylparaben and citric acid have 

been investigated to reduce the number of processing steps [64, 65].  Many of 

these plasticizers have been shown to be effective at reducing the melt viscosity 

of viscous polymers to extrudable levels [66-68].  For example, triethyl citrate 

(TEC), methylparaben (MP), polyethylene glycol 8000 (PEG 8000), citric acid 

monohydrate (CA MH), and acetyltributyl citrate (ATBC) were investigated for 

plasticization efficiency and preservation of the delayed drug release properties 

in Eudragit® S100 matrix pellets [67].  As described in previously, Eudragit® 

S100 did not exhibit an extrusion processing window below its degradation 

temperature.  TEC, MP, and PEG 8000 were found to be the most efficient 
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plasticizers for Eudragit® S100, while TEC and MP were most efficient at 

maintaining the enteric properties of the polymer due to their limited water 

solubility [67].  This was shown to be independent of plasticizer level between 10 

and 20% [68].  Similarly, TEC and PEG 6000 were investigated as plasticizers in 

ethyl cellulose matrix tablets [66].  As previously described, ethyl cellulose 10cps 

was shown to have a narrow extrusion-processing window of 195 to 200°C.  

The plasticizing efficiency TEC and PEG600, along with two APIs, zidovudine 

(AZT) and lamivudine (3TC), is shown in Figure 1.1.  PEG 6000 and more so, 

TEC, were able to reduce the complex viscosity to levels below 10,000 Pa.s at a 

temperature of 150°C.  This was true for as little as 5 to 10% plasticizer in the 

case of TEC. 
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Figure 1.1: Complex viscosity of (A) ethyl cellulose and zidovudine (AZT) blends 
at 150 °C, (B) ethyl cellulose and lamivudine (3TC) blends at 165 °C, 
(C) ethyl cellulose and TEC blends at 150 °C, (D) ethyl cellulose and 
PEG-6000 blends at 150°C.  Reproduced with permission from [66]. 

More recently, surfactants have been evaluated as plasticizers for several 

common polymer systems such as PVP K30, PVP VA64, HPMC E5, HPMC AS, 

and Eudragit® L100 [69].  The surfactant systems evaluated included 

polysorbate 80, docusate sodium, polyoxyethylene (40) stearate, pluronic F68, 

and sodium lauryl sulfate.  In extrusion experiments, polysorbate 80 was found 

to be the most effective plasticizer due to its low Tg (liquid at RT), followed by 

docusate sodium.  The other surfactants were not very effective as plasticizers.  
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In a stability study of solid dispersions containing surfactants by the same 

group, the influence of the surfactant on physical stability was investigated [70].  

The addition of surfactant in HPMC E5 compositions resulted in crystallization 

when stored at 30°C /65%RH, but no difference was observed between 

samples with and without surfactant in PVP or PVP VA64 compositions. 

The impact of surfactant addition in solid dispersions has been 

extensively studied by the group of Dr. Van den Mooter [71-74].  In one study, 

the surfactant TPGS 1000 was incorporated into solid dispersions containing an 

experimental antiviral compound, UC781, and either PVP VA64 or HPMC 2910 

resulting in more rapid dissolution rates as the surfactant concentration was 

increased in solid dispersion granules [75].  TPGS 1000 was also evaluated in 

solid dispersions containing itraconazole and PVP VA64 [73].  Itraconazole was 

found to have improved maintenance of supersaturation relative to the presence 

of PVP VA64 or TPGS 1000 alone and thus were formulated together in a ternary 

solid dispersion.  This was shown to be ineffective, however, as the addition of 

TPGS 1000 resulted in phase separation and crystallization of itraconazole. 

Specific effects of the addition of surfactants on crystal growth have been 

investigated.  In studies evaluating ritonavir crystal growth rates in the presence 

of polymers, surfactants, and polymer-surfactant combinations, the inclusion of 

surfactants alone accelerated crystal growth rates and surfactant-polymer 

blends were shown to decrease the effectiveness of cellulosic polymers to 

retard crystal growth [76].  A similar increase in crystal growth rates were 

observed in studies with amorphous celecoxib in which most miscible 

surfactants increased the growth rate at low temperatures [77].  However, this 

was found to be dependent on the polymer as well, with PVP slowing the 
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acceleration of the crystal growth rate by the surfactants.  It is worth noting, 

however, that these studies were performed above the Tg of the system where 

molecular mobility is high, and thus may not be representative of crystal growth 

below Tg.  Similarly, it is unclear if this effect would translate during 

supersaturation or non-sink dissolution experiments. 

The addition of surfactants can also be leveraged in ASDs to facilitate 

stability of nano/micro-dispersions formed in-situ from the melt extruded drug 

product once dispersed in aqueous media, as in the case of ritonavir and 

lopinavir extrudate produced by Meltrex® technology [78, 79].  In-situ formation 

of nanoparticles released from the drug product has been shown to enhance 

dissolution rates and the use of surfactants can aid in prevention of coalescence 

of these aggregates, with charge repulsion identified as a likely mechanism [80].   

The addition of plasticizers to facilitate thermal processing must be 

balanced with potential negative consequences.  Particularly for ASDs, the 

increase in free volume and molecular mobility by a plasticizer has been shown 

to result in decreased physical stability compared to dispersions of drug and 

polymer [73, 81].  In such cases, alternative strategies may be needed to enable 

processing of ASDs with the target profile. 

1.4.2 Temporary plasticizers and supercritical technology 

In the last decade, temporary plasticizers have been investigated as an 

alternative to traditional plasticizers in pharmaceutical extrusion.  A temporary 

plasticizer generally refers to the injection of supercritical carbon dioxide (sc-

CO2) into the extrusion process [82].  sc-CO2 exhibits high plasticization 

efficiency in polymers that have high CO2 solubility [83], with the added benefit 
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that expansion of sc-CO2 upon exiting the extrusion process results in the 

complete removal of CO2 from the final product [82].  Thus, the composite Tg of 

the final product is not depressed and molecular mobility is not increased within 

the matrix.  Additionally, the lack of a plasticizer component in the final 

formulation will allow for a lower drug product weight and size, or fewer 

dosages, fostering patient compliance.  Plasticization by sc-CO2 occurs due to 

an increase in free volume by absorption of CO2 between polymer chains as well 

as acting as a molecular lubricant [83].  sc-CO2 can also act as a temporary co-

solvent that is environmentally friendly [84].  A schematic of a supercritical 

injection system retrofitted to a twin screw extruder is shown in Figure 1.2 [85].  

The chiller and pump assist in maintaining a temperature of 31°C and a pressure 

of 74 bar necessary to convert CO2 gas to a supercritical fluid [63].  Due the 

plasticizing effect and subsequent expansion of CO2 upon ejection from the die, 

the extrudate will be porous (foamed) and other morphology changes may occur 

such as crystallization of certain polymers [82]. 
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Figure 1.2: Schematic of a twin screw extrusion supercritical injection system.  
Reproduced with permission from [85]. 

The plasticization efficiency of sc-CO2 has been evaluated with multiple 

pharmaceutical polymers, including PVP VA64, Eudragit® E, and EC 20 cps 

[86].  A number of aspects related to CO2 injection in melt extrusion were 

described including using conveying elements at the site of injection, forming a 

melt seal upstream of injection to prevent leakage, maintaining high pressure 

downstream of injection with die resistance to facilitate and maintain CO2 

dissolution in the polymer, and using kneading elements downstream of 

injection to adequately mix and dissolve CO2.  After optimizing extrusion 

conditions, it was found that CO2 could be injected at subcritical conditions for 

PVP VA64 and Eudragit® E, resulting in a 30°C and 15°C reduction in extrusion 

processing temperatures, respectively.  Thermal analysis of the milled extrudate 

revealed no differences in glass transition temperatures with or without CO2 
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injection.  For EC 20 cps, CO2 could be injected at supercritical conditions, 

resulting in a more significant 65°C reduction in extrusion temperature.  

However, while thermal analysis showed no change in Tg between EC extrudate 

processed with and without CO2 injection, a change in melt enthalpy was 

observed.  EC 20 cps processed with CO2 exhibited an increased enthalpy 

relative to polymer processed without CO2 injection.  This was attributed to the 

increased mobility of the polymer in the presence of CO2, allowing for alignment 

of polymer chains, as has been observed and described by others in semi-

crystalline polymers such as PEO [87, 88].  Finally, each of the polymers 

investigated exhibited increased dissolution rates when processed with CO2 

injection due to the increased porosity and foaming effect of the expanding gas 

upon exiting the extruder die.  Other investigators have found that the pore size 

is a function of the processing temperature and CO2 concentration [89].  

Further studies were performed with PVP VA64 and EC 20 cps with 

itraconazole to demonstrate the utility of CO2 injection as a temporary 

plasticization method in the production of ASDs [90, 91].  Injection of CO2 

resulted in efficient plasticization with a corresponding reduction in processing 

temperature.  For PVP VA64 compositions, the dissolution with and without CO2 

injection was comparable, with only a minor increase initial wetting for samples 

processed without CO2 injection [91].  Conversely, a notable increase in 

dissolution rate was observed in EC samples processed with CO2 injection [90].  

In both polymer systems, an increase in surface area and porosity were 

observed with CO2 injection, resulting in an increased milling efficiency of the 

extrudate intermediate.  The benefits of sc-CO2 injection were further 

demonstrated in extrusion of EC 20 cps with a thermally labile API, p-amino 
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salicylic acid (p-ASA) [92].  p-ASA substantially degrades above 120°C, but is 

stable for at least 10 minutes at atmospheric conditions below 110°C.  Without 

CO2 injection, the minimum extrusion temperature of a 10%(w/w) p-ASA/EC 20 

cps blend was 130°C, which resulted in 17% decomposition of the API.  With 

CO2 injection, the blend could be extruded at temperatures at or below 110°C, 

resulting in less than 5% decomposition of p-ASA. 

Recently, subcritical (pressurized) injection of CO2 was investigated as a 

temporary plasticizer for ketoprofen and HPC dispersions [93].  Plasticization by 

injection of CO2 enabled a decrease of approximately 20°C in extrusion 

temperature.  A milling study was also conducted with HPC extrudates 

plasticized with propylene glycol (PG) as a comparator, which resulted in torque 

overload due to their high flexibility and failed to mill.  HPC extrudate plasticized 

with CO2, however, could be efficiently milled (as determined by relative torque 

values) due to the porous morphology of the extrudate.  HPC extrudate 

processed without any plasticization could be milled with prior storage in a 

freezer, though not as efficiently.  Microscopy images of various grades of HPC 

with and without pressurized CO2 (P-CO2) injection, or with PG injection is 

shown in Figure 1.3, highlighting the porous structure of P-CO2 injected 

samples.  Furthermore, enhanced tableting properties were observed with 

porous extrudate such as increased hardness and reduced friability. 
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Figure 1.3: Microscopy photographs of Klucel_ (ELF, EF, and LF) extrudates 
with and without P-CO2 injection, or with PG injection 
(magnification3x). (a) ELF without P-CO2, (b) ELF with P-CO2, (c) 
ELF with PG injection, (d) EF without P-CO2, (e) EF with P-CO2, (f) 
EF with PG injection, (g) LF without P-CO2, (h) LF with P-CO2, and 
(i) LF with PG injection.  Reproduced with permission from [93]. 

1.4.3 Designer polymers for extrusion processing 

Owing to the increased importance of HME in pharmaceutical 

development, many excipient vendors are engineering pharmaceutical grade 

polymers specifically designed and marketed for extrusion processing.  These 

polymers tout their performance as crystallization inhibitors and solubility 

enhancers, while offering a wider temperature range for extrusion processing.  
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The most well-known and earliest example is Soluplus® developed by BASF®, 

but other vendors are following suit with new extrusion grades of HPMC by 

Dow® and HPMC AS by Ashland®. 

Soluplus® is a polyvinyl caprolactam – polyvinyl acetate – polyethylene 

glycol graft copolymer (13% PEG 6000/57% vinyl caprolactam/30% vinyl 

acetate), with PEG 6000 forming the backbone of the polymer [94].  The 

structure of Soluplus® is shown in Figure 1.4.  The polymer was designed to be 

both a matrix former and a solubilizer due to its amphiphilic structure [95].  It 

was also designed to be self-plasticizing with a relatively low Tg of 70°C to 

enable extrusion at low temperatures, however others have shown that 

Soluplus® still exhibits high complex viscosity above Tg and needs to be 

processed at temperatures as high as 140°C [96].  Still, Soluplus® has been 

shown to enhance solubility to a greater extent for certain APIs relative to other 

hydrophilic polymers [97].  The utility of Soluplus® as a matrix polymer and 

solubility enhancer in melt-extruded ASDs has been demonstrated for multiple 

poorly water soluble drugs, including carbamazepine [95, 96, 98], fenofibrate 

[99], simvastatin [100], dronedarone hydrochloride [101], and valsartan [102]. 
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Figure 1.4: Chemical structure of polyvinyl caprolactam – polyvinyl acetate – 
polyethylene glycol graft copolymer (Soluplus®). 

Recently, Dow® has introduced its own line of engineered polymers for 

HME applications.  Cellulosic polymers such as HPMC have historically been 

difficult to extrude due to the high melt viscosity and limited extrusion 

processing windows, as outlined previously.  Even with plasticization by a drug 

or other additives, HPMC browns at the elevated temperatures often needed for 

extrusion processing [49, 103].  Thus, a new line of Affinisol® HPMC polymers 

have been developed with lower melt viscosity reduced or eliminated 

discoloration at elevated temperatures [104].  The Affinisol® HPMC polymers 

are available in a variety of molecular weight grades from 3 to 164,000 cP for IR 

and CR applications, and have lower glass transition temperatures ranging from 

110 to 130°C [105, 106].  The extrusion processing windows are much wider 

and reported to be between 150 to 205°C [106].  More interestingly, the melt 

viscosity and corresponding extruder torque load is reported to be independent 

of the polymer molecular weight, with Affinisol® HPMC 6LV, 100LV, and 4M 
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exhibiting a comparable maximum torque load of approximately 20% on a 

Leistritz nano-16 extruder [107].  In addition, the crystallization inhibition 

properties of the polymer remain, with demonstrated dissolution performance of 

ASDs containing the poorly soluble drugs loratidine [107], carbamazepine [108], 

and itraconazole [109]. 

Ashland® has also been investigating a new development grade of the 

cellulosic polymer HPMC AS for extrusion processing.  HPMC AS has been 

shown to be a very effective crystallization inhibitor in ASDs, which is highly 

dependent on the ratio of acetyl and succinoyl functional groups.  In particular, 

the level of acetyl groups is the driving force for recrystallization inhibition, which 

facilitates hydrophobic interactions with poorly water-soluble drugs in solution 

[55, 110].  Current commercial grades of HPMC AS have a Tg of 120°C but often 

require extrusion temperatures in excess of 170°C, even with plasticization, to 

reduce the melt viscosity [111].  However, release of acetic and succinic free 

acid has been shown to occur at temperatures between 180 and 200°C [112], 

resulting in a narrow and relatively high processing window that may exclude 

thermally labile drugs.  Thus, Ashland® has investigated developmental grades 

of HPMC AS that have a lower Tg of ~ 100°C and can be extruded at ~140°C 

[111].  This investigational grade has also shown to be similar or superior to 

current commercial grades of HPMC AS in maintaining supersaturation of the 

poorly soluble drugs nifedipine, itraconazole, and griseofulvin [111, 113].  It is 

worth noting that this is currently an investigational polymer and a commercial 

version has not been introduced at the time of writing. 
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1.4.4 Thermal Processing by KinetiSol® Dispersing 

Among the thermal processing strategies described thus far, the common 

method to enable processing of challenging compositions is through a decrease 

in melt viscosity and composite Tg via plasticization by additives or polymer 

engineering.  Excluding the use of temporary plasticizers, the final product 

typically has a lower Tg, which can impact physical stability in the case of ASDs.  

An alternative strategy is to approach the challenge from the equipment 

perspective and utilize processing technologies that are not limited by melt 

viscosity, which greatly expands thermal processing windows.  KinetiSol® 

Dispersing (KSD) is an emerging processing technology in the pharmaceutical 

industry that is capable of processing highly viscous and non-thermoplastic 

materials [114].  The KSD process was adapted from the thermo-kinetic mixers 

used in the plastics industry [115-117], with modifications for expanded 

capabilities and permitted use in pharmaceutical applications.  The equipment 

consists of a horizontally mounted processing chamber with a central rotating 

shaft.  A series of mixing blades are mounted to the shaft, which rotates at 

relatively high velocities (1000’s of RPMs).  The high velocities impart high 

frictional forces on the material particles as they impact the walls, blades, and 

each other.  The frictional forces result in a very rapid temperature increase, with 

general processing times of less than 20 s (and less than 5 s at elevated 

temperatures) to transition drug and polymer blends to a fluxed state, with 

subsequent discharge at a user defined set point [114].  Example processing 

profiles are shown in Figure 1.5.  For small-scale studies, the process is 

performed in batch mode for quantities between ~50 and 300g.  The same 

machine geometry can then be used in semi-continuous mode for throughputs 
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of up to 30 kg/hr.  Multiple units can be run in parallel or larger geometry 

machines can be used for higher throughputs of up to 1,000 kg/hr [114]. 

 

 

Figure 1.5: KinetiSol® processing temperature profiles for manufactured 
formulations.  Reproduced with permission from [118]. 

The utility of KSD to produce plasticizer-free ASDs with many of the 

polymer carriers described previously that do not exhibit extrusion-processing 

windows has been demonstrated.   ASDs with Eudragit® L100-55 as the carrier 

polymer with itraconazole were produced by KSD and compared to similar 

compositions containing plasticizer (20% TEC) produced by HME [81].  

Plasticizer-free compositions exhibited a single Tg of ~101°C, while those 

containing plasticizer exhibited a single Tg of ~54°C.  The physical stability of 
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each composition was assessed by placing samples on storage at 40°C/75% 

RH for 6 months, with the lower Tg compositions containing plasticizer resulting 

in recrystallization of itraconazole over time.  Itraconazole was further evaluated 

as a model drug in HPMC AS [118] and HPMC E50 [119] compositions 

produced by KSD.  In the latter case of HPMC E50, significantly less polymer 

degradation and discoloration occurred during KSD processing as compared to 

compositions that were processed by HME.  Similar observations were made in 

a processing comparison study (KSD and HME) of griseofulvin in varying 

molecular weight grades of HPMC and PVP [120], where HPMC compositions 

prepared by extrusion exhibited increased discoloration.  This study also 

demonstrated the ability of KSD to more readily render amorphous dispersions 

containing higher drug loads and utilizing higher molecular weight grades of PVP 

(PVP K30 and PVP K90), which could not be processed by HME without a 

plasticizer.  The higher drug loading was attributed to the increased 

solubilization kinetics from the high shear rates of the KSD process, which 

enabled production of ASDs at processing temperatures more than 60°C below 

the melting point of griseofulvin.   

This increased rate of shear and shorter processing durations is 

especially effective for processing ASDs containing high melting point and 

thermally labile APIs [121, 122].  High melting point APIs can be difficult to 

render amorphous within the extrusion processing windows of many 

pharmaceutical polymers.  An example is the investigational drug 3-acetyl-11-

keto-beta-boswellic acid (AKBA), which has a melting point of 295°C and was 

unable to be processed at target drug loads into an ASD by HME [123].  KSD 

processing, however, was able to render ASDs of AKBA at temperatures as 
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much as 160°C below the melting point of the drug, with potencies in excess of 

99%.  For thermally labile - high melting point compounds, such as meloxicam 

(MLX), the decreased temperature requirements and shorter duration of KSD 

was shown to result in greater MLX recovery compared to compositions 

produced by HME [97].  ASDs of MLX and Soluplus® could be processed at 

temperatures as low as 110°C by KSD resulting in a potency of 98.6%, while 

temperatures of 175°C with a 2 minute recirculation time was required to render 

MLX amorphous by HME, resulting in a MLX potency of 87%. 

While several promising studies have been published demonstrating the 

benefits of KSD in producing ASDs and modified release dosage forms, the 

technology is still nascent and proprietary, with no commercial products to date.  

However, cGMP manufacturing capabilities do exist and early phase clinical 

trials have commenced utilizing the technology. 

1.5 CONCLUSION 

Production of ASDs by thermal processing continues to gain interest in 

the pharmaceutical industry.  However, more than 50% of polymer carriers lack 

a temperature range (defined by thermal and viscoelastic properties) in which 

they can be processed by hot melt extrusion, the most established thermal 

processing technology.  In addition, many polymer carriers have thermal 

processing temperature ranges that are relatively high, which may exclude 

processing of thermally labile APIs. Various strategies such as the use of 

traditional plasticizers, temporary plasticizers, novel application-specific 

polymers, and alternative thermal processing technologies (e.g. KinetiSol® 

Dispersing) have all been investigated to enable challenging compositions.  The 
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selection of the appropriate strategy depends on a number of factors including 

the physicochemical attributes of the final product (e.g. physical and chemical 

stability), the engineering complexity, the availability of new equipment or 

materials, and how established a process or material is for the pharmaceutical 

industry. 
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Chapter 2:  Research Objectives 

2.1 OVERALL OBJECTIVES 

The overall objective of the research presented in this dissertation was to 

demonstrate the ability of a thermokinetic mixing process (e.g. KinetiSol 

Dispersing) to produce an expanded range of amorphous solid dispersion (ASD) 

formulation compositions.  In particular, an expanded range of polymers (and 

drug-polymer combinations) were investigated including high molecular weight 

polymer grades, semi-crystalline polymers, and cross-linked polymers that 

would be difficult or impossible to produce by traditional ASD manufacturing 

processes such as hot melt extrusion and spray-drying.  Furthermore, the 

enhancements enabled by thermokinetic processing of these formulation 

compositions were investigated including solid-state recrystallization inhibition, 

higher drug loadings, supersaturation maintenance, sustained drug release, and 

mucoadhesive / mucoretentive properties. 

2.2 SUPPORTING OBJECTIVES 

2.2.1 Thermal Processing of PVP and HPMC-based Amorphous Solid 
Dispersions 

The objectives of this study were to evaluate the processing and stability 

of ASDs produced with polymers of increasing molecular weight.  

Polyvinylpyrrolidone (PVP) and hydroxypropyl methylcellulose (HPMC) of 

increasing molecular weight were utilized as the carrier polymers and 

recrystallization inhibitors. GRIS was utilized as the model drug, as it has a 

relatively high melting point and is known to rapidly recrystallize from its 

amorphous state.  ASDs of increasing drug load were prepared by HME, if 
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possible, and by KSD.  Processed samples were characterized by microscopy, 

X-Ray CT, and SEM to compare the physical appearance and structure of 

monolithic and milled dispersions.  PXRD, MDSC, FTIR, and FT-Raman were 

used to detect crystallinity and FTIR and FT-Raman were additionally used to 

investigate drug-polymer interactions.  Samples were placed in open dish, 

stability conditions to assess stability over time. 

2.2.2 Enabling Thermal Processing of Ritonavir-Polyvinyl Alcohol 
Amorphous Solid Dispersions by KinetiSol Dispersing 

The objectives of this study were to understand the impact of KSD 

processing parameters in order to produce an ASD with minimal to no 

degradation of the polymer and model API.  The polymer, polyvinyl alcohol, has 

received little attention as a matrix polymer in ASDs due to its thermal and 

rheological limitations in extrusion processing and limited organic solubility in 

spray drying applications.  Additionally, in extrusion processing, the high 

temperatures required to process the polymer often exclude thermally labile 

APIs. Ritonavir was chosen as the model API as it is commercially processed as 

an ASD by HME in Kaletra®, Norvir®, and Viekirax®.  Additionally, ritonavir has 

been shown to be shear sensitive, thus representing a challenging model in the 

KSD process, which exhibits much higher shear rates compared to HME. 

2.2.3 Mucoadhesive Amorphous Solid Dispersions for Sustained Release of 
Poorly Water Soluble Drugs 

The objectives of this study were to 1) demonstrate that ASDs could be 

manufactured from binary mixtures of itraconazole and Carbopol using the KSD 

process, 2) demonstrate that these dispersions exhibit adhesion in vitro to 

intestinal mucosa, even with relatively high concentrations of hydrophobic drug, 
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and 3) confirm that mucoadhesion and sustained drug delivery is observed in 

vivo.  Itraconazole was chosen as the model poorly water-soluble drug due to its 

very low aqueous solubility and its wide comparative use as a model in ASDs, 

including demonstrated processability by thermokinetic mixing, enabling rapid 

proof-of-concept for this study.  Two approaches were evaluated in vivo in this 

study.  The first utilized uncoated minitablets that were delivered via immediate 

release capsules, which were hypothesized to be mucoretentive, providing 

sustained release of itraconzole into the GI lumen.  The second approach 

utilized minitablets that were coated on all sides but one with ethylcellulose and 

were delivered by capsules coated with an enteric polymer. These were 

hypothesized to release the minitablets at the site of absorption in the small 

intestines, and transport itraconazole unidirectionally through the mucoadhesive 

side of the tablet through the mucous membrane. 
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Chapter 3:  Thermal Processing of PVP- and HPMC-based 
Amorphous Solid Dispersions1 

3.1 ABSTRACT 

Thermal processing technologies continue to gain interest in 

pharmaceutical manufacturing.  However, the types and grades of polymers that 

can be utilized in common thermal processing technologies, such as hot-melt 

extrusion (HME), are often limited by thermal or rheological factors.  The 

objective of the present study was to compare and contrast two thermal 

processing methods, HME and KinetiSol® Dispersing (KSD), and investigate the 

influence of polymer type, polymer molecular weight, and drug loading on the 

ability to produce amorphous solid dispersions (ASDs) containing the model 

compound griseofulvin (GRIS).  Dispersions were analyzed by a variety of 

imaging, solid-state, thermal, and solution-state techniques. Dispersions were 

prepared by both HME and KSD using polyvinylpyrrolidone (PVP) K17 or 

hydroxypropyl methylcellulose (HPMC) E5.  Dispersions were only prepared by 

KSD using higher molecular weight grades of HPMC and PVP, as these could 

not be extruded under the conditions selected.  PXRD analysis showed that 

dispersions prepared by HME were amorphous at 10 and 20% drug load; 

however, showed significant crystallinity at 40% drug load.  PXRD analysis of 

KSD samples showed all formulations and drug loads to be amorphous with the 

exception of trace crystallinity seen in PVP K17 and PVP K30 samples at 40% 

drug load.  These results were further supported by other analytical techniques.  
                                            
1 Published in:  LaFountaine, Justin S., Leena Kumari Prasad, Chris Brough, Dave A. Miller, 
James W. McGinity, and Robert O. Williams III. "Thermal processing of PVP-and HPMC-based 
amorphous solid dispersions." AAPS PharmSciTech 17, no. 1 (2016): 120-132.  Justin S. 
LaFountaine designed, executed, and interpreted the experiments and wrote the manuscript. 
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KSD produced amorphous dispersions at higher drug loads than could be 

prepared by HME, as well as with higher molecular weight polymers that were 

not processable by HME, due to its higher rate of shear and torque output. 

3.2 INTRODUCTION 

Formulation and manufacturing techniques for enhancing bioavailability 

of poorly soluble active pharmaceutical ingredients (APIs) are of great interest 

due to the increasing pipeline of these compounds. The dissolution of poorly 

soluble APIs is often the rate-limiting factor for oral bioavailability [1, 2]. 

Solubility enhancing formulation strategies include particle size reduction, the 

use of pH modifiers, salts, co-crystals, pro-drugs, cyclodextrins, lipids, 

surfactants, self-emulsifying drug delivery systems, mesoporous drug delivery 

carriers, and amorphous solid dispersions [3-6]. The use of amorphous solid 

dispersions is of great interest in that these high-energy systems tend to lead to 

orders of magnitude increases in apparent solubility [7, 8]. As these are typically 

metastable systems, maintaining physical stability by preventing recrystallization 

is crucial. Polymers are extremely effective when used to prevent 

recrystallization [9-12], however, the manufacturing process used may limit the 

range of polymers that can be utilized.  In this study, it was hypothesized that 

the formulation design space could be increased by using KinetiSol® Dispersing 

(KSD) as opposed to hot melt extrusion (HME) for the manufacture of 

amorphous solid dispersions (ASD), mainly with regard to polymers of increasing 

molecular weight. 

Spray drying (SD) and HME are the most widely used methods of 

manufacture of amorphous solid dispersions [13]. Spray drying consists of (a) 
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preparation of a feed solution or suspension, (b) atomization of feed 

solution/suspension and drying gas into a drying chamber leading to (c) solvent 

evaporation and particle formation. Spray drying is an attractive process due to 

the ability to engineer final powder properties by manipulating processing 

parameters [14]. The major challenge associated with spray drying is the need to 

use solvent systems. Organic solvents are flammable, toxic and costly; 

therefore, processing with these systems require limiting exposure to operators, 

use of explosion proof processing equipment and rooms and solvent recovery 

systems. Additionally, the final product must have residual solvent levels below 

ICH requirements, which usually requires a secondary drying step (see USP 

Chapter <467> Residual Solvents). Lastly, SD processing of high molecular 

weight polymers, such as PVP K90 and HPMC E50, is limited as viscous feed 

solutions cannot be properly atomized [15]. 

HME is a process adapted from the plastics industry consisting of (a) 

feeding of raw materials (b) conveying, mixing and softening or melting via 

rotating screws and (c) shaping, usually through a die and/or calendaring 

system. The modular set-up of an extruder allows for flexibility in tailoring the 

process for a given formulation, including but not limited to screw design, 

devolatilization, and liquid injection. This process can also be set up for 

continuous manufacturing, resulting in reduced costs for high volume products 

[16]. The drawbacks associated with HME are usually related to the exposure of 

the product to high processing temperatures for relatively long residence times. 

Processing of APIs that have high melting points or are thermally labile continue 

to be a challenge due to energy input required during HME to produce an 

amorphous final product [17, 18].  Additionally, higher molecular weight 
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polymers that may be effective for stabilizing the amorphous drug may be too 

viscous for processing via HME due to high torque loads, requiring the use of 

plasticizers that decrease the final product glass transition temperature [19-22].  

KinetiSol® Dispersing (KSD) is a fusion-based technology for preparing 

ASDs. The process was adapted from the plastics industry and can be operated 

in batch mode for screening and early phase studies and in semi-continuous 

mode for larger quantities [23].  The process uses frictional and shear forces to 

rapidly transition drug-polymer blends into a molten state, resulting in 

significantly reduced exposures to elevated temperatures. KSD has been shown 

to produce single phase ASDs and improved supersaturation properties than 

those prepared by HME [24-26]. The shorter processing times have proved 

advantageous for thermally labile APIs and polymers [25, 27, 28]. The frictional 

and shear forces associated with the KSD process have also allowed for 

processing without plasticizers [29], with high melting point APIs [30], and with 

viscous polymers [31]. 

The objectives of this study were to evaluate the processing and stability 

of ASDs produced with polymers of increasing molecular weight.  

Polyvinylpyrrolidone (PVP) and hydroxypropyl methylcellulose (HPMC) of 

increasing molecular weight were utilized as the carrier polymers and 

recrystallization inhibitors. GRIS was utilized as the model drug, as it has a 

relatively high melting point and is known to rapidly recrystallize from its 

amorphous state [32-34].  ASDs of increasing drug load were prepared by HME, 

if possible, and by KSD. Processed samples were characterized by microscopy, 

X-Ray CT, and SEM to compare the physical appearance and structure of 

monolithic and milled dispersions.  PXRD, MDSC, FTIR, and FT-Raman were 
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used to detect crystallinity and FTIR and FT-Raman were additionally used to 

investigate drug-polymer interactions.  Samples were placed in open dish, 

stability conditions to assess stability over time. 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

METHOCEL™ E5LV, E15LV, and E50LV grades of hypromellose (HPMC) 

were kindly donated by The Dow Chemical Company (Midland, MI, USA).  

METHOCEL™ E grades contain 28-30% methoxyl groups and 7-12% 

hydroxypropyl groups [35]. Kollidon® K17, K30 and K90F grades of 

polyvinylpyrrolidone (PVP) were donated by BASF The Chemical Company 

(Florham Park, NJ, USA).  The approximate glass transition temperatures and 

molecular weights of the HPMC and PVP grades studies are provided in Table 

3.1 [35-37].  Micronized griseofulvin (< 30 microns) was purchased from Letco 

Medical (Decatur, AL, USA) and the same lot was used for all batches. High 

performance liquid chromatography grade acetonitrile, methanol, 

tetrahydrofuran and water were purchased from Fisher Scientific (Pittsburgh, 

PA, USA). 

Table 3.1: Properties of Studied Polymers 

Polymer Grade Tg Molecular Weight 
(g/mol)1 

HPMC E5 170-180 28,700 
HPMC E15 170-180 60,300 
HPMC E50 170-180 86,700 
PVP K17 138 9,000 
PVP K30 149 50,000 
PVP K90 156 1,250,000 
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3.3.2 Blending 

Appropriate amounts of GRIS and polymer according to the formulations 

listed in Table 3.2 were placed in 500mL or 1L HDPE bottles, manually mixed for 

30 seconds, and passed through an 18 mesh (1mm opening) or smaller sieve for 

deagglomeration. Sieved materials were then blended for 5 minutes using the 

Turbula® T2F blender. 
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Table 3.2: Formulation Compositions (amounts in %w/w). 

Formulation GRIS PVP 
K17 

PVP 
K30 

PVP 
K90 

HPMC 
E5 

HPMC 
E15 

HPMC 
E50 

1 10 90      

2 20 80      

3 40 60      

4 10  90     

5 20  80     

6 40  60     

7 10   90    

8 20   80    

9 40   60    

10 10    90   

11 20    80   

12 40    60   

13 10     90  

14 20     80  

15 40     60  

16 10      90 

17 20      80 

18 40      60 
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3.3.3 Hot-Melt Extrusion (HME) 

A co-rotating twin-screw extruder, Leistritz Nano 16 (Leistritz, 

Sommerville, NJ, USA) was used with a volumetric feeder, Schenk AccuRate 

(Schenck AccuRate, Whitewater, WI, USA) to prepare the HME samples.  Screw 

speed was maintained at 200 rpm and compositions were extruded through a 3 

mm round die.  A combination of conveying and kneading elements were used 

in order from feed zone to the die: 3 x GRA3-20-30, 4 x GFA3-15-30, 3 x GFA3-

10-30, 2 x KB73-15-30°, 1 x GRA3-20-30, 1xGFA3-15-30, 1 x GFA3-10-30.  

Extrusion temperature profiles for each of the extruded polymer formulations are 

reported in Table 3.3. Other polymer formulations were unable to be extruded 

due to the high viscosity of the polymers resulting in high torque alarms and 

high pressures, even with the die removed. 

Table 3.3: Nano-16 Temperature Profiles. 

Polymer Temperature profile (°C) 

 Zone 1 Zone 2 Zone 3 Die 

PVP K17 100 150 165 165 

HPMC E5 100 150 175 180 

 

3.3.4 KinetiSol Dispersing (KSD) 

KSD samples were prepared in a KinetiSol® compounder, designed and 

manufactured by DisperSol Technologies, LLC (Georgetown, TX, USA). Blends 

were loaded into the cylindrical processing chamber of the compounder. A shaft 

within the processing chamber, having protruding blades, was rotated at a 
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controlled maximum rotational speed of 1800-2500 rpm for PVP formulations 

and 2800 rpm for HPMC formulations with an online control module. Through a 

combination of high frictional and shearing forces imparted by the rotating 

blades, without the use of external heat, the temperature of the composition was 

rapidly increased until a molten mass was achieved. Real-time temperature of 

the material within the processing chamber was monitored. Once reaching the 

desired temperature, the mass was automatically ejected from the processing 

chamber and immediately quenched between two plates. Thermal processing 

conditions are listed in Table 3.4. 

Table 3.4: KSD Compounder Processing Conditions. 

Polymer Processing Speed (rpm) Ejection Temperature (°C) 

PVP K17 2200 138 
PVP K30 2200; 2500 (40% drug load) 150 

PVP K90 2500; 1800 (40% drug load) 156; 140 (40% drug load) 
HPMC E5 2800 150 

HPMC E15 2800 160 
HPMC E50 2800 160 

3.3.5 Milling 

A Fitzpatrick L1A Fitzmill (Fitzpatrick, Inc., Elmhurst, IN, USA) was used to 

mill HME and KSD materials. PVP HME and KSD samples were milled in the 

impact configuration at 8000-rpm impellor speed with a 0.033” round-hole 

screen. HPMC HME samples were milled in the knives configuration, also at 

8000 rpm with the 0.033” round-hole screen. HPMC KSD samples were milled 
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using the knives configuration at 8000-rpm, but with two passes through the mill 

– the first with a 0.65” screen and the second with a 0.033” screen. 

3.3.6 Microscopy 

Imaging was performed using a Leica DFC310X digital camera mounted 

on a Leica M205 stereo microscope (Buffalo Grove, IL).  All images were taken 

with 20X zoom using Leica application suite 3.4.0.  Samples containing 20% 

GRIS in PVP K17 or HPMC E5 were chosen for analysis to directly compare 

processing methods. 

3.3.7 X-Ray Computed Tomography 

For micro-CT imaging, monolithic samples (pre-milling) of HME and KSD 

processed material with a diameter of approximately 2mm were 

analyzed.  Samples containing 20% GRIS in PVP K17 or HPMC E5 were chosen 

for analysis to directly compare processing methods.  The imaging was 

performed on an Xradia microXCT 400 (Carl Zeiss, Oberkochen, Germany) at the 

High-Resolution X-ray CT Facility at The University of Texas at Austin 

(UTCT).  Each data set comprises 979 slices with a voxel size of 2.2 μm.  

Samples containing PVP were scanned using the following parameters:  10X 

objective, 50kV, 10W, 5s acquisition time, detector 8 mm, source -37 mm, 

camera bin 2, angles ±180, 1261 views, no filter.  They were reconstructed with 

beam hardening correction 0.8, byte scaling [-200, 4500], recon filter smooth 

(kernel size = 0.5). Samples containing HPMC were scanned using the following 

parameters:  10X objective, 70kV, 10W, 3.75s acquisition time, detector 8 mm, 

source -37 mm, camera bin 2, angles ±180, 721 views, no filter.  They were 
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reconstructed with beam hardening correction 0, byte scaling [-80, 470], recon 

filter smooth (kernel size = 0.5). 

3.3.8 Scanning Electron Microscopy (SEM) 

The surface morphology of the milled dispersion particles was imaged by 

scanning electron microscopy (SEM).  Samples containing 20% GRIS in PVP 

K17 or HPMC E5 were chosen for analysis to directly compare processing 

methods.  Samples were mounted onto pin stubs using conductive carbon 

adhesive tape and sputter coated with a 12nm thickness of palladium/platinum 

under argon using a Cressington 208HR sputter coater (Cressington, Watford, 

UK). The Zeiss Supra field emission SEM (Zeiss, Oberkochen, Germany) was 

operated at an accelerating voltage of 5 kV. 

3.3.9 Powder X-Ray Diffraction (PXRD) 

PXRD analyses were conducted using Bruker-D8 diffractometer (Billerica, 

MA, USA) equipped with CuKα radiation (1.54Å) at 40 kV, 40 mA passing 

through Ni filter with a scintillation counter detector. Instrument was calibrated 

for accuracy of peak positions using quartz. Data was collected in a continuous 

scan mode with a step size of 0.02° and step time of 2s over a of 2θ range of 

10° to 50° for initial samples and 10° to 35° for stability samples.  No significant 

diffraction peaks were observed below 10° for the materials analyzed during 

initial screening.  Analysis was performed with DIFFRACplus EVA diffraction 

software, version 15.0 (Bruker AXS, Billerica, MA, USA). 
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3.3.10 Modulated Differential Scanning Calorimetry (MDSC) 

MDSC was utilized to determine the presence of crystalline GRIS and/or 

the glass transition temperatures of prepared ASDs.  Samples were placed into 

Tzero aluminum pans and crimped using the Tzero press. Prepared samples 

were placed in a TA Instruments Model Auto Q20 DSC (TA Instruments, New 

Castle, DE, USA) and heated to 105°C for 5-10 minutes to remove residual 

moisture. Samples were then equilibrated at 25°C and then heated to 250°C at a 

ramp rate of 5°C/minute with a modulation amplitude and period of 1°C and 

60s, respectively. During analyses, high purity nitrogen flowed through the 

sample chamber at a rate of 50 mL/min. Both non-reversible and reversible heat 

flows of all samples were monitored and analyzed using TA Universal Analysis 

2000 software. 

3.3.11 Fourier-Transform Infrared Spectroscopy (FT-IR) 

The FT-IR spectrum of crystalline griseofulvin, amorphous griseofulvin, 

individual polymers, and dispersions were recorded using a Nicolet™ iS™ 50 

spectrometer (Thermo Scientific, Waltham, MA USA) with an Attenuated Total 

Reflectance (ATR) accessory in the wavenumber range between 2000 and 700.  

Each spectrum was an average of 32 scans with a resolution of 4 cm-1.  Data 

collection and analysis were performed with OMNIC™ (Thermo Scientific, 

Waltham, MA USA).  Pure amorphous griseofulvin was prepared by heating 

above the melting point in a temperature-controlled oven, followed by 

quenching in liquid nitrogen, and confirmed by DSC. 
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3.3.12 Fourier-Transform Raman Spectroscopy (FT-Raman) 

The FT-Raman spectrum of crystalline griseofulvin, amorphous 

griseofulvin, individual polymers, and dispersions were recorded using the 

Nicolet™ iS™ 50 Raman module mounted into the Nicolet™ iS™ 50 

spectrometer (Thermo Scientific, Waltham, MA USA).  A single point, defocused 

laser (1064-nm), powered to 0.4W was used for excitation and each spectrum 

was collected between 3600 and 500 cm-1.  An average of 64 scans was 

collected for each spectrum with a resolution of 4 cm-1.  Data collection and 

analysis were performed with OMNIC™. 

3.3.13 Potency Testing 

Aliquots of solid dispersions were weighed and accurately transferred 

into volumetric flasks to prepare 1.25 or 0.625 mg/mL solutions. PVP samples 

were prepared with methanol and HPMC samples were prepared with water and 

methanol (1:1). These solutions were diluted further with mobile phase (see 

HPLC section) to produce a final theoretical concentration of 0.125mg/mL. The 

diluted samples were then filtered through 0.22um 13-mm Millex-GV PVDF 

filters (Millipore, Billerica, MA) and immediately transferred to 2-mL HPLC vials 

for analysis. 

3.3.14 High Performance Liquid Chromatography (HPLC) 

GRIS content was analyzed with a Thermo Scientific Dionex UltiMate 

3000 HPLC system (Thermo Scientific, Sunnyvale, CA, USA) based on the USP 

Assay method for Griseofulvin tablets.  An Ultimate 3000 Autosampler was 

utilized to consistently inject 20uL samples. The HPLC system also included 

dual UltiMate 3000 Pumps and an UltiMate RS Variable Wavelength Detector. 
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The system was operated under isocratic conditions with a water, acetonitrile, 

and tetrahydrofuran (60:35:5) mobile phase, with a flow rate of 1 ml/minute. 

Injections were passed through a Dionex Acclaim® 120 C18 reverse phase 

column, 4.6 x 250mm, 5 μm packing (Thermo Scientific, Sunnyvale, CA, USA) 

and absorbance at a wavelength of 254nm was measured. The column was kept 

at 25°C. Chromeleon Version 6.80 software (Thermo Scientific, Sunnyvale, CA, 

USA) was used to process all chromatography data. 

3.3.15 Thermogravimetric Analysis 

A Mettler Thermogravimetric Analyzer, Model TGA/DSC 1 (Columbus, 

OH, USA) was utilized to evaluate the moisture content of the ASD samples, 

bracketed at 10% and 40% drug load. Samples were weighed into individual 70 

μL alumina crucibles with lids. Sample mass was monitored as the temperature 

was increased to 105°C for 10 minutes. Weight loss (%) was analyzed using 

STARe software (Columbus, OH, USA). 

3.3.16 Stability Studies 

Solid dispersions were allocated into 20mL glass scintillation vials, 

approximately 5g per vial, labeled accordingly and placed, open-dish, in stability 

conditions for 6 months. Stability conditions were prepared using saturated salt 

solutions and/or ovens to produce the following conditions:  25°C (Drierite 

desiccant), 25°C/60%RH, and 40°C (Drierite desiccant), and 40°C/43%RH.  The 

latter was chosen in lieu of ICH guidelines of 40°C/75%RH to prevent 

deliquescence of PVP systems, which would make the compositions difficult to 

characterize. 
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3.4 RESULTS 

3.4.1 Processing and Appearance 

Dispersions using PVP K17 and HPMC E5 were processed by both HME 

and KSD.  Dispersions using PVP K30, PVP K90, HPMC E15 and HPMC E50 

were only processed by KSD, as these high viscosity polymers could not be 

extruded.  In an effort to compare the appearance and morphological 

differences in samples produced by different processing methods, the 20% 

drug load samples in PVP K17 and HPMC E5 prepared by HME and KSD were 

imaged by a variety of techniques including stereo microscopy (Figure 3.1, top 

row), X-Ray CT (Figure 3.1, middle row), and SEM (Figure 3.1, bottom row).  As 

shown in Figure 3.1, there are a number of differences observed.  Samples 

prepared by HME are darker but more transparent in comparison to samples 

prepared by KSD.  The opacity of the KSD samples are explained by the 

entrapped air that is apparent in the X-Ray CT images, which show air pockets 

distributed throughout the sample (note: the diameter of the X-Ray CT field of 

view is 2-mm).  This is in contrast to the HME prepared samples that have 

uniform density through the entire volume of the sample.  The porosity of the 

KSD processed samples is then further observed in the SEM images of milled 

particles, particularly in cases where the milled particles are relatively large 

compared to the size of the pores, as in the case of the HPMC samples.  An 

overall summary of the physical appearance observations is provided in Table 

3.5.  In reference to color, the top row of Figure 3.1 provides an example of 

yellow, off-white, dark brown, and light brown, respectively from left to right. 
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Figure 3.1: Stereo microscopy (top row), X-Ray Computed Tomography (middle 
row), and Scanning Electron Microscopy (bottom row) images of 
amorphous solid dispersions containing 20% GRIS in PVP K17, 
HME processed (column 1) and KSD processed (column 2) and 
HPMC E5, HME processed (column 3) and KSD processed (column 
4). 
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Table 3.5: Appearance of Processed Batches. 

Drug Load Polymer Process Color Clarity Porosity 

10% PVP K17 HME Yellow Transparent _ 

20% PVP K17 HME Yellow Transparent _ 
40% PVP K17 HME Yellow Opaque _ 

10% HPMC E5 HME Dark brown Transparent _ 
20% HPMC E5 HME Dark brown Transparent _ 

40% HPMC E5 HME Brown Opaque _ 
10% PVP K17 KSD Off-white Opaque + 

20% PVP K17 KSD Off-white Opaque + 
40% PVP K17 KSD Off-white Opaque + 

10% PVP K30 KSD Light brown Opaque + 
20% PVP K30 KSD Light brown Opaque + 

40% PVP K30 KSD Light brown Opaque + 
10% PVP K90 KSD Light brown Opaque + 

20% PVP K90 KSD Light brown Opaque + 
40% PVP K90 KSD Light brown Opaque + 

10% HPMC E5 KSD Light brown Opaque + 
20% HPMC E5 KSD Light brown Opaque + 

40% HPMC E5 KSD Light brown Opaque + 
10% HPMC E15 KSD Light brown Opaque + 
20% HPMC E15 KSD Light brown Opaque + 

40% HPMC E15 KSD Light brown Opaque + 
10% HPMC E50 KSD Light brown Opaque + 

20% HPMC E50 KSD Light brown Opaque + 
40% HPMC E50 KSD Light brown Opaque + 
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3.4.2 Physicochemical Characterization 

Potency testing by HPLC was bracketed, with only 10 and 40% drug load 

samples analyzed.  All processed samples tested yielded potency within USP 

limits between 90 and 115% of label claim, with no degradation peaks observed 

in HPLC analysis. The amorphous nature of the prepared compositions was 

confirmed using PXRD.  Most compositions were amorphous with the exception 

of the 40% drug load HME formulations using PVP K17 and HMPC E5 (Figure 

3.2a and 3.2c); additionally, trace crystallinity was also seen in the 40% drug 

load KSD formulations using PVP K17 and PVP K30 (Figure 3.2b). 
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Figure 3.2: PXRD profiles (from bottom to top) of GRIS crystalline drug (−−), 
10% drug load physical mixtures (−−), HME processed dispersions 
(−−), and KSD processed dispersions (−−), (from 10 to 40% drug 
load) in 2a (PVP K17) and 2c (HPMC E5).  KSD processed 
dispersions of PVPK30 (−−) and PVP K90 (−−) (from 10 to 40% drug 
load) in 2b, and KSD processed dispersions of HPMC E15 (−−) and 
HMPC E50 (−−) (from 10 to 40% drug load) in 2d.  Areas of 
observed trace crystallinity are marked with arrows. 

The prepared dispersions were also evaluated using MDSC. The 

thermograms of the PVP formulations correlated with the results from the PXRD 

analysis, showing a melt endotherm for the 40% drug load HME and KSD 

formulations using PVP K17, as well as a very trace melt endotherm for the 40% 
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drug load KSD formulation using PVP K30.  The thermogram for the 40% drug 

load HME formulation using HPMC E5 showed a melt endotherm, correlating 

with the PXRD data; however, endotherms were also seen in the 20 and 40% 

drug load KSD formulations using all grades of HPMC.  Upon further evaluation, 

a broad recrystallization exotherm was observed in the 20% and 40% drug load 

HPMC samples in the non-reversible heat flow thermograms, while no 

recrystallization exotherms were observed in the 10% drug loading samples or 

in any of the PVP samples.  A summary of the MDSC data is provided in Table 

3.6, including the glass transition temperature measured at the inflection point, 

the maximum endotherm temperature, if present, in reversing heat flow 

measurements and presence of a broad exotherm just prior to the melt 

endotherm in non-reversing heat flow. 
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Table 3.6: MDSC Results of Processed Batches. 

Drug 
Load 

Polymer Process Tg (°C) Melt 
Endotherm 

(°C) 

Recrystallization 
Exotherm 

10% PVP K17 HME 132 - - 
20% PVP K17 HME 126 - - 

40% PVP K17 HME 120 195 - 
10% HPMC E5 HME 114 - - 

20% HPMC E5 HME 98 - - 
40% HPMC E5 HME 90 209 + 

10% PVP K17 KSD 133 - - 
20% PVP K17 KSD 125 - - 

40% PVP K17 KSD 113 196 - 
10% PVP K30 KSD 152 - - 

20% PVP K30 KSD 142 - - 
40% PVP K30 KSD 123 203 - 

10% PVP K90 KSD 166 - - 
20% PVP K90 KSD 141 - - 

40% PVP K90 KSD 131 - - 
10% HPMC E5 KSD 112 - - 

20% HPMC E5 KSD 100 204 + 
40% HPMC E5 KSD 89 211 + 
10% HPMC E15 KSD 115 - - 

20% HPMC E15 KSD 108 207 + 
40% HPMC E15 KSD 90 214 + 

10% HPMC E50 KSD 127 - - 
20% HPMC E50 KSD 110 207 + 

40% HPMC E50 KSD 91 213 + 
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Crystalline and amorphous GRIS was analyzed by FT-IR and FT-Raman 

as shown in Figure 3.3a and 3.3b, respectively.  In FT-IR, peak broadening is 

observed in the two carbonyl stretching regions at ~1712 cm-1 and ~1662 cm-1 

for the benzofuran ring and cyclohexane, respectively [38].   Additionally, the 

triplet at ~ 1600 cm-1 becomes a doublet in the amorphous form and several 

other doublet peaks such as those at ~1210 cm-1 and ~1340 cm-1 become single 

peaks.  Similar observations can be made in the FT-Raman data with increased 

diffusion in the C-H stretching region at ~3000 cm-1, a doublet becoming a 

single peak at ~640 cm-1, and a significant reduction in peak intensity at ~840 

cm-1 with the amorphous form of GRIS, with similar observations made by other 

researchers [39]. 

 

 

Figure 3.3: FT-IR spectra of crystalline (−−) and amorphous (−−) griseofulvin in 
3a, and FT-Raman spectra of crystalline (−−) and amorphous (−−) 
griseofulvin in 3b.  Notable regions of differential features between 
crystalline and amorphous drug are shaded. 

The FT-IR spectra of amorphous GRIS, polymers, and processed 

dispersions are shown in Figure 3.4.  The carbonyl group of PVP is observed at 

~1670 cm-1 and the combination bands attributed to C-O stretching and 
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secondary hydroxyl groups in HPMC are observed at ~1060 cm-1 with a 

shoulder at ~1115 cm-1, respectively.  None of these peaks, nor the GRIS peaks 

previously shown in Figure 3.3 that are distinguishable in the processed 

dispersion are observed to shift in relation to increasing drug load, processing 

method, or increasing polymer molecular weight, suggesting a lack of 

interaction between GRIS and PVP or HPMC.  As previously described, a singlet 

peak at 1210 cm-1 is associated with amorphous GRIS, but the appearance of a 

doublet at the same wavelength is associated with crystalline GRIS and can be 

observed in the 40% drug load samples prepared by HME, which complements 

PXRD and MDSC data. 
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Figure 3.4: FT-IR spectrum (from bottom to top) of GRIS amorphous drug (−−), 
polymer (−−), HME processed dispersions (−−), and KSD processed 
dispersions (−−), (from 10 to 40% drug load) in 4a (PVP K17) and 4c 
(HPMC E5).  KSD processed dispersions of PVPK30 (−−) and PVP 
K90 (−−) (from 10 to 40% drug load) in 4b, and KSD processed 
dispersions of HPMC E15 (−−) and HMPC E50 (−−) (from 10 to 40% 
drug load) in 4d.  Features corresponding to crystalline drug are 
marked with arrows and regions of interest are shaded. 

In agreement with the FT-IR data, no evidence of specific interactions 

between GRIS and PVP or HPMC is observed in the FT-Raman spectra shown 

in Figure 3.5.  Again, features corresponding to crystalline GRIS can be 

observed in the 40% drug load dispersions prepare by HME such as the doublet 

peak at ~640 cm-1. 
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Figure 3.5: FT-Raman spectrum (from bottom to top) of GRIS amorphous drug 
(−−), polymer (−−), HME processed dispersions (−−), and KSD 
processed dispersions (−−), (from 10 to 40% drug load) in 5a (PVP 
K17) and 5c (HPMC E5).  KSD processed dispersions of PVPK30 
(−−) and PVP K90 (−−) (from 10 to 40% drug load) in 5b, and KSD 
processed dispersions of HPMC E15 (−−) and HMPC E50 (−−) (from 
10 to 40% drug load) in 5d.  Features corresponding to crystalline 
drug are marked with arrows and regions of interest are shaded. 

3.4.3 Stability 

After 6 months in open dish stability conditions, all formulations were 

physically and chemically unchanged, with no increase in peak intensity by 

PXRD and no observed degradation peaks in HPLC (data not shown).  
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Representative PXRD profiles of each of the dispersions stored at the most 

aggressive conditions (40°C/43%RH) are shown in Figure 3.6.  No significant 

increases in peak intensity are observed compared to the initial analysis (Figure 

3.2), despite moisture contents of 8 to 12% for PVP compositions and 1to 3% 

for HPMC compositions as measured by TGA. 

 

 

Figure 3.6: PXRD profiles from samples stored at 40°C/43%RH for 6 months 
(from bottom to top) of GRIS crystalline drug (−−), HME processed 
dispersions (−−), and KSD processed dispersions (−−), (from 10 to 
40% drug load) in 6a (PVP K17) and 6c (HPMC E5).  KSD processed 
dispersions of PVPK30 (−−) and PVP K90 (−−) (from 10 to 40% drug 
load) in 6b, and KSD processed dispersions of HPMC E15 (−−) and 
HMPC E50 (−−) (from 10 to 40% drug load) in 6d.  Areas of observed 
trace crystallinity are marked with arrows. 
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3.5 DISCUSSION 

The two polymers selected for this study, PVP and HPMC, were chosen 

because they are commonly utilized in amorphous solid dispersions and are 

available in varying molecular weights [40-42].  The two polymers also have 

opposing mechanisms of hydrogen bonding, with HPMC acting as a proton 

donor and PVP acting as a proton acceptor.  Higher molecular weight polymers 

can aid in preventing nucleation and crystal growth in a supersaturated 

environment due to increased viscosity and therefore decreased molecular 

mobility [12, 28, 43].  The ability of a polymer to hydrogen bond with a drug 

allows for molecular stabilization, another mechanism that can prevent 

recrystallization [7].  GRIS has been characterized as a proton acceptor and has 

been shown to form hydrogen bonds with other proton donating polymers, such 

as HPMC- acetate succinate [44] and poly[N-(2-hydroxypropyl)methacrylate] 

[45].   However, while GRIS is not expected to interact with PVP, it additionally 

does not interact with the E chemistry of HPMC as observed by FT-IR and FT-

Raman in this study.  This may be due to steric effects and/or the low 

substitution of hydroxypropyl groups.  Thus, decreased molecular mobility alone 

due to the anti-plasticization of the polymer would account for the physical 

stability of the solid dispersions in this study, a sole mechanism that has been 

observed in other solid dispersion systems [12].  

The PVP K17 formulations prepared by HME were processed at 165°C, 

approximately 30°C above the polymer Tg to produce the clear extrudate at 10 

and 20% drug load. The extrudate at 40% drug load was phase separated, 

producing an opaque extrudate.  The processing temperature was not increased 

as PVP K17 is known to degrade at 175°C [46]. Extrusion attempts with PVP 
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K30 resulted in high torque alarms and extrusion with PVP K90 was not 

conducted based on the limitations seen with PVP K30. Extrusion of PVP K30 

and K90 has been previously studied and usually requires the use of a 

plasticizer to aid in processing [47, 48].  Fousteris et al. utilized Poloxamer 188 

at 5 and 10% as a plasticizer with PVP K30.  This allowed HME processing at 

120°C, approximately 30°C lower than the polymer Tg; however, processing with 

a crystalline plasticizer resulted in an opaque extrudate.  As clarity of extrudate 

is often used as a quality control, this would be an undesirable quality of an 

extrudate product.  Ghebremeskel et al. utilized polysorbate 80 and docusate 

sodium to plasticize formulations of PVP K30 and showed reductions in the 

torque during extrusion when processed with plasticizer, with more significant 

reductions seen with the polysorbate 80 formulation. Both formulations showed 

significant reductions in die pressure at the lower processing temperature 

evaluated. APIs with miscibility in a polymer can also contribute a plasticizing 

affect on a formulation [49, 50].  Chokshi et al. showed that 30% drug load 

formulations of indomethacin in PVP K30 degraded when conducting shear 

viscosity readings.  At drug loads of 50 and 70%, a reduction in softening 

temperature was observed, allowing for HME processing at temperatures 

around 150°C.  Given the plasticization effect of GRIS (Tg=~89°C , Tm=~220°C, 

[51]), as observed by a decrease in Tg in MDSC experiments, a higher drug 

loading could allow for further reduction in viscosity of high molecular weight 

polymer grades to enable extrusion processing.  However, given the relatively 

high melting point of GRIS and that higher drug loads were crystalline within the 

parameters evaluated, increasing drug loads would be more difficult to render 

amorphous.  Given the outcome of this study, an interesting future study would 
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be to further evaluate shear effects in extrusion processing by utilizing more 

aggressive screw design and increased screw speed.  

The thermal and rheological behaviors of PVPs have been well studied; 

thus, it was expected that extrusion of PVP K30 and K90 would be difficult or 

impossible [52].  PVP K30 and K90 have glass transition temperatures around 

149°C and 156°C and are known to degrade around 175°C and 200°C, 

respectively.  Although this leaves a thermal processing window of 

approximately 25-50°C, the complex viscosity of these two polymers does not 

reach the optimal range for extrusion (1-10 kPa*s) until above 200°C [46, 52]. 

These thermal and rheological limitations of certain high viscosity polymers are 

where KSD can provide a processing option. 

All three PVP grades and drugs loads could be processed by KSD.  

Ejection temperatures were set at the Tg of the polymer, with the exception of 

the PVP K90 40% drug load formulation.  A lower processing speed and 

ejection temperature was utilized for the PVP K90 40% drug load formulation, as 

some browning of the polymer was observed at the conditions used for the 10 

and 20% drug load, possibly due to plasticization by the drug that resulted in a 

more rapid heating rate that may have exceeded the degradation temperature of 

the polymer.  A higher processing speed was used for the 40% drug load 

formulation using PVP K30, but the ejection temperature was the still set at the 

Tg of the polymer. Trace crystallinity was seen in the 40% drug load PVP K17 

and K30 KSD samples by PXRD and was confirmed by a melt endotherm by 

DSC, a very small endotherm in the case of the 40% PVP K30 sample. The 

higher processing speed used with the 40% PVP K30 sample may have yielded 

a more amorphous sample; whereas, the 40% PVP K17 sample was processed 
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at the same conditions used for the 10 and 20% drug load. By manipulating the 

processing speed and ejection temperature, the processing of these 

formulations could be improved further. As KSD allows for very short exposures 

to high temperatures and is not limited by melt viscosity, modifying processing 

parameters to further optimize the ASD preparation is an option for these 

polymers of high viscosity and small thermal processing windows; however, the 

processes for the 40% PVP K17 and K30 formulations were not further 

optimized for this study.  

As with the PVP, only the lowest viscosity grade of HPMC could be 

processed by HME.  The HPMC E5 formulations were extruded 175°C, with a 

die temperature of 180°C to reduce die pressure.  HPMC E5 has a Tg of 178°C, 

darkens at 190°C and degrades above 200°C [35, 53].  Although processed 

below 190°C, discoloration (darkening) was still observed; however, transparent 

extrudates were able to be prepared for the 10 and 20% drug load formulations.  

It is not clear if the discoloration is due to a degradation mechanism of HPMC or 

incorporation of metal oxides from the extrusion barrel due to the high melt 

viscosity and stress as has been proposed [28] or both.  Additionally, trace drug 

degradation below detectable levels could contribute to the discoloration 

observed, however, GRIS has been shown to be thermally stable even when 

held at 223°C for three hours [51].  The 40% HPMC E5 formulation was phase 

separated and was milky in appearance. The processing temperature for the 

40% HPMC E5 formulation was not increased, as discoloration was already 

significant.  Extrusion attempts with HPMC E15 resulted in high torque alarms 

and high die pressures; extrusion with HPMC E50 was not conducted based on 

the limitations seen with HPMC E15.  
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The rheological and thermal properties of cellulosic polymers were 

recently investigated, with no extrudable temperature range of neat HPMC E 

(6cps) below its degradation temperature identified due to the high viscosity of 

the polymer [54]. Extrusion with HPMC has been previously conducted with the 

low viscosity grades available [19, 48, 55] and often still incorporates the use of 

a plasticizer to reduce processing temperature. Extrusion experiments with 

higher molecular weight grades of HPMC have been studied and consistently 

yield high torque loads and significant browning [31, 53].  Coppens et al. 

conducted thermal and rheological characterization of HPMC E5 and HPMC 

E4M and found that both the low and high viscosity grades of HPMC showed 

substantial discoloration and high average torque, indicating challenges in 

extrusion without the use of a plasticizer. Of the three polymers studied by 

Coppens’ group, HPMC had the narrowest processing window for HME. 

Hughey et al. showed that even extrusion at 180°C with low shear, meaning no 

mixing elements on the screw configuration, showed significant darkening of 

HPMC E50.  Attempts to lower processing temperature to reduce browning 

resulted in high torque loads, further illustrating the narrow processing window 

of HPMC by HME.  

All three HPMC grades and drug loads could be processed by KSD in this 

study.  Ejection temperatures were set at 150°C for HPMC E5 and 160°C for 

HPMC E15 and E50, 10-20°C below Tg of the polymer. The processing speed 

was set at 2800rpm, higher than what was utilized for processing the PVP 

formulations. The lower ejection temperature and higher processing speed were 

utilized to reduce the darkening that has been seen at temperatures as low as 

175°C. The darkening was significantly reduced when compared to the HPMC 
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E5 HME processed material (Figure 3.1).  This was aligned with the findings of 

Hughey et al. (2012) that the reduced thermal exposure during KSD processing 

yields less polymer degradation. All HPMC grades and drug loads processed on 

the KSD were confirmed to be amorphous via PXRD analysis.  Melt endotherms 

were seen in the higher drug loads in DSC analysis, but this was attributed to 

recrystallization upon heating.  While there is potential that DSC could have a 

lower limit of detection for trace crystals compared to PXRD that would attribute 

to the melt endotherms observed, similar recrystallization exotherms were not 

observed in the PVP samples that did contain trace crystals as observed by 

PXRD and DSC, thus the melt endotherms were solely attributed to the analysis 

method in the HPMC samples.  This is indicative of increased molecular mobility 

above the compositions Tg, which promotes recrystallization; however, with 

relatively high Tgs of the GRIS:HPMC compositions (greater than 88°C) and the 

fact that HPMC is not hygroscopic, it is probable that physical stability can be 

maintained with appropriate packaging and storage conditions. 

The stereo microscopic images clearly show that the short residence 

times of the KSD process lead to a reduction in discoloration of the polymer.  

However, they also show that the KSD processed samples are not transparent 

and thus visual clarity cannot be used as a quality check for amorphous 

conversion as is typical of HME processed amorphous dispersions.  The opacity 

in the KSD processed samples was determined to be due the entrapped air in 

the ejected material, as observed in the X-ray CT images.  It is important to note 

these samples were manually quenched between aluminum plates, which does 

not match the die pressures encountered in the extrusion process.  If the 

ejected KSD material were quenched with a press, rather than manually 
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between aluminum plates, the increased pressure would release this entrapped 

air similar in function to the pressure of the extrusion die.  In this study, the 

downstream milling process likely releases much of this air, though some 

residual porosity is observed in the milled particles, especially for larger particle 

sizes.  It is unclear how this porosity would affect downstream processing or 

dissolution rate as this was outside of the scope of this study, though other 

researchers have specifically attempted to increase the porosity of extruded 

material by injection of supercritical carbon dioxide in order to enhance 

dissolution and improve milling efficiency [56]. 

The ability to process ASDs with higher molecular weight polymers is 

advantageous, as it allows for increased stabilization against recrystallization by 

the high viscosity environment provided by these polymers [31, 50, 57, 58]. 

Miller et al. showed that HPMC E50 was able to provide the greatest 

stabilization of itraconazole, when compared to HPMC E5, PVP K12 and PVP 

K90. Chaudhari et al, showed that both PVP K90 and HPMC E50 allowed for the 

highest maintenance of dissolved indomethacin when compared to the lower 

molecular weight grades of PVP and HPMC. The ability to process the higher 

molecular weight grades of both PVP and HPMC by KSD, as shown in this 

study, provides the ability to prepare ASDs with the polymer that will lead to the 

optimal stability in the solid state [12, 58] and during dissolution.  Additionally, 

the ability to readily produce ASDs with higher drug loads using KSD enables 

smaller dosage forms and/or reduced pill burden, resulting in improved patient 

compliance [59].  Potentially, with further optimization in screw design and 

increased shear rates, higher drug loads could have been achieved by HME.  
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GRIS has been shown to undergo rapid crystallization below and above 

the Tg of the drug [32, 60]; however, in this study ASDs were able to be prepared 

at 10 and 20% drug load with the low viscosity grades of PVP and HPMC by 

HME, as well as up to 40% drug load in PVP K90 and with all grades of HPMC 

using KSD.  In these systems, no physical or chemical changes were observed 

for up to six months in open dish conditions, demonstrating the effectiveness of 

these systems to prevent recrystallization even for a drug that is known to 

rapidly crystallize. 

3.6 CONCLUSION 

In this study, two thermal processing technologies were evaluated 

utilizing the model compound GRIS with a range of molecular weight grades of 

PVP and HPMC.  ASDs were prepared by HME and KSD processing, with the 

latter able to more readily render amorphous dispersions of higher drug loads 

and with polymers of higher molecular weight.  Specifically, this study is the first 

to demonstrate thermal processing of ASDs utilizing high molecular weight 

grades of PVP (PVP K30 and PVP K90) without the use of a plasticizer.  X-ray 

CT was used as a non-destructive technique to investigate the differences in 

internal porosity of solid samples produced by each process, which provided 

complementary data compared to more common external imaging techniques 

such as SEM and stereo microscopy.  PXRD and MDSC showed that 

amorphous dispersions could be prepared as high as 20% drug load with HME 

and 40% drug load with KSD (PVPK90 and all HPMC grades).  Spectroscopic 

investigations with FTIR and FT-Raman showed no drug-polymer interactions.  
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The ASDs produced were shown to be stable for up to six months at 

accelerated, open-dish conditions. 
  



 84 

3.7 REFERENCES 

 
[1] C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney, Experimental and 

computational approaches to estimate solubility and permeability in drug 
discovery and development settings, Advanced Drug Delivery Reviews, 
46 (2001) 3-26. 

[2] A. Dahan, J. Miller, G. Amidon, Prediction of Solubility and Permeability Class 
Membership: Provisional BCS Classification of the World’s Top Oral 
Drugs, AAPS J, 11 (2009) 740-746. 

[3] S.T. Buckley, K.J. Frank, G. Fricker, M. Brandl, Biopharmaceutical 
classification of poorly soluble drugs with respect to “enabling 
formulations”, European Journal of Pharmaceutical Sciences, 50 (2013) 
8-16. 

[4] N. Blagden, M. de Matas, P.T. Gavan, P. York, Crystal engineering of active 
pharmaceutical ingredients to improve solubility and dissolution rates, 
Advanced Drug Delivery Reviews, 59 (2007) 617-630. 

[5] W. Xu, J. Riikonen, V.-P. Lehto, Mesoporous systems for poorly soluble 
drugs, International Journal of Pharmaceutics, 453 (2013) 181-197. 

[6] A.B.W. Robert O. Williams III, Dave A. Miller, editors, Formulating poorly 
water soluble drugs, Springer, New York, 2012. 

[7] J. Brouwers, M.E. Brewster, P. Augustijns, Supersaturating drug delivery 
systems: The answer to solubility-limited oral bioavailability?, Journal of 
Pharmaceutical Sciences, 98 (2009) 2549-2572. 

[8] M. Linn, E.-M. Collnot, D. Djuric, K. Hempel, E. Fabian, K. Kolter, C.-M. Lehr, 
Soluplus® as an effective absorption enhancer of poorly soluble drugs in 
vitro and in vivo, European Journal of Pharmaceutical Sciences, 45 (2012) 
336-343. 

[9] L. Lindfors, S. Forssén, J. Westergren, U. Olsson, Nucleation and crystal 
growth in supersaturated solutions of a model drug, Journal of colloid 
and interface science, 325 (2008) 404-413. 

[10] K. Ueda, K. Higashi, M. Kataoka, S. Yamashita, K. Yamamoto, K. Moribe, 
Inhibition mechanism of hydroxypropyl methylcellulose acetate succinate 
on drug crystallization in gastrointestinal fluid and drug permeability from 
a supersaturated solution, European Journal of Pharmaceutical Sciences, 
62 (2014) 293-300. 



 85 

[11] D.E. Alonzo, S. Raina, D. Zhou, Y. Gao, G.G.Z. Zhang, L.S. Taylor, 
Characterizing the Impact of Hydroxypropylmethyl Cellulose on the 
Growth and Nucleation Kinetics of Felodipine from Supersaturated 
Solutions, Crystal Growth & Design, 12 (2012) 1538-1547. 

[12] G. Van den Mooter, M. Wuyts, N. Blaton, R. Busson, P. Grobet, P. 
Augustijns, R. Kinget, Physical stabilisation of amorphous ketoconazole in 
solid dispersions with polyvinylpyrrolidone K25, European journal of 
pharmaceutical sciences : official journal of the European Federation for 
Pharmaceutical Sciences, 12 (2001) 261-269. 

[13] C. Brough, R.O. Williams Iii, Amorphous solid dispersions and nano-crystal 
technologies for poorly water-soluble drug delivery, International Journal 
of Pharmaceutics, 453 (2013) 157-166. 

[14] K. Masters, Spray drying handbook, Longman Scientific & Technical, 
Harlow, Essex, England, 1991. 

[15] A. Paudel, Z.A. Worku, J. Meeus, S. Guns, G. Van den Mooter, 
Manufacturing of solid dispersions of poorly water soluble drugs by spray 
drying: Formulation and process considerations, International Journal of 
Pharmaceutics, 453 (2013) 253-284. 

[16] J. Breitenbach, Melt extrusion: from process to drug delivery technology, 
European Journal of Pharmaceutics and Biopharmaceutics, 54 (2002) 
107-117. 

[17] Y. Zhang, R. Luo, Y. Chen, X. Ke, D. Hu, M. Han, Application of carrier and 
plasticizer to improve the dissolution and bioavailability of poorly water-
soluble baicalein by hot melt extrusion, AAPS PharmSciTech, 15 (2014) 
560-568. 

[18] S. Maddineni, S.K. Battu, J. Morott, S. Majumdar, S.N. Murthy, M.A. Repka, 
Influence of process and formulation parameters on dissolution and 
stability characteristics of Kollidon(R) VA 64 hot-melt extrudates, AAPS 
PharmSciTech, 16 (2015) 444-454. 

[19] I. Ghosh, J. Snyder, R. Vippagunta, M. Alvine, R. Vakil, W.-Q. Tong, S. 
Vippagunta, Comparison of HPMC based polymers performance as 
carriers for manufacture of solid dispersions using the melt extruder, 
International Journal of Pharmaceutics, 419 (2011) 12-19. 

[20] C. Capone, L. Di Landro, F. Inzoli, M. Penco, L. Sartore, Thermal and 
mechanical degradation during polymer extrusion processing, Polymer 
Engineering & Science, 47 (2007) 1813-1819. 



 86 

[21] A.L. Sarode, S. Obara, F.K. Tanno, H. Sandhu, R. Iyer, N. Shah, Stability 
assessment of hypromellose acetate succinate (HPMCAS) NF for 
application in hot melt extrusion (HME), Carbohydrate Polymers, 101 
(2014) 146-153. 

[22] E.G. El'darov, F.V. Mamedov, V.M. Gol'dberg, G.E. Zaikov, A kinetic model 
of polymer degradation during extrusion, Polymer Degradation and 
Stability, 51 (1996) 271-279. 

[23] D.A. Miller, J.M. Keen, KinetiSol®-Based Amorphous Solid Dispersions, in:  
Amorphous Solid Dispersions, Springer, 2014, pp. 567-577. 

[24] J.C. DiNunzio, C. Brough, D.A. Miller, R.O. Williams, J.W. McGinity, Fusion 
processing of itraconazole solid dispersions by kinetisol® dispersing: A 
comparative study to hot melt extrusion, Journal of Pharmaceutical 
Sciences, 99 (2010) 1239-1253. 

[25] J. Hughey, J. DiNunzio, R. Bennett, C. Brough, D. Miller, H. Ma, R. Williams, 
III, J. McGinity, Dissolution Enhancement of a Drug Exhibiting Thermal 
and Acidic Decomposition Characteristics by Fusion Processing: A 
Comparative Study of Hot Melt Extrusion and KinetiSol® Dispersing, 
AAPS PharmSciTech, 11 (2010) 760-774. 

[26] J.C. DiNunzio, J.R. Hughey, C. Brough, D.A. Miller, R.O. Williams Iii, J.W. 
McGinity, Production of advanced solid dispersions for enhanced 
bioavailability of itraconazole using KinetiSol® Dispersing, Drug 
Development & Industrial Pharmacy, 36 (2010) 1064-1078. 

[27] J.C. DiNunzio, C. Brough, J.R. Hughey, D.A. Miller, R.O. Williams Iii, J.W. 
McGinity, 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 (2010) 340-351. 

[28] J.R. Hughey, J.M. Keen, D.A. Miller, C. Brough, J.W. McGinity, Preparation 
and characterization of fusion processed solid dispersions containing a 
viscous thermally labile polymeric carrier, International journal of 
pharmaceutics, 438 (2012) 11-19. 

[29] J.C. DiNunzio, C. Brough, D.A. Miller, R.O. Williams Iii, J.W. McGinity, 
Applications of KinetiSol® Dispersing for the production of plasticizer free 
amorphous solid dispersions, European Journal of Pharmaceutical 
Sciences, 40 (2010) 179-187. 

[30] J.R. Hughey, J.M. Keen, C. Brough, S. Saeger, J.W. McGinity, Thermal 
processing of a poorly water-soluble drug substance exhibiting a high 



 87 

melting point: The utility of KinetiSol® Dispersing, International Journal of 
Pharmaceutics, 419 (2011) 222-230. 

[31] J.R. Hughey, J.M. Keen, D.A. Miller, C. Brough, J.W. McGinity, Preparation 
and characterization of fusion processed solid dispersions containing a 
viscous thermally labile polymeric carrier, International Journal of 
Pharmaceutics, 438 (2012) 11-19. 

[32] D. Zhou, G.G.Z. Zhang, D. Law, D.J.W. Grant, E.A. Schmitt, 
Thermodynamics, Molecular Mobility and Crystallization Kinetics of 
Amorphous Griseofulvin, Molecular pharmaceutics, 5 (2008) 927-936. 

[33] S. Yamamura, R. Takahira, Y. Momose, Crystallization Kinetics of 
Amorphous Griseofulvin by Pattern Fitting Procedure Using X-Ray 
Diffraction Data, Pharm Res, 24 (2007) 880-887. 

[34] N.S. Trasi, S.R. Byrn, Mechanically induced amorphization of drugs: a study 
of the thermal behavior of cryomilled compounds, AAPS PharmSciTech, 
13 (2012) 772-784. 

[35] R.C. Rowe, P.J. Sheskey, S.C. Owen, American Pharmacists Association., 
R2 Library (Online service), Handbook of pharmaceutical excipients, in, 
Pharmaceutical Press ; 

American Pharmacists Association, London ; Greyslake, IL 
Washington, DC, 2006, pp. 1 online resource (xxi, 918 p.). 
[36] C.M. Keary, Characterization of METHOCEL cellulose ethers by aqueous 

SEC with multiple detectors, Carbohydrate polymers, 45 (2001) 293-303. 
[37] K. Kolter, M. Karl, A. Gryczke, B. Ludwigshafen am Rhein, Hot-melt 

extrusion with BASF pharma polymers: extrusion compendium.  , 2nd Ed. 
ed., BASF, 2012. 

[38] R. Nair, N. Nyamweya, S. Gonen, L.J. Martinez-Miranda, S.W. Hoag, 
Influence of various drugs on the glass transition temperature of 
poly(vinylpyrrolidone): a thermodynamic and spectroscopic investigation, 
International journal of pharmaceutics, 225 (2001) 83-96. 

[39] T. Feng, R. Pinal, M.T. Carvajal, Process induced disorder in crystalline 
materials: differentiating defective crystals from the amorphous form of 
griseofulvin, Journal of pharmaceutical sciences, 97 (2008) 3207-3221. 

[40] M. Milne, W. Liebenberg, M. Aucamp, The Stabilization of Amorphous 
Zopiclone in an Amorphous Solid Dispersion, AAPS PharmSciTech, 
(2015). 



 88 

[41] S. Verma, V.S. Rudraraju, Wetting Kinetics: an Alternative Approach 
Towards Understanding the Enhanced Dissolution Rate for Amorphous 
Solid Dispersion of a Poorly Soluble Drug, AAPS PharmSciTech, (2015). 

[42] C. Leuner, J. Dressman, Improving drug solubility for oral delivery using 
solid dispersions, European Journal of Pharmaceutics and 
Biopharmaceutics, 50 (2000) 47-60. 

[43] U.S. Kestur, H. Lee, D. Santiago, C. Rinaldi, Y.Y. Won, L.S. Taylor, Effects 
of the Molecular Weight and Concentration of Polymer Additives, and 
Temperature on the Melt Crystallization Kinetics of a Small Drug 
Molecule, Cryst Growth Des, 10 (2010) 3585-3595. 

[44] H. Al-Obaidi, G. Buckton, Evaluation of griseofulvin binary and ternary solid 
dispersions with HPMCAS, AAPS PharmSciTech, 10 (2009) 1172-1177. 

[45] H. Al-Obaidi, P. Ke, S. Brocchini, G. Buckton, Characterization and stability 
of ternary solid dispersions with PVP and PHPMA, Int J Pharm, 419 
(2011) 20-27. 

[46] M. Karl, S. Nalawade, A. Maschke, D. Djuric, K. Kolter, Suitability of Pure 
and Plasticized Polymers for Hot Melt Extrusion, in:  The 37th Annual 
Meeting and Exposition of the Controlled Release Society, BASF SE, 
Ludwigshafen, Germany, Portland, Oregon, USA, 2010. 

[47] E. Fousteris, P. Tarantili, E. Karavas, D. Bikiaris, Poly(vinyl pyrrolidone)–
poloxamer-188 solid dispersions prepared by hot melt extrusion, J Therm 
Anal Calorim, 113 (2013) 1037-1047. 

[48] A.N. Ghebremeskel, C. Vemavarapu, M. Lodaya, Use of surfactants as 
plasticizers in preparing solid dispersions of poorly soluble API: Selection 
of polymer–surfactant combinations using solubility parameters and 
testing the processability, International Journal of Pharmaceutics, 328 
(2007) 119-129. 

[49] R.J. Chokshi, H.K. Sandhu, R.M. Iyer, N.H. Shah, A.W. Malick, H. Zia, 
Characterization of physico-mechanical properties of indomethacin and 
polymers to assess their suitability for hot-melt extrusion processs as a 
means to manufacture solid dispersion/solution, Journal of 
Pharmaceutical Sciences, 94 (2005) 2463-2474. 

[50] D.A. Miller, J.C. DiNunzio, W. Yang, J.W. McGinity, R.O. Williams, Enhanced 
In Vivo Absorption of Itraconazole via Stabilization of Supersaturation 
Following Acidic-to-Neutral pH Transition, Drug Development & Industrial 
Pharmacy, 34 (2008) 890-902. 



 89 

[51] D. Zhou, G.G. Zhang, D. Law, D.J. Grant, E.A. Schmitt, Thermodynamics, 
molecular mobility and crystallization kinetics of amorphous griseofulvin, 
Molecular pharmaceutics, 5 (2008) 927-936. 

[52] S.S. Gupta, A. Meena, T. Parikh, A.T. Serajuddin, Investigation of thermal 
and viscoelastic properties of polymers relevant to hot melt extrusion, I: 
Polyvinylpyrrolidone and related polymers, Journal of Excipients and 
Food Chemicals, 5 (2014) 32-45. 

[53] K. Coppens, M. Hall, P. Larsen, S. Mitchell, P. Nguyen, M. Read, U. 
Shrestha, P. Walia, Thermal and rheological evaluation of pharmaceutical 
excipients for hot melt extrusion, in:  AAPS Annual Meeting and 
Exposition, Baltimore, MD, 2004. 

[54] A. Meena, T. Parikh, S.S. Gupta, A.T. Serajuddin, Investigation of thermal 
and viscoelastic properties of polymers relevant to hot melt extrusion, II: 
Cellulosic polymers, Journal of Excipients and Food Chemicals, 5 (2014) 
46-55. 

[55] K. Six, H. Berghmans, C. Leuner, J. Dressman, K. Van Werde, J. Mullens, L. 
Benoist, M. Thimon, L. Meublat, G. Verreck, J. Peeters, M. Brewster, G. 
Van den Mooter, Characterization of Solid Dispersions of Itraconazole 
and Hydroxypropylmethylcellulose Prepared by Melt Extrusion, Part II, 
Pharm Res, 20 (2003) 1047-1054. 

[56] G. Verreck, A. Decorte, H.B. Li, D. Tomasko, A. Arien, J. Peeters, P. 
Rombaut, G. Van den Mooter, M.E. Brewster, The effect of pressurized 
carbon dioxide as a plasticizer and foaming agent on the hot melt 
extrusion process and extrudate properties of pharmaceutical polymers, 
J Supercrit Fluid, 38 (2006) 383-391. 

[57] S.P. Chaudhari, R.H. Dave, To Study the Effect of Different Molecular 
Weight Polymers (Polyvinylpyrollidone (PVP, Plasdone) and 
Hydroxypropyl Methyl Cellulose (HPMC, Methocel)) as a Potential 
Antiprecipitating (AP) Agents on Supersaturation, in:  American 
Association of Pharmaceutical Scientists Annual Meeting and Exposition, 
San Antonio, TX, USA, 2013. 

[58] Y. Aso, S. Yoshioka, T. Miyazaki, T. Kawanishi, Feasibility of 19F-NMR for 
assessing the molecular mobility of flufenamic acid in solid dispersions, 
Chemical & pharmaceutical bulletin, 57 (2009) 61-64. 

[59] A. Hagendorff, S. Freytag, A. Müller, S. Klebs, Pill Burden in Hypertensive 
Patients Treated with Single-Pill Combination Therapy — An 
Observational Study, Adv Therapy, 30 (2013) 406-419. 



 90 

[60] J.A. Baird, B. Van Eerdenbrugh, L.S. Taylor, A classification system to 
assess the crystallization tendency of organic molecules from 
undercooled melts, Journal of Pharmaceutical Sciences, 99 (2010) 3787-
3806. 



 

91 

Chapter 4:  Enabling Thermal Processing of Ritonavir-Polyvinyl 
Alcohol Amorphous Solid Dispersions by KinetiSol® Dispersing1 

4.1 ABSTRACT 

Polyvinyl alcohol has received little attention as a matrix polymer in 

amorphous solid dispersions (ASDs) due to its thermal and rheological 

limitations in extrusion processing and limited organic solubility in spray drying 

applications.  Additionally, in extrusion processing, the high temperatures 

required to process often exclude thermally labile APIs.  The purpose of this 

study was to evaluate the feasibility of processing polyvinyl alcohol amorphous 

solid dispersions utilizing the model compound ritonavir with KinetiSol® 

Dispersing (KSD) technology.  The effects of KSD rotor speed and ejection 

temperature on the physicochemical properties of the processed material were 

evaluated.  Powder X-ray diffraction and modulated differential scanning 

calorimetry were used to confirm amorphous conversion.  Liquid 

chromatography-mass spectroscopy was used to characterize and identify 

degradation pathways of ritonavir during KSD processing and 13C nuclear 

magnetic resonance spectroscopy was used to investigate polymer stability.  An 

optimal range of processing conditions was found that resulted in amorphous 

product and minimal to no drug and polymer degradation.  Drug release of the 

ASD produced from the optimal processing conditions was evaluated using a 

non-sink, pH-shift dissolution test.  The ability to process amorphous solid 

                                            
1 Published in:  LaFountaine, Justin S., Scott V. Jermain, Leena Kumari Prasad, Chris Brough, 
Dave A. Miller, Dieter Lubda, James W. McGinity, and Robert O. Williams. "Enabling thermal 
processing of ritonavir–polyvinyl alcohol amorphous solid dispersions by KinetiSol® Dispersing." 
European Journal of Pharmaceutics and Biopharmaceutics 101 (2016): 72-81.  Justin S. 
LaFountaine designed, executed, and interpreted the experiments and wrote the manuscript. 
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dispersions with polyvinyl alcohol as a matrix polymer will enable further 

investigations of the polymer’s performance in amorphous systems for poorly 

water-soluble compounds. 

4.2 INTRODUCTION 

Thermal processing methods, such as hot-melt extrusion (HME), continue 

to be an active area of research and commercial interest in the pharmaceutical 

industry [1, 2].  In particular, the range of amorphous solid dispersion (ASD) 

platforms driven by polymer carriers is expanding and continues to be optimized 

[3, 4].  However, thermal processing of many compositions can be challenging 

due to thermal degradation, viscoelastic properties, or disparities between the 

active ingredient and excipient temperature processing windows [5].  This can 

lead to a compromise between manufacturing capability and selection of the 

optimal formulation composition.  Given polymer carriers are often the driving 

force for determining the performance of an ASD to inhibit crystallization in the 

solid [6, 7] and solution [8, 9] states, as well as controlling the release properties 

to match the desired product profile [10, 11], enabling processing of the widest 

range of carriers is desirable. 

One such polymer that has been difficult to thermally process into an 

ASD while offering a diverse range of properties by grade is polyvinyl alcohol 

(PVA).  PVA is typically a semi-crystalline polymer that is available in a range of 

grades that vary by the degree of hydrolysis, a measure of the ratio of polyvinyl 

alcohol to polyvinyl acetate groups, and degree of polymerization [12].  Only 

grades that contain a majority of polyvinyl acetate groups are fully amorphous.  

The ratio of alcohol groups to acetate groups, which affects the degree of 
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crystallinity, greatly influences the solubility and swellability of the polymer [13], 

which in turn can impact the release properties when formulated into a drug 

product.  For physical stabilization in ASDs, the ratio of alcohol to acetate 

groups dictates the number of hydrogen bond donor groups (hydroxyl) as well 

as the number of hydrophobic groups (acetate), which is important given various 

researchers have shown that both hydrogen bonding and hydrophobic 

interactions between drugs and polymers can impact physical stability in the 

solid and solution state [14, 15]. 

The reason that PVA has been difficult to process by thermal methods 

such as HME is two-fold.  First, semicrystalline PVA remains solid-like below its 

melting point and is thus not extrudable below this temperature [16, 17].  

Second, PVA is thermally sensitive and degrades near its melting point through 

elimination of hydroxyl and acetate side groups, forming water and acetic acid 

as shown in scheme 4.1, with acetic acid further catalyzing the degradation 

process [18, 19].  Interestingly, a recent study evaluated PVA in extrusion 

processing, requiring processing temperatures at the melting point (~180°C) for 

partially hydrolyzed PVA, but no evaluation of polymer degradation was 

performed [20], though the study did highlight the exclusion of APIs that are 

thermally labile below the processing temperature.  Elimination of side groups is 

clearly undesirable given their impact on drug product properties as previously 

described.  Attempts to process PVA by extrusion, film blowing, and injection 

molding have required the use of plasticizers or other additives to depress the 

melting point and melt viscosity of PVA [21, 22], with such methods achieving 

limited success in fully eliminating polymer degradation [23].  The incorporation 
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of additives may be undesirable in ASDs, however, due to potential impacts on 

physical stability and release properties [24, 25]. 

 

Scheme 4.1: Thermal degradation of polyvinyl alcohol by elimination of 
hydroxyl and acetate side groups results in the formation of 
acetic acid and water and double carbon-carbon bonds along 
the polymer backbone. 

KinetiSol® Dispersing (KSD) is an emerging thermal processing 

technology in the pharmaceutical industry [26].  The process consists of a 

chamber with a central rotating shaft containing a series of mixing blades.  The 

shaft rotates at relatively high velocities (1000’s of RPMs), imparting high 

frictional energy from particle impaction, which results in very rapid temperature 

increases with total processing times typically less than 20 seconds.  Notably, 

no external heating is applied in the process.  The process has enabled 

manufacturing of ASDs without the use of plasticizers [25], including non-

thermoplastic polymers and thermally labile polymers [27].  Given the ability of 

KSD to process non-thermoplastic polymers with very short residence times, we 

hypothesized that this technology could be used to form amorphous solid 

dispersions of PVA at temperatures below its melting point with minimal or no 

side chain elimination.  We have previously evaluated KSD processing of PVA 

with itraconazole [28], but several questions remain unanswered including a 
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thorough understanding of the relative impact of KSD processing parameters on 

the physical and chemical stability of the drug and polymer.  While size 

exclusion chromatography (SEC) was previously utilized to investigate the 

impact of processing on the apparent polymer molecular weight and no 

decrease in apparent molecular weight was observed [28], a deeper 

investigation of side chain elimination of PVA is warranted. 

The aims of this study were to understand the impact of KSD processing 

parameters in order to produce an ASD with minimal to no degradation of the 

polymer and model API.  Ritonavir was chosen as the model API as it is 

commercially processed as an ASD by HME in Kaletra®, Norvir®, and Viekirax® 

[29, 30].  Additionally, ritonavir has been shown to be shear sensitive [31], thus 

representing a challenging model in the KSD process, which exhibits much 

higher shear rates compared to HME. 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

Polyvinyl alcohol 4-88 (PVA 4-88, Art. No.141350, EMPROVE® exp Ph 

Eur, USP, JPE) was kindly donated by MilliporeSigma (MilliporeSigma is a 

business of Merck KGaA, Darmstadt, Germany).  Kollidon PVP VA64 was kindly 

donated by BASF The Chemical Company (Florham Park, NJ, USA).  Ritonavir (> 

98% purity) was purchased from Shengda Pharmaceutical Company Limited 

(Shenzhen, China).  High performance liquid chromatography grade acetonitrile, 

methanol, and water were purchased from Fisher Scientific (Pittsburgh, PA, 

USA).  Formic acid and deuterium oxide were also purchased from Fisher 
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Scientific.  SIF powder was purchased from biorelevant.com (Surrey, United 

Kingdom). 

4.3.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed on a TA 

Thermogravimetric Analyzer Q500 (New Castle, DE).  Temperature ramp 

experiments were performed from 25°C to 300°C at a rate of 5°C per minute 

with air purge at 60 ml/minute.  TGA was performed for ritonavir, PVA 4-88, and 

a blended composition containing ritonavir:PVP VA64:PVA 4-88 in a 3:1:6 ratio. 

4.3.3 Rheology 

Rheology experiments were performed with a TA Discovery Hybrid 

Rheometer 3 (New Castle, DE).  A sample preparation was previously described 

[32] where approximately 1 gram of material was weighed and pressed into a 

slug using a 25 mm die using a hydraulic press with 5000 pounds of force for 5 

seconds.  The sample was placed between two parallel 40 mm plates after zero 

gap calibration.  Polymer samples were first conditioned at 150°C for 1 minute 

followed by an oscillation sweep between 0.1 rad/second to 500 rad/second at 

10°C increments from 150°C to 100°C.  For samples containing drug, 

conditioning at 150°C for 1 minute was performed followed by an oscillation 

sweep between 0.1 rad/second to 500 rad/second at 10°C increments from 

100°C to 150°C.   A strain of 0.1% was used along with an axial force control of 

1N±0.1N.  Rheology was performed for PVP 4-88 alone, a PVP VA64:PVA 4-88 

blend in a 1:6 ratio, and ritonavir:PVP VA64:PVA 4-88 blend in a 3:1:6 ratio. 
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4.3.4 KinetiSol Dispersing 

KSD processing was conducted with a compounder developed by 

DisperSol Technologies, L.L.C. (Georgetown, Texas).  Physical mixtures of 

ritonavir, PVP VA64, and PVA 4-88 (3:1:6) were prepared by dispensing and 

weighing each component with a top-loading balance, followed by mixing with a 

mortar and pestle for 30 seconds.  PVP VA64 was included in the composition 

as a binder and processing aid to improve yields when KSD processing in batch 

mode.  Batch sizes were 100g and 9 batches were processed by KSD with 

varying rotation speeds (1000 to 2000 rpm) and ejection temperatures (80°C to 

100°C) as shown in Table 4.1.  Additionally, a batch without ritonavir (1:9 ratio of 

PVP VA64:PVA 4-88) was processed at 2000 RPM and 110°C ejection 

temperature for comparison.  The material was ejected upon reaching the 

temperature set point and quenched between two aluminum plates. 

Table 4.1: KinetiSol Dispersing Processing Conditions. 

Batch Ejection Temperature (°C) Rotation Speed (RPM) 

1 80 1000 

2 80 1500 

3 80 2000 

4 90 1000 

5 90 1500 

6 90 2000 

7 100 1000 

8 100 1500 

9 100 2000 
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4.3.5 Milling 

The KSD processed materials were milled with a Fitzpatrick L1A Fitzmill 

(Elmherst, IL, USA) operated at 8000 rpm with a 0.020” round-hole screen with 

impact forward impellers. 

4.3.6 Compression 

Material from the batch 2 was compressed into tablets using a Globe 

Pharma, Inc. MTCM-1 manual tablet press (New Brunswick, New Jersey) using 

a 10 mm round die.  Sodium stearyl fumarate (SSF) was applied on the surfaces 

of the die and punches for lubrication.  Total tablet weight was 333.33 mg ± 1 

mg, representing a ritonavir dose of 100 mg.  Nine tablets were compressed at 

500 psi (3447 kPa), 1000 psi (6895 kPa), and 2000 psi (13,790 kPa) of 

compression force and three tablets from each compression force were tested 

for hardness using a VanKel VK200 tablet tester (Cary, North Carolina). 

4.3.7 Powder X-Ray Diffraction 

Powder X-Ray diffraction (PXRD) was performed on a Rigaku Miniflex 

6000 (Tokyo, Japan) equipped with CuKα radiation at 40kV, 15 mA.  Data was 

collected in a scan mode with a step size of 0.02° and a step time of 2 seconds 

over a 2θ range of 10° to 35°.  Data analysis was performed with Bruker 

DIFFRACplus EVA diffraction software, version 15.0 (Billerica, MA, USA). 

4.3.8 Modulated Differential Scanning Calorimetry 

Modulated differential scanning calorimetry (MDSC) analysis was 

performed with a TA Instruments Model Auto Q20 DSC (New Castle, DE, USA).  

Samples were placed into standard aluminum pans and crimped using a press. 

Raw materials were heated to 105°C for 5 minutes to remove residual moisture 
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and then equilibrated at 0°C, followed by heating to 250°C at a ramp rate of 

5°C/minute with a modulation amplitude and period of 1°C and 60s, 

respectively.  Processed samples were equilibrated at 0°C, followed by heating 

to 250°C at a ramp rate of 5°C/minute with a modulation amplitude and period 

of 1°C and 60s, respectively. During analyses, high purity nitrogen flowed 

through the sample chamber at a rate of 50 mL/min. Analysis was performed 

with TA Universal Analysis 2000 software. 

4.3.9 Liquid Chromatography/Mass Spectroscopy 

Liquid chromatography/mass spectroscopy (LC/MS) analysis was 

performed on an Agilent Technologies 6530 Accurate Mass QT (Santa Clara, 

CA) with dual electrospray ionization.  Acquisition was performed between 50 

and 3000 m/z at a scan rate of 1 spectra/second.  The source gas was pumped 

at a flow rate of 12 l/minute at a temperature of 350°C. An unprocessed physical 

mixture and KSD processed samples were prepared by dissolving in 1:1 

Methanol:Water overnight and diluted to a concentration of 200 μg/ml.  Linearity 

was performed with ritonavir standards in the range of 31.25 μg/ml to 250 μg/ml.  

The mobile phase consisted of 2:1 Acetonitrile: Methanol (Mobile Phase A) and 

0.1% Formic Acid (Mobile Phase B), pumped at a flow rate of 1.0 ml/min (40% 

B). The analytical column was a Kinetix C18 (100 × 4.6 mm, 2.6 μm) and the 

detection wavelength was 210 nm.  Each of the extracted ion chromatograms 

included [2M+H]2+, [2M+2Na]2+, [M+H]+, [M+Na]+, [M+K]+, and [2M+Na]+ and 

analysis was performed with Agilent Masshunter Workstation software (Santa 

Clara, CA). 
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4.3.10 13C Nuclear Magnetic Resonance 

Solution-state quantitative 13C Nuclear Magnetic Resonance (NMR) was 

performed with a Varian VNMRS-600 MHz spectrometer (Palo Alto, California).  

Samples were prepared by dissolving into a 9:1 H2O:D2O mixture.  Undissolved 

ritonavir was separated out by centrifugation (14,000 rpm x 5 minutes).  NMR 

samples were analyzed with a 90° observe pulse with a 10-second relaxation 

delay and gated decoupling. MestReNova software was used for data analysis.  

A Whittaker baseline correction was applied to all spectra and peaks were 

manually selected for integration. 

An unprocessed physical mixture was compared to three KSD processed 

samples of increasing energy input, low (80°C ejection, 1000-RPM), medium 

(90°C ejection, 1500-RPM) and high (100°C, 2000-RPM) in order to investigate 

the effects on processing on potential polymer degradation.  A previously 

described method was used to quantitatively compare the samples [33].  Briefly, 

the mole fractions of alcohol and acetate groups and block character (η) were 

calculated from the integrated peak intensities at ~41, 44 and 47 ppm.  These 

three peaks have been assigned to the methylene carbons of the three dyad 

sequences: acetate-acetate (OAc-OAc), alcohol-acetate (OH-OAc), and alcohol-

alcohol (OH-OH).  The concentration of alcohol and acetate groups can be 

calculated from integrated peak intensities by equations 1 and 2, respectively.  

The block character (η), which characterizes the sequence distribution and 

length of respective vinyl alcohol and vinyl acetate groups, is calculated with 

equation 3. 

 

1        OH = OH-OH +
(OH-OAc)

2  
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2        OAc = OAc-OAc +
(OH-OAc)

2  

 

3        η =
(!"-!"#)

!
(OH) ∙ (OAc)  

4.3.11 Non-Sink Dissolution Analysis 

A small volume, pH-dilution analysis was performed based on a 

previously published method [34].  The method is intended to mimic 

gastrointestinal transit in the fasted state.  Dissolution was performed in a Varian 

V7000 dissolution tester (Cary, North Carolina), apparatus 2 (paddles) with 150 

ml glass vessels operated at a temperature of 37°C and a paddle speed of 100 

rpm.  100 mg ritonavir tablets were added to vessels containing 30 mL of 0.01N 

HCl.  After 30 minutes, 120 ml of FaSSIF (2.24 g/L SIF in 80mM phosphate 

buffer, pH 6.8) was added to each vessel.  Sample volumes of 200 μl were taken 

at 5, 10/15, 25, 35, 45, 60, 90, 120, 150, 180, and 210 minutes.  Samples were 

immediately centrifuged at 167,000xg for 90 seconds with a Beckman Coulter 

Airfuge with an A-100/30 rotor (Brea, CA).  100 μl of supernatant were taken and 

diluted 1:1 with a 1:1 mixture methanol:water for quantification.  Quantification 

was performed with a Thermo Scientific Dionex UltiMate 3000 HPLC system 

(Sunnyvale, CA).  The mobile phase consisted of 2:1 Acetonitrile: Methanol 

(Mobile Phase A) and 0.1% Formic Acid (Mobile Phase B), pumped at a flow rate 

of 0.5 ml/min (40% B). The analytical column was a Kinetix C18 (100 × 4.6 mm, 

2.6 μm) and the detection wavelength was 210 nm.  Linearity was performed 

with a ritonavir standard within a concentration range between 6.25 and 200 

μg/ml. 
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4.4 RESULTS 

4.4.1 Preformulation Characterization 

Thermogravimetric analysis was used to investigate the onset of thermal 

degradation for each of the formulation components.  PVA exhibited an initial 

weight loss up to 100°C, which was attributed to the loss of water, followed by a 

more significant weight loss due to polymer degradation after the melting point, 

as shown in Figure 4.1.  Ritonavir was stable up to a temperature of 

approximately 160°C, with an approximately 40% weight loss between 160°C 

and 220°C.  Ritonavir was also shown to be the limiting component in the 

blended composition, which largely coincided with the thermograms of the 

individual components with an initial water loss up to 100°C, ritonavir 

degradation at 160°C, and further weight loss due to polymer degradation at 

higher temperatures. 
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Figure 4.1: Thermogravimetric analysis of ritonavir, PVA 4-88, and a blended 
composition of ritonavir:PVP VA64:PVA 4-88 (3:1:6).  Ritonavir is the 
limiting component in terms of maximum processing temperature 
with an initial decomposition at approximately 160°C. 

Thermal and solid state properties of the formulation components in this 

study were investigated by PXRD and MDSC as shown Supplemental Figure 4.9 

(a, b).  Crystalline ritonavir shows several characteristic diffraction peaks 

between 10 and 35 2θ, with a corresponding melting point at approximately 

120°C by DSC.  PVA 4-88 is semi-crystalline with two broad diffraction peaks at 

approximately 20 and 23 2θ and exhibits a glass transition at approximately 

62°C (dry polymer), followed by a melt endotherm at approximately 189°C.  PVP 

VA64 is amorphous as represented by a diffuse halo in PXRD and a single glass 
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transition temperature (Tg) of approximately 109°C.  A blended composition 

containing a lower drug loading of ritonavir (10%) relative to processed samples 

is also shown with several characteristic ritonavir peaks observed in PXRD as 

well as a melt endotherm corresponding to crystalline ritonavir in MDSC 

analysis, demonstrating the capability to detect crystalline ritonavir at lower 

concentrations by each method. 

Rheology experiments were conducted up to 10°C below the 

decomposition temperature of ritonavir.  The storage modulus, loss modulus, 

and complex viscosity for PVA 4-88 are shown in Figure 4.2a at an angular 

frequency of 0.1 rad/second between 100°C and 150°C.  Within this 

temperature range, the storage modulus remains higher than the loss modulus, 

demonstrating that PVA 4-88 remains a solid below its melting point of 

approximately 180°C, with a complex viscosity that is greater than 1,000,000 

Pa*s over the entire temperature range.  The addition of PVP VA64 to PVA 4-88, 

in a 1:6 ratio, respectively, resulted in an antiplasticization effect over the same 

temperature range as shown in Figure 4.2b.  Further addition of 30% ritonavir to 

the composition resulted in plasticization of the polymer mixture, with a 

transition from a solid-like material to a viscous liquid at approximately 120°C, 

as evident by the loss modulus becoming greater than the storage modulus as 

shown in Figure 4.2c.  This temperature corresponds to the melting point onset 

of ritonavir at 120°C, and reduces the complex viscosity to approximately 

100,000 Pa*s.  Furthermore, the complex viscosity for the same three samples 

as a function of angular velocity between 0.1 rad/second and 500 rad/second 

between 100°C and 150°C are shown in Figure 4.2(d-f). 
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Figure 4.2: Temperature sweep rheology data for PVA 4-88 (a), PVP VA64:PVA 
4-88 (1:6) (b), and ritonavir:PVP VA64:PVA 4-88 (3:1:6) (c) and 
angular frequency sweep rheology data for PVA 4-88 (d), PVP 
VA64:PVA 4-88 (1:6) (e), and ritonavir:PVP VA64:PVA 4-88 (3:1:6) (f). 

4.4.2 Processing and Characterization 

The KSD processing profiles for each of the batches are shown in Figure 

4.3.  Total processing times ranged from 5.4 to 13.2 seconds with residence 

time above 40°C ranging from 1.5 to 3.5 seconds.  Total processing times 

decreased and heating rates increased with increasing rotation speeds and 

lower ejection temperature set points, as expected.    After milling the ejected 

material, images were taken of each batch as shown in Figure 4.4.  It can be 

observed that batches produced at low shear rates and ejection temperatures 

were white to off-white in color and similar to the physical mixture prior to 
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processing.  However, at higher shear rates and ejection temperatures, a slight 

discoloration was observed to yellow-brown, which was initially attributed to 

degradation of one of the formulation components.  In a comparison placebo 

batch processed to a higher ejection temperature, no discoloration was 

observed suggesting the discoloration may be due to ritonavir. 

 

 

Figure 4.3: KinetiSol® Dispersing processing profiles as a function of rotation 
speed and ejection temperature set point.  Individual processing 
profiles are shown as measured temperature (°C) from 0 to 15 
seconds. 
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Figure 4.4: Images of KSD processed batches after milling into plastic 
containers.  Batches are shown as a function of ejection temperature 
and rotation speed, with increasing discoloration observed in 
batches prepared at higher rotation speeds and ejection 
temperatures. 

PXRD and MDSC analysis were performed to investigate the physical 

form of ritonavir within each of the processed batches as summarized in Table 

4.2.  The PXRD diffractograms as a function of batch ejection temperature and 

rotation speed is available in Supplemental Figure 4.10.  The diffractograms for 

each of the batches were observed to be characteristic to that of semi-

crystalline PVA 4-88 and no characteristic peaks for crystalline ritonavir were 

observed, suggesting the drug was fully amorphous in all cases.  The MDSC 

thermograms as a function of batch ejection temperature and rotation speed are 



 

108 

available in Supplemental Figure 4.11.  Unlike PXRD analysis, the batch 

produced at an ejection temperature of 80°C at 1000 rpms exhibited a melt 

endotherm of 0.211 J/g at 122°C corresponding to crystalline ritonavir.  The 

remaining batches did not exhibit a melt endotherm for ritonavir and consisted 

of a single Tg between 32°C and 47°C and a melt endotherm for PVA 4-88 

between 187°C and 190°C. 

Table 4.2: Summary of Physical Form for Processed Batches by Powder X-Ray 
Diffraction and Modulated Differential Scanning Calorimetry. 

Batch Ejection 
Temperature (°C) 

Rotation 
Speed (RPM) 

Powder X-
Ray 

Diffraction 

Modulated Differential 
Scanning Calorimetry 

1 80 1000 A C 

2 80 1500 A A 

3 80 2000 A A 

4 90 1000 A A 

5 90 1500 A A 

6 90 2000 A A 

7 100 1000 A A 

8 100 1500 A A 

9 100 2000 A A 
A = amorphous 
C = crystalline 
 

LC/MS was conducted to investigate the chemical stability of ritonavir as 

a function of processing parameters.  The total ion chromatogram of each batch 

as a function of ejection temperature and rotation speed is shown in Figure 4.5.  

For reference, the total ion chromatogram for an unprocessed physical mixture 
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is shown in red.  Ritonavir is observed at a retention time of 5.8 minutes and 

additional degradation products can be observed at retention times of 2.7 

minutes, 3.1 minutes, and 6.1 minutes, depending on batch processing 

parameters.  The corresponding probable masses observed at 2.7, 3.1, and 6.1 

minutes are 550 Da, 435 Da, and 605 Da, respectively.  The amount of ritonavir 

in each of the processed samples was determined quantitatively and is shown in 

Figure 4.6a as % label claim (%LC) and ranged from 72.7% to 102.5%, with 

decreasing potency observed with increasing energy input.  The influence of 

processing parameters on degradation of ritonavir was qualitatively determined 

by taking the ratio of the summation of the integrated peak areas of the 

extracted ion chromatograms at 2.7, 3.1, and 6.1 minutes over the integrated 

peak area for the extracted ion chromatogram for ritonavir at 100 %LC, as 

shown in Figure 4.6b.  It can be observed that the relative concentration of 

degradation products increases with increasing energy input and this data 

correlated with the decrease in ritonavir potency, with rotation speed having the 

most significant effect on ritonavir degradation.  



 

110 

 

Figure 4.5: LC/MS total ion chromatograms of KSD processed compositions as 
a function of ejection temperature and rotation speed.  Ritonavir 
(721 Da) is shown at a retention time of 5.8 minutes and additional 
degradation products with masses of 550 Da, 435 Da, and 605 Da 
are observed at 2.7, 3.1, and 6.1 minutes, respectively.  For 
reference, the total ion chromatogram of an unprocessed physical 
mixture is shown offset in red.  Chromatograms are shown as 
counts in millions for a retention time range of 2 to 8 minutes.  The 
trend towards increasing impurities can clearly be observed with 
increasing energy input (i.e. higher rotation speeds and ejection 
temperatures). 
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Figure 4.6: A) Ritonavir potency (%LC) as a function of rotation speed and 
ejection temperature.  B) Qualitative influence of KSD processing 
parameters on ritonavir degradation, calculated by taking the peak 
area ratios of degradation products to a ritonavir standard. 

Quantitative solution-state 13C NMR Spectroscopy was used assess the 

impact of KSD processing parameters on PVA stability.  On overlay of the NMR 

spectra from an unprocessed physical mixture and three KSD processed 

samples of increasing energy input in the region of the three dyad sequences is 
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shown in Figure 4.7a.  The mole fraction of vinyl alcohol and vinyl acetate 

groups and the block character (η), calculated from the integrated peak areas of 

the three dyad regions using equations 1-3, are shown in Figure 4.7b and 4.7c, 

respectively.  As can be observed, there was no significant difference between 

unprocessed and processed samples in terms of the mole fraction of 

components or the block character of the polymer.  The calculated mole fraction 

of alcohol groups (~86%) is in close agreement to the theoretical content of 

88% in the polymer grade studied (PVA 4-88).  Additionally, no NMR peaks at 

~132 ppm (not shown in Figure 4.7a) corresponding to the formation of double 

bonds along the polymer backbone were observed in any of the samples, 

further supporting that polymer degradation did not occur within the processing 

ranges evaluated. 
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Figure 4.7: A) Overlay of 13C NMR Spectra from unprocessed and KSD 
processed samples in the region of the three dyads corresponding 
to hydroxyl-hydroxyl (OH-OH), hydroxyl-acetate (OH-OAc), and 
acetate-acetate (OAc-OAc) sequences.  B) The mole fractions of 
alcohol and acetate groups calculated from (OH) and (OAc) for 
unprocessed and KSD processed samples.  C) The block character 
(η) for unprocessed and KSD processed samples.  No significant 
change was observed in any of the processed samples relative to 
the unprocessed sample, indicating PVA was not degraded to 
detectable limits within the processing conditions evaluated.  Error 
bars in B) and C) are positive and negative standard deviations (n=3 
samples). 

Non-sink, pH-shift dissolution testing was performed with the optimal 

batch.  Batch 4, processed at an ejection temperature of 90°C and a rotation 

speed of 1000 rpm, was selected for analysis since this batch exhibited the least 

amount of degradation among the batches in which ritonavir was fully 
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amorphous.  Notably, batch 2 could have also been selected as it also met this 

criterion.  Three sets of tablets were compressed to a tensile strength of 0.8 

MPa, 2.1 MPa, and 4.5 MPa and ritonavir concentration was measured over 210 

minutes during dissolution analysis as shown in Figure 4.8.  Tablets compressed 

to a tensile strength of 0.8 MPa and 2.1 MPa exhibited similar release rates, 

which were faster compared to tablets compressed to 4.5 MPa.  All tablets 

tested plateaued to a ritonavir free drug concentration of ~ 50 μg/ml after about 

90 minutes, or an hour after addition of FaSSIF. 

 

 

Figure 4.8: Non-sink, pH-shift dissolution results for 100 mg ritonavir tablets 
compressed to a tensile strength of 0.8 MPa, 2.1 MPa, and 4.5 MPa.  
Tablets (n=3) were added to 30 ml of 0.01N HCl for the first 30 
minutes, followed by addition of 120 ml of FaSSIF in pH 6.8, 80 mM 
phosphate buffer. 



 

115 

4.5 DISCUSSION 

The objective of this study was to thermally process an ASD using the 

model compound ritonavir with PVA as the carrier, while maintaining acceptable 

stability of both the drug and polymer.  The TGA and rheology data illustrate the 

challenges of thermally processing the studied composition into an ASD by 

common processes such as HME.  The thermal degradation temperature of 

ritonavir (160°C) establishes the maximum processing temperature.  Below 

160°C, the complex viscosity of the composition remains above 140,000 Pa*s 

when measured at an angular frequency of 0.1 rad/second.  Recently, 

investigators have correlated complex viscosity at this angular frequency to 

small-scale extrusion torque limitations and identified a maximum viscosity of 

10,000 Pa*s [32], more than an order of magnitude lower than the composition 

in our study.  This is in agreement with other studies that have reported 

extrusion temperatures of PVA compositions at or above the melting point of the 

polymer in order to reduce the melt viscosity to extrudable levels [20].  For the 

PVA 4-88 grade used, the melting temperature is approximately 189°C, about 

30°C higher than the decomposition temperature of ritonavir.  PVA 4-88 also 

degrades at high temperatures, accelerating above its melting point, adding 

complexity in processing this polymer for long residence times.  This disparity in 

processing windows between a thermally labile API and a viscous, thermally 

labile polymer carrier represents a significant challenge that would typically 

exclude processing of such a composition or would require formulation or 

processing interventions such as plasticization in order to align processing 

windows to the temperature-limiting component [5].   
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The strategy we took to enable processing of this composition into an 

ASD was to utilize KinetiSol® Dispersing technology, which is not limited by melt 

viscosity, allowing for reduced processing temperatures [26].  A processing 

study evaluating the effects of rotation speed and ejection temperature on the 

physical form and chemical stability of ritonavir and the chemical stability of PVA 

was performed.  Similar processing studies have been performed with other 

thermally labile polymers in order to identify the optimal parameters to minimize 

degradation [27].  Ejection temperatures ranged from 80°C to 100°C in this 

study, or more than 60°C and 90°C below the degradation temperatures of 

ritonavir and PVA, respectively.  However, degradation due to shear stress for 

ritonavir, and potentially PVA, remained a concern and thus rotation speed was 

also evaluated between 1000 and 2000 rpm.  The ejection temperatures are also 

notably 25°C to 45°C below the melting point of ritonavir, suggesting that 

molecular mixing or solubilization of the drug within the polymer, rather than 

quenching from the melt state, is the primary mechanism to forming an 

amorphous dispersion.  After processing, the ejected material was observed to 

be in a softened but solid-like state and the color of the material changed from 

white to yellow-brown with greater energy input.  Discoloration of thermally 

processed polymers is common in other polymers such as HPMC [35], however, 

this discoloration was subsequently determined to be due to ritonavir 

degradation, and not degradation of PVA based on LC/MS and 13C NMR 

analysis and production of a placebo batch.  Additionally, in a previously 

published study of KinetiSol processing of PVA with itraconazole, more 

aggressive conditions were used (2800 rpm rotation speed, 175°C ejection 
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temperature) with no observed discoloration, further supporting that the 

discoloration is due to ritonavir [28]. 

When the physical form of ritonavir in the processed samples was 

investigated, all batches were determined to be amorphous by PXRD, but one of 

the batches exhibited a melt endotherm by MDSC, indicating the presence of 

ritonavir crystals.  This suggests that for the composition studied, MDSC has a 

lower detection limit for crystalline ritonavir compared to PXRD, which is in 

agreement with other reports that indicate a lower limit of detection for DSC 

compared to PXRD [36].  The melt enthalpy corresponding to crystalline ritonavir 

in the aforementioned batch was 0.211 J/g compared to an enthalpy of 1.94 J/g 

in a physical mixture containing 10% crystalline ritonavir (Supplemental Figure 

4.9), suggesting the level of crystalline ritonavir in this batch is approximately 

11% relative to the total amount of ritonavir, or 3.4% relative to the total 

composition.  Ritonavir in the remaining batches was determined to be 

amorphous by both PXRD and MDSC and single glass transition temperatures 

were observed in all cases by MDSC, suggesting these compositions were a 

single homogenous phase.  While MDSC has its limitations as an indicator for 

homogeneity [37, 38], given that ritonavir is classified as a slow crystallizer [39], 

phase separation and crystallization are a lesser concern and no other solid 

state or thermal techniques were evaluated.  Instead, further studies focused on 

the chemical stability of the drug and polymer after processing. 

A LC/MS investigation of ritonavir chemical stability as a function of KSD 

processing parameters revealed that the drug degraded with increasing energy 

input, particularly with increasing shear, which is in agreement with the reported 

shear sensitivity or ritonavir [31].  Three degradation products were identified 
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with masses of 550 Da, 435 Da, and 605 Da, corresponding to probable 

molecular formulas of C29H34N4O5S, C25H29N3O4, and C33H43N5O4S, respectively.  

The later two products have been previously identified in forced degradation 

(thermal, hydrolysis, etc.) studies of ritonavir, revealing the carbamate and urea 

moiety as susceptible sites to cleavage [40].  The product with mass of 605 Da 

can be formed when the hydroxyl group attacks the carbonyl group in ritonavir, 

and a further attack by the amide nitrile group on the urea carbonyl group 

results in the formation of the degradation product with mass of 435 Da.  

However, if the amide nitrile attack of the urea carbonyl group occurs first, a 

degradation product with a mass of 550 Da will form, as observed in our 

studies.  Importantly, two batches were prepared in which ritonavir was 

amorphous by PXRD and MDSC ritonavir potency remained above 97.5% 

(batches 2 and 4), demonstrating the ability to optimize KSD process 

parameters to meet the desired properties of the drug product. 

The chemical stability of PVA was also evaluated.  The calculated mole 

fraction of alcohol and acetate groups was in close agreement to the theoretical 

degree of hydrolysis of the polymer used and did not change after processing.  

Similarly, the block character (η) ranged from 0.40 to 0.41 between the samples, 

which is in close agreement with studies by others that have evaluated PVA 

grades of 88% hydrolysis by 13C NMR and observed a block character of 0.41 

for unprocessed polymer [18].  The block character is useful to characterize the 

sequence distribution of binary copolymers, with a value <1 for bulkier 

distributions, equal to 1 for completely random distributions, and between 1 and 

2 for alternate-like distributions.  It has been shown to be a useful parameter for 

evaluating thermal degradation of PVA since it has been shown that the degree 
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of saponification can remain the same, but the degree of randomness can 

change due to both inter- and intra-molecular chain ester-exchange reactions 

between acetyl groups and hydroxyl groups [33].  In our study, the block 

character did not change with processing, which is in contrast to other studies 

in which PVA was subject to higher temperatures and longer residence times.  

Alexy and colleagues found that the block character increased from 0.41 to 0.68 

after melt extruding PVA (Sloviol 08-88) at 230°C with a 14 minute residence 

time [18].  In another study, Ando and colleagues observed a change in block 

character from 0.45 to 0.54 after heat treatment of 135°C (i.e. below the melt 

temperature of PVA) for 12 hours, while the degree of saponification remained 

relatively constant [33].  Our results highlight the benefit of the short residence 

times and lower processing temperatures of the KSD process in maintaining 

polymer stability for thermally labile polymers such as PVA. 

Once it was demonstrated that an ASD of ritonavir and PVA could be 

processed with minimal to no observed drug and polymer degradation by 

optimizing the KSD processing parameters, the drug release properties and 

supersaturation maintenance performance was evaluated by a non-sink, pH-

shift dissolution test.  Tablets compressed to three different tensile strengths 

from batch 4, which met the desired drug product properties, maintained 

supersaturation in pH 6.8 FaSSIF for at least 3 hours.  Tablets compressed to 

the highest tensile strength had a slower release rate, but all three sets 

plateaued after about 90 minutes to a ritonavir free drug concentration of ~ 50 

μg/ml, much higher than the ~1 μg/ml solubility of crystalline ritonavir at pH 6.8 

[41].  While this test provides an assessment of supersaturation maintenance 

during gastrointestinal transit, it has limited ability to predict in vivo 
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bioavailability, as ritonavir undergoes extensive first pass metabolism and 

relevant in vivo studies in dogs or humans would be needed to better assess the 

performance of the drug product [42].  In a recent study with the poorly water 

soluble drug itraconazole, it was shown that amorphous solid dispersions with 

PVA 4-88 as the carrier performed similarly in vivo in rats to the commercial 

Onmel® solid dispersion utilizing HPMC [28], illustrating its utility in 

supersaturating systems. 

4.6 CONCLUSION 

Use of polymers such as PVA in pharmaceutical thermal processes such 

as HME has often been limited due to the thermal and viscoelastic properties of 

the polymer, which can require high processing temperatures.  Depending on 

residence time, this can result in significant degradation of the polymer and 

more importantly is completely unviable in cases where the API degrades below 

the minimum processing temperature of the polymer.  Here, we have shown that 

a drug-polymer composition representing such a case can be successfully 

manufactured with the use of the KSD process, which does not exhibit the same 

viscosity restrictions as other thermal processing techniques.  The lower 

temperatures and shorter residence times of the process thus expands the 

range of drugs and polymers that can be thermally processed into an 

amorphous solid dispersion. 



 

121 

4.7 SUPPLEMENTAL FIGURES 

 

Figure 4.9: PXRD (a) and MDSC (b) analysis of crystalline ritonavir (---), PVA 4-
88 (---), PVP VA64 (---), and a physical mixture of ritonavir, PVP 
VA64, and PVA 4-88 in a 1:1:8 ratio (---). 
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Figure 4.10: PXRD diffractograms of KSD processed compositions as a 
function of ejection temperature and rotation speed.  Ritonavir was 
observed to be PXRD amorphous for all compositions.  
Diffractograms are shown as intensity between a 2θ range of 10 and 
35. 
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Figure 4.11: MDSC thermograms of KSD processed compositions as a function 
of ejection temperature and rotation speed.  A trace amount of 
crystalline ritonavir was observed in the batch produced at an 
ejection temperature of 80°C and a rotation speed of 1000 rpm.  
Thermograms are shown as reversing heat flow (W/g) between a 
temperature range of 10°C and 220°C. 
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Chapter 5:  Mucoadhesive Amorphous Solid Dispersions for 
Sustained Release of Poorly Water Soluble Drugs 

5.1 ABSTRACT 

The oral delivery of mucoadhesive patches has been shown to enhance 

the absorption of large molecules such as peptides.  We hypothesized that this 

mechanism could have utility for poorly soluble small molecules by utilizing a 

mucoadhesive polymer as the matrix for an amorphous solid dispersion.  Binary 

dispersions of itraconazole and Carbopol 71G were prepared utilizing a 

thermokinetic mixing process (KinetiSol Dispersing) and the physicochemical 

properties were investigated by powder x-ray diffraction, calorimetry, and liquid 

chromatography.  Adhesion of the dispersions to freshly excised porcine 

intestine was investigated with a texture analyzer. Minitablets were compressed 

from the optimal dispersion and further investigated in vitro and in vivo in rats.  

Thermokinetic mixing successfully processed amorphous dispersions up to 

30% drug loading and each dispersion exhibited works of adhesion that were 

approximately an order of magnitude greater than a negative control in vitro.  

Ethylcellulose (EC) coated and uncoated minitablets prepared with the 30% 

drug load dispersion were delivered orally to rats and exhibited sustained 

release characteristics, with overall bioavailability greater for the uncoated 

minitablets compared to the EC-coated minitablets, similar to the rank order 

observed in our in vitro dissolution experiments.  Necropsy studies showed that 

minitablets delivered with enteric-coated capsules targeted release to the distal 

small intestine and adhered to the intestinal mucosa, but the rat model 

presented limitations with respect to evaluating the overall performance.  Based 

on the in vitro and in vivo results, further investigations in larger animals are a 
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logical next step where fluid volumes, pH, and transit times are more favorable 

for the evaluated dosage forms. 
 

 

 

Illustration 5.1: Graphical Abstract. 
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5.2 INTRODUCTION 

Oral delivery of lipophilic, poorly water-soluble small molecules continues 

to be a significant endeavor across pharmaceutical development pipelines [1, 2].  

Over the last decade, amorphous solid dispersions (ASDs) have emerged as a 

preferred technology to overcome solubility limitations, with several 

commercially approved examples [3].  Dosage forms based on ASDs release 

pre-dissolved drug, typically at supersaturated concentrations that may be 

orders of magnitude higher than the thermodynamic solubility of the drug [4].  

Additionally, supersaturating systems can result in higher flux across the 

intestinal membrane, as the increase in apparent solubility does not result in a 

concomitant decrease in permeability that affects other solubility-enabling 

platforms (e.g. surfactants, cyclodextrin, co-solvent systems) [5].  For slow 

crystallizing drugs, this flux advantage can be maintained up to a maximum level 

in which a drug’s “amorphous solubility” is reached [6], and through diligent 

formulation design, ASDs have leveraged these advantages to allow for 

convenient oral dosing of several life-saving drugs [7-9]. 

The oral delivery of large molecules such as peptides and proteins is even 

more challenging and has spawned innovative drug delivery platforms of its own 

in order to overcome absorption barriers such as low permeability and 

enzymatic degradation to enhance bioavailability [10, 11].  Some examples 

include the use of permeation enhancers, enzyme inhibitors, microsphere 

encapsulation, liposomes, and others [12-14].  One promising technology under 

development uses mucoadhesive patches that are delivered to the small 

intestines via enteric-coated capsules [15].  These patches consist of drug 

dispersed in a matrix of mucoadhesive polymers and coated on all sides but one 



 

 131 

with an impermeable, insoluble backing layer of ethylcellulose.  The 

mucoadhesive side of the patch adheres to the intestinal mucosa, promoting 

drug release unidirectionally for several hours with enhanced transport due to 

the high concentration gradient of drug between the patch and the membrane, 

as demonstrated with model peptides such as insulin and salmon calcitonin [16, 

17].  We hypothesized that this concept could be applied to an ASD by utilizing 

a mucoadhesive polymer as the matrix for a molecularly dissolved, poorly water-

soluble small molecule, providing mucoretentive and sustained delivery of drug.  

For rapidly crystallizing drugs, this may be an attractive option to deliver 

supersaturated drug at a moderate rate into the GI lumen, reducing the driving 

force for recrystallization compared to an immediate release formulation [18], or 

alternatively, promoting transport of drug directly from the dosage form to the 

mucous membrane. 

Cross-linked poly(acrylic) acids such as Carbopol have widely been 

reported to adhere to mucosal membranes [19-21] through a two-stage contact 

(wetting) and consolidation process [22].  However, Carbopol has not been 

extensively investigated as the predominant matrix polymer in ASDs, which is 

likely due to the difficulty in processing the polymer with the two most common 

production methods for ASDs: hot-melt extrusion and spray-drying [3].  The 

difficulty to process arises from the exceptionally high molecular weight of the 

cross-linked particles that result in melt or solution viscosities that practically 

limit the concentrations that can be used in extrusion and spray-drying 

applications [23, 24].  Recently, KinetiSol Dispersing (KSD) has emerged as an 

alternative manufacturing process for ASDs [25].  It is based on a thermokinetic 

mixing process that converts friction to heat over short residence times and is 
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not practically limited by viscosity, as demonstrated through processing of 

multiple viscous, high molecular weight polymers [9, 26, 27]. 

The objectives of this study were to 1) demonstrate that ASDs could be 

manufactured from binary mixtures of itraconazole and Carbopol using the KSD 

process, 2) demonstrate that these dispersions exhibit adhesion in vitro to 

intestinal mucosa, even with relatively high concentrations of hydrophobic drug, 

and 3) confirm that mucoadhesion and sustained drug delivery is observed in 

vivo.  Itraconazole was chosen as the model poorly water-soluble drug due to its 

very low aqueous solubility and its wide comparative use as a model in ASDs, 

including demonstrated processability by thermokinetic mixing, enabling rapid 

proof-of-concept for this study [28-35].  Two approaches were evaluated in vivo 

in this study.  The first utilized uncoated minitablets that were delivered via 

immediate release capsules, which were hypothesized to be mucoretentive, 

providing sustained release of itraconzole into the GI lumen.  The second 

approach utilized minitablets that were coated on all sides but one with 

ethylcellulose and were delivered by capsules coated with an enteric polymer. 

These were hypothesized to release the minitablets at the site of absorption in 

the small intestines, and transport itraconazole unidirectionally through the 

mucoadhesive side of the tablet through the mucous membrane.  

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

Itraconaozle (EP, >99% purity) was purchased from Shenzhen Nexconn 

Pharmatechs Ltd (Shenzhen, China).  Carbopol 71G was kindly donated by 

Lubrizol Advanced Materials (Brecksville, Ohio).  Ethylcellulose 7cp was kindly 
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donated by Colorcon (West Point, PA).  Simulated intestinal fluid powder 

(FaSSIF v1) was purchased from Biorelevant.com (Surrey, United Kingdom).  

High performance liquid chromatography grade acetonitrile and methanol, along 

with all other reagents were purchased from Fisher Scientific (Pittsburg, PA). 

5.3.2 KinetiSol processing of amorphous dispersions 

KSD processing was conducted with a compounder developed by 

DisperSol Technologies, L.L.C. (Georgetown, Texas).  Physical mixtures of 

itraconazole and Carbopol 71G were prepared in the ratios outlined in Table 5.1 

by dispensing each component with a top-loading balance, followed by mixing 

with a mortar and pestle for 30 seconds. Batch sizes of 100g were added to the 

compounder for processing.  KSD ejection temperature was set at 105°C and 

the rotation speed was set at 2800 RPM for 30 seconds (stage 1), followed by 

3000 RPM for 30 seconds (stage 2).  Stage 2 is only initiated if the ejection 

temperature is not reached within the first stage. The material was ejected upon 

reaching the temperature set point (measured in-line) and quenched between 

two aluminum plates.  The KSD processed batches were milled with a 

Fitzpatrick L1A Fitzmill (Elmherst, IL, USA) operated at 8000 rpm with a 0.020” 

round-hole screen with impact forward impellers. 
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Table 5.1: Batch compositions of itraconaozle and carbopol 71G 

Batch Itraconazole (%w/w) Carbopol 71G (%w/w) 

1 10 90 

2 20 80 

3 30 70 

4 40 60 

5.3.3 Physicochemical characterization 

The physical characteristics of the processed dispersions and raw 

materials were analyzed by powder x-ray diffraction (PXRD) and modulated 

differential scanning calorimetry (mDSC).  Chemical potency was also analyzed 

by high performance liquid chromatography (HPLC).  PXRD was performed on a 

Rigaku Miniflex 6000 (Tokyo, Japan) equipped with CuKα radiation at 40kV, 15 

mA.  Data was collected in a scan mode with a step size of 0.02° and a step 

time of 2 seconds over a 2θ range of 5° to 60°.  Modulated differential scanning 

calorimetry (MDSC) analysis was performed with a TA Instruments Model Auto 

Q20 DSC (New Castle, DE, USA).  Samples were placed into standard aluminum 

pans and crimped using a press.  Processed samples were equilibrated at 0°C, 

followed by heating to 200°C at a ramp rate of 5°C/minute with a modulation 

amplitude and period of 1°C and 60s, respectively. During analyses, high purity 

nitrogen flowed through the sample chamber at a rate of 50 mL/min. Analysis 

was performed with TA Universal Analysis 2000 software. 
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Thermo Scientific Dionex UltiMate 3000 HPLC system (Thermo Scientific, 

Sunnyvale, CA, USA) was used to analyze chemical potency of the processed 

dispersions in triplicate.  An Ultimate 3000 Autosampler was configured with a 

Luna 5 µm CN 100 Å, 150 x 4.6 mm column (Phenomenex, Torrance, CA) and a 

10 μL injection volume was used.  The mobile phase was a mixture of 

acetonitrile:water:diethanolamine 70:30:0.5 with a flow rate of 1.00 mL/min.  An 

UltiMate RS Variable Wavelength Detector, extracting at 263 nm, was used to 

quantify the results. The retention time of ITZ was approximately 6 min.  All 

analyses maintained linearity (R2 = 0.999) in the range tested.  Chromeleon 

Version 6.80 software (Thermo Scientific, Sunnyvale, CA, USA) was used to 

process all chromatography data. 

5.3.4 Contact angle and adhesion force measurements 

Contact angle was measured with water using a FTA200 goniometer 

(First Ten Angstroms, Inc., Portsmouth, VA, USA) to investigate the impact of 

hydrophobic drug addition (itraconazole) to Carbopol.  Mucoadhesion testing 

was performed using a Stable Micro System TA-XTplus Texture Analyzer with A-

MUC mucoadhesive accessory (Surrey, United Kingdom).  To perform the 

measurements, 50 mg compacts of dispersions containing 0%, 10%, 20%, and 

30% itraconazole were compressed using 5 mm round, flat-faced Natoli 

compression tooling and a Globe Pharma, Inc. MTCM-1 manual tablet press 

(New Brunswick, New Jersey).  Compacts were then coated with a layer of 

ethylcellulose on all sides but one by solvent casting from a 5% acetone 

solution.  Ethylcellulose was also compressed as a negative control.  Freshly 

excised porcine small intestine was sourced from Lampire Biologicals 
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(Pipersville, PA) and cut into sections of ~5-7cm and were longitudinally 

dissected and affixed to the A-MUC accessory with the mucosal side facing up.  

Three compacts of each test article were then placed onto the mucosal surface 

and incubated in pH 6.8 simulated intestinal fluid (FaSSIF) at 37°C from 15 min 

to 2 hours.  After incubation, the A-MUC accessory was inverted to drain any 

fluid and was aligned under the Texture Analyzer affixed with a TA-57R 7mm 

probe.  A small aliquot of acrylic glue was then placed on the top (ethylcellulose 

coated) side of each compact and the probe was lowered until a minimal trigger 

force of 0.05N was reached.  A force of 0.1N was then applied for 30 seconds to 

allow the glue to dry and then the probe was raised 10 mm at a rate of 0.1 

mm/sec and the removal force of the compact to the intestinal mucosa was 

recorded.  The area under the resulting force-time plot was divided by the 

surface area of the compacts (0.25 cm2) to give the work of adhesion (KPa*s).  

For negative and baseline controls, the adhesion or lifting force of an 

ethylcellulose compact that was incubated for 30min in FaSSIF and a non-

incubated dispersion tablet were recorded, respectively.    

5.3.5 Non-sink, pH-dilution studies 

A small volume, pH-dilution analysis was performed based on a 

previously published method [9].  The method is intended to mimic 

gastrointestinal transit in the fasted state.  Dissolution was performed in a Varian 

V7000 dissolution tester (Cary, North Carolina), apparatus 2 (paddles) with 150 

ml glass vessels operated at a temperature of 37°C and a paddle speed of 100 

rpm.  Powder amorphous dispersions (test articles, 10%, 20%, and 30% ITZ 

drug load) were compared to a powder physical mixture (crystalline negative 
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control, 20% ITZ drug load).  Powder dispersions containing 100 mg of 

itraconazole were added in triplicate to vessels containing 30 mL of 0.01N HCl.  

After 30 minutes, 120 ml of FaSSIF (2.24 g/L SIF in 80mM phosphate buffer, pH 

6.8) was added to each vessel.  Sample volumes of 200 μl were taken at 15, 30, 

45, 60, 120, 180, 240, and 300 minutes.  Samples were immediately centrifuged 

at 167,000xg for 90 seconds with a Beckman Coulter Airfuge with an A-100/30 

rotor (Brea, CA).  100 μl of supernatant were taken and diluted 1:1 with mobile 

phase.  Quantification was performed with a Thermo Scientific Dionex UltiMate 

3000 HPLC system (Sunnyvale, CA) using the method previously described. 

5.3.6 Preparation of mucoadhesive minitablets 

Based on the aforementioned characterization studies, the 30% drug 

load dispersions were selected for further in vitro and in vivo testing of 

minitablets.  Compacts containing 2.5 mg (±5%) of dispersion were compressed 

with 2mm round, flat-faced Natoli compression tooling and a Globe Pharma, 

Inc. MTCM-1 manual tablet press (New Brunswick, New Jersey) using a force of 

~0.6 to 0.8 kN.  A portion of the compressed tablets were then coated on all 

sides but one by affixing one side to a support and spray coating a 5% 

ethylcellulose in acetone solution.  0.1% of Nile Red (TCI Chemicals) was also 

added to the coating solution for visual clarity.  A coating weight gain of ~15% 

was applied. 

5.3.7 Minitablet Imaging 

Coated and uncoated tablets were imaged with a digital camera and 

cross sections were obtained by X-Ray Computed Tomography imaging.  The 

imaging was performed on an Xradia microXCT 400 (Carl Zeiss, Oberkochen, 
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Germany) at the High-Resolution X-ray CT Facility at The University of Texas at 

Austin (UTCT) using the following parameters:  4X objective, 70kV, 10W, 20s 

acquisition time, detector 62.7 mm, source -37 mm, camera bin 2, no filter.  The 

resolution of the images is 2.5 μm. 

5.3.8 in vitro drug release from minitablets 

Ethylcellulose-coated (EC-coated) and uncoated amorphous Itraconazole 

minitablets and EC-coated crystalline itracanzole minitablets were inserted such 

that only one face of the tablet was exposed by placing the tablets into stainless 

steel dies with plastic holders containing embedded magnets and were placed 

into glass vials.  For the EC-coated amorphous minitablet, drug release from 

both the ethylcellulsose coated side and the mucoadhesive side of the tablet 

was evaluated.  The vials were then inserted into the µDISS Profiler™ (pION INC) 

constant temperature chamber (25 °C) adapted with in situ fiber optic (FO) 

probes . The FO UV probes (20-mm pathlength) were lowered into each vial, and 

15 mL of dissolution media (0.02 N HCl containing 0.5% HP-ß-CD) was pipetted 

directly into each vial. The disks were magnetically stirred at 150 rpm. The 

stirring speed was verified by an external control. The UV detection system 

consisted of a bank of six integrated diode array spectrophotometers, which 

can follow the concentration of the API release in situ as a function of time 

without having to filter the solutions. 

5.3.9 Pharmacokinetic studies 

The oral exposure of itraconazole was investigated for two formulations in 

Sprague-Dawley rats at Absorption Systems LP (Exton, PA).  Approximately 4.2 

mg of itraconazole was dosed per rat orally using a Torpac Inc. (Fairfield, NJ) rat 
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dosing kit with size 9 capsules.  The formulations and vehicles evaluated are 

listed in Table 5.2. 
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Table 5.2: Dosage form and vehicle for pharmacokinetic studies 

Dosing 
Group Dosing Vehicle Dosage Form Image 

1 
Immediate Release 

(conventional)  
Size 9 Capsules 

Amorphous solid 
dispersion 
minitablets 

 

2 
Delayed Release  

(Eudragit L100-55 coated) 
Size 9 Capsules 

EC-coated 
amorphous solid 

dispersion 
minitablets 

 

 

The capsules containing EC-coated minitablets were coated with the 

enteric polymer Eudragit L100-55 by dip coating the capsules in a 10% w/v 

solution in isopropyl alcohol utilizing a Torpac capsule coating kit.  Following 

dosing of each formulation (six rats per formulation), blood samples were 

collected at 0, 0.25, 0.5, 1, 2, 4, 8, and 24 hours and sodium heparin was used 

as an anticoagulant.  50 μL of sample was added to 10 μL of 50:50 

acetonitrile:water and mixed in a 96 well plate.  150 μL of acetonitrile containing 

100 ng/ml of Ritonavir internal standard was then added, vortexed, capped, and 

centrifuged at 3000 RPM for 5 minutes.  Samples were then analyzed with a 

LC/MS method qualified from 2000 to 1 ng/ml.  Pharmacokinetic parameters 

were determined using Phoenix 64 WinNonlin (v6.4). 

5.3.10 Necropsy study 

For the dosing group in which EC-coated minitablets were delivered in an 

enteric-coated capsule, four additional groups of rats (n=3 per group) were 

dosed and then euthanized at 0.5, 1, 2, and 4 hours to evaluate capsule release 
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and mucoretentive properties in vivo.  Following euthenization, the 

gastrointestinal tract of each rat was harvested and the location of the 

minitablets was recorded.  Representative digital images were taken for each 

group. 

5.4 RESULTS 

5.4.1 KinetiSol processing of amorphous dispersions 

KSD processing profiles for each of the batches are shown in Figure 5.1.  

Total residence times ranged from ~7 to 37 seconds.  The longest was with the 

lowest itraconazole loading (10%), which required a second processing stage at 

3000 RPM to generate enough friction to reach the ejection temperature 

setpoint.  The remaining dispersions were processed in under 15 seconds at 

2800 RPM, with residence time decreasing as drug loading increased. 
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Figure 5.1: KinetiSol Dispersing processing profiles.  Only the lowest drug 
loading of 10% ITZ required a higher rotation speed.  An ejection 
temperature setpoint of 105°C (inset label) was used for all batches. 

5.4.2 Physicochemcial characterization of dispersions 

The potency of milled KSD dispersions was assayed by HPLC, with all 

batches averaging between 90 and 100% theoretical label claim (<3% RSD), 

with no observed process degradation.  Milled dispersions were further 

investigated by solid-state techniques to assess the physical form of 

itraconazole.  The PXRD diffractograms of the processed dispersions are shown 

in Figure 5.2.  Each of the processed dispersions display a halo characteristic of 

an amorphous dispersion lacking any characteristic peaks associated with 
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crystalline itraconazole.  The PXRD diffractograms of crystalline itraconazole, 

Carbopol 71G, and a physical mixture of itraconazole and Carbopol 71G (1:9 

ratio) are provided in Supplemental Figure 5.12.  In the mDSC thermograms 

shown in Figure 5.3, however, a small melt endotherm corresponding to 

crystalline itraconazole is observed in the 40% itraconazole loaded dispersion, 

indicating some trace crystallinity.  For reference, the mDSC thermograms of 

crystalline itraconazole, Carbopol 71G, and a physical mixture of the two (1:9 

ratio) are provided in Supplemental Figure 5.13.  In lieu of further processing 

studies, the 40% drug loading dispersion was not characterized further due to 

the residual crystallinity. 

 

 

Figure 5.2: Powder X-Ray diffractograms of processed dispersions with 
itraconazole:Carbopol 71G ratios of 1:9, 1:4, 3:7, and 2:3. 
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Figure 5.3: Modulated differential scanning calorimetry thermograms of 
processed dispersions with itraconazole:Carbopol 71G ratios of 1:9, 
1:4, 3:7, and 2:3. 

5.4.3 Impact of drug loading on contact angle and mucoadhesion to 
intestinal mucosa 

The impact of drug loading on the relative hydrophilicity or wettability of 

physical mixtures and processed dispersions were compared to pure Carbopol 

71G using a goniometer as shown in Figure 5.4.  As expected, Carbopol is 

rather hydrophilic, exhibiting a contact angle of ~55°.  As the amount of 

hydrophobic itraconazole is added in a mixture, the contact angle with water 

increases to a range of ~68 to 77° as drug loading increases from 10 to 30%.  

The contact angle further increases to >90° in the processed samples, which is 
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attributed to the homogenous distribution of itraconazole relative to physical 

mixtures. 

 

 

Figure 5.4: Contact angle measurements of pure Carbopol, physical mixtures of 
itraconazole and Carbopol (10, 20, and 30% drug load), and 
processed dispersions of itraconazole and Carbopol (10, 20, and 
30% drug load).  A representative contact angle image for each 
sample is inset to the corresponding sample bar.  Bars are mean 
±SD (n=3). 

The work of adhesion between compacts and the mucosa of freshly 

excised porcine intestine was measured over the course of 2 hours for pure 

Carbopol and processed dispersions (10 to 30% drug load) as shown in Figure 

5.5.  These samples were found to be mucoadhesive to intestinal mucosa with 

as little as 15 min incubation time.  The pure Carbopol and the 10% drug load 

dispersion exhibited the highest adhesion over two hours with averages ranging 

from ~6 to 14 kPa*s.  The average work of adhesion for the 20 and 30% drug 
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load dispersions were lower, ranging between ~3.7 and 4.7 kPa*s, but were still 

nearly an order of magnitude greater than the 0.5 kPa*s measured for a non-

mucoadhesive ethylcelluose compact (incubated for 30 min.).  As a baseline, the 

work required to lift a dry compact from a flat surface was ~0.35 kPa*s.  

Additionally, the average maximum force recorded for the Carbopol and the 

processed dispersions ranged from 100 to 200 mN across all time points, which 

were more than an order of magnitude greater than the ethylcellulose and dry 

compact forces. 

 

 

Figure 5.5: Work of adhesion between compacts and excised porcine intestinal 
mucosa for Carbopol and processed dispersions (10 to 30% drug 
load).  Compacts were incubated with intestines in simulated 
intestinal fluid at 37°C from 15 min to 2 hr.  An ethylcellulose 
compact was incubated for 30 minutes under similar conditions as a 
negative control, and a dry compact was lifted from a flat base as a 
baseline for weight.  Bars are mean ±SD (n=3). 
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5.4.4 Supersaturation performance of amorphous dispersions 

Non-sink, pH-shift dissolution testing was performed with the processed 

dispersions in order to evaluate supersaturation maintenance across GI transit 

conditions relative to a negative control (a 20% crystalline drug load physical 

mixture), as shown in Figure 5.6.  As expected, the amorphous dispersions 

released at a faster rate in the acid phase compared to the crystalline 

dispersion.  The pH-shift after 30 minutes induces supersaturation, which is 

maintained between 45 minutes and 2 hours for all of the amorphous 

formulations.  Beyond two hours, however, the Carbopol-based formulations 

trend to lower concentrations, particularly with increasing drug loads.  This is 

evident in the 30% drug load composition, which approaches the equilibrium 

itraconazole concentration observed with the 20% drug load physical mixture 

composition.  This was expected, as the Carbopol would not act as a 

precipitation inhibitor as it is insoluble and supersaturation maintenance in the 

aqueous environment is not the intended mechanism for these dosage forms.  

Still, the advantage of molecularly dispersing itraconazole in the matrix relative 

to a physical mixture is realized in terms of drug release rate. 
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Figure 5.6: Non-sink, pH-shift dissolution results for 100 mg of Itraconzole in 
processed KSD amorphous dispersions (10 to 30% drug load), and 
a 20% crystalline drug load physical mixture.  Powder was added to 
30 ml of 0.01N HCl for the first 30 minutes, followed by addition of 
120 ml of FaSSIF in pH 6.8, 80 mM phosphate buffer.  Each time 
point is the mean concentration ±SD (n=3). 

5.4.5 Preparation of mucoadhesive minitablets 

Minitablets were prepared for further in vitro and in vivo testing utilizing 

the 30% drug load dispersion.  This drug load was selected since it was the 

highest drug load processed without measurable residual crystallinity and 

exhibited acceptable mucoadhesion in vitro.  Tablets were compressed to 2 mm 

in diameter, and a portion of the compressed tablets was coated on all side but 

one as shown in Figure 5.7.  A 2 mm diameter tablet (i.e. minitablet) was chosen 

to enable dosing in rats with a size 9 capsule (diameter of 2.7 mm).  Cross 

sections of the EC-coated and uncoated minitablets were imaged by X-Ray 

Computed Tomography as shown in Figure 5.7 C and D.  The ethylcellulose 
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coating layer was determined to be ~ 175 μm thick on the backside of the tablet 

and notably thinner on the sides (~75 μm) based on a 2.5 μm pixel resolution in 

the raw image. 

 

 

Figure 5.7: Digital images of A) uncoated tablets and B) coated tablets in 
reference to a penny and filled (n=6) into a size 9 capsule.  X-Ray 
Computed Tomography cross-section images of C) uncoated and D) 
coated tablets. 

5.4.5 in vitro drug release from minitablets  

The concentration-time profiles from the drug release studies are shown 

in Figure 5.8, with a sustained release profile over ~ 8 to 12 hours observed for 

both the uncoated and EC-coated minitablets.  As summarized in Table 5.3, the 

rate and extent of drug release was greatest for the uncoated amorphous 

minitablets, which were able to swell and hydrate more rapidly, followed by the 

EC-coated amorphous minitablets.  The release rates from the amorphous 

dispersions were about 5x greater than the rate of a tablet compressed from a 
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physical mixture of crystalline itraconazole and Carbopol, demonstrating the 

benefit of molecularly dispersing itraconazole within the Carbopol matrix.  For 

the EC-coated minitablets, dissolution studies were performed for both the drug 

release side and the EC coated side of the tablet.  The EC coating was able to 

retard drug release, with the release rate increasing after ~4 hours when the 

integrity of the coating was compromised due to swelling of the Carbopol 

matrix.  The area under the dissolution curve in Table 5.3 is calculated for the 

first 6 hours as this was considered to be approximately the maximum 

biorelevant transit time in rats [36], and the dissolution rate was similarly 

calculated for the approximate maximum for a select region between 0 and 6 

hours. 
  



 

 151 

 

 

Figure 5.8: Single tablet face dissolution profiles of crystalline EC-coated 
minitablets (n=3), amorphous uncoated minitablets (n=2), 
amorphous EC-coated minitablets, active side (n=3), and 
amorphous EC-coated minitablets coated side, (n=3).  Error bars are 
± SD and shown only every hour for clarity.  Representative photos 
of test side of tablet shown for illustrative purposes. 
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Table 5.3: in vitro Minitablet Dissolution Study Results 

 Dissolution Rate 
(μg/cm2.min) 

AUC0-360m  
(hr.μg/ml) 

Uncoated amorphous 
minitablets 

23.00  ± 9.7  
(120 – 240 min) 4,001 ± 1447 

EC-coated amorphous 
minitablets (active side) 

21.99 ± 7.36 
(200 – 300 min) 2,324 ± 439 

EC-coated amorphous 
minitablets  

(EC-coated side) 
6.04 ± 5.18 

(200 – 300 min) 708 ± 603 

EC-coated crystalline 
minitablets (active side) 

4.22 ± 1.18 
(200 – 300 min) 482 ± 61 

 

5.4.6 Pharmacokinetic performance of mucoadhesive minitablets 

The plasma concentration time profiles of uncoated and EC-coated 

minitablets are shown in Figure 5.9 and pharmacokinetic parameters (Cmax, Tmax, 

AUC0-24) are shown in Table 5.4.  Following oral dosing of the uncoated 

minitablets, maximum plasma concentrations (average of 148 ± 68.9 ng/mL) 

were observed between 2 and 4 hours post dosing.  The average half-life was 

11.2 hours and the average exposure based on the dose normalized AUClast was 

90.4 ± 48.7 hr*kg*ng/mL/mg.  For the delayed release EC-coated minitablets, 

maximum plasma concentrations (average of 48.1 ± 44.4 ng/mL) were observed 

between 2 and 8 hours post dosing.  The average half-life was 8.55 hours and 

the average exposure based on the dose normalized AUClast was 28.4 ± 30.9 

hr*kg*ng/mL/mg.   
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Based on the average dose normalized AUClast values, higher exposure 

was observed following dosing of the uncoated minitablets, which were ~ 3 

times greater compared to the coated minitablets. The rank order between the 

uncoated and EC-coated minitablets in the pharmacokinetic study and the in 

vitro study were consistent.  For the EC-coated minitablets delivered via enteric-

coated capsules, quantifiable plasma concentrations were delayed for 2-4 hours 

post dosing compared to 1 hour post dosing for the uncoated minitablets 

delivered via immediate release capsules, indicating that the minitablets 

released ITZ in the small intestines as intended. 

 

 

Figure 5.9: Plasma concentration time profiles in rats (n=6 per test article) of 
uncoated minitablets and EC-coated minitablets, delivered in size 9 
capsules.  Capsules containing EC-coated minitablets were enteric 
coated for delayed release in the small intestine. 
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Table 5.4: Pharmacokinetic parameters 

Dosage 
Form 

Dosing 
 Vehicle 

Cmax 
(ng/ml) 

Tmax 
(hr) 

AUC0-24 
(hr.kg.ng/ml/mg) 

Uncoated 
minitablets IR capsule 148.0 ± 68.9 4.00 ± 2.19 90.4 ± 48.7 

EC-coated 
minitablets 

 

Delayed 
release 
capsule 

48.1 ± 44.4 4.67 ± 2.73 28.4 ± 30.9 

 

5.4.7 Necropsy studies in rats 

For the EC-coated minitablets delivered in an enteric-coated capsule, 

satellite groups of rats were utilized to investigate the location and behavior of 

minitablet release and mucoadhesion for 4 hours post-dosing.  At 30 minutes 

and 1 hour tablets were found contained in intact enteric-coated capsules within 

the stomachs of each rat, as represented in Figure 5.10.  At 2 and 4 hours, 

minitablets were found released from the capsule in the more distal region of the 

small intestines, as represented in Figure 5.11.  This data confirms that the 

minitablets were successfully released from the enteric-coated capsule upon 

transition from the stomach to the small intestine between 1 and 4 hours post-

dosing, which agrees with the lag time observed in the pharmacokinetic studies.  

One benefit of dosing rats with minitablets with a color coating is that they were 

readily identified during necropsy, in comparison to a mucoadhesive granule or 

powder dosage form.  For the minitablets found in the intestinal compartment, 

the mucoadhesive face (non EC-coated face) of the tablet was adhered to 

intestinal mucosa, as found and highlighted in the subsequent figures during the 

dissection process. 
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Figure 5.10: Representative necropsy images for 30 minutes and 1 hour post-
dosing of enteric coated capsules containing EC-coated minitablets.  
The capsule was found to remain intact in the stomach (identified 
within the highlighted region of the photo). 
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Figure 5.11: Representative Necropsy images 2-hours and 4-hours post-dosing 
of enteric coated capsules containing coated EC-coated minitablets.  
The minitablets were released from the capsule in the more distal 
region of the small intestine of the rat and adhered to the intestine.  
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5.5 DISCUSSION 

In this study, we have shown that binary amorphous dispersions of 

itraconazole and Carbopol could be processed that exhibit quantifiable 

mucoadhesion in vitro to freshly excised porcine intestine and qualitative 

mucoadhesion in vivo in rats, with sustained delivery of itraconazole.  We’ve 

also shown that delivery of minitablets could be targeted to the rat small 

intestines via enteric-coated capsules, as others have previously shown for 

delivery of macromolecules via similarly designed mucoadhesive 

minitablets/patches [16].  However, while rats served as a good model that 

could be readily and cost effectively sacrificed to investigate mucoadhesive 

properties post-mortem, the model presented limitations to fully evaluating the 

mucoretentive and pharmacokinetic performance of such systems.  First, the 

gastrointestinal fluid volume for fasted rats has been reported to be ~3.2 ± 1.8ml 

[37].  This volume is much lower than any volumes used in our in vitro 

dissolution studies and may not be sufficient to fully hydrate the Carbopol 

matrix, thereby slowing the release rate of the drug from the matrix.  The impact 

of low fluid volume may have been even greater for the minitablets delivered in 

enteric-coated capsules.  In the necropsy studies, the delayed release 

minitablets were found in the distal region of the rat small intestine.  The mean 

pH in the rat small intestines is ~5-6 [37], which is lower than humans and other 

species [38, 39].  The ionization constant of the enteric polymer used, Eudragit 

L100-55, is within this range and may have only been partially ionized, thereby 

delaying the dissolution of the capsule until it reached the distal region of the 

small intestine.  The delayed release to the more distal regions of the small 

intestines, where fluid volumes are even lower compared to the stomach or 
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proximal small intestine, may have further limited the overall exposure of 

itraconazole from the EC-coated minitablets relative to the pharmacokinetic 

performance of the minitablets delivered in a conventional immediate release 

capsule.  These factors are likely to limit overall exposure in comparison to a 

larger animal model or humans. 

This study demonstrated that binary ASDs of itraconazole and Carbopol 

could be processed by thermokinetic processing.  Previous attempts to process 

Carbopol by other common manufacturing methods such as HME and spray 

drying have been limited.  Spray-dried particles containing predominantly 

Carbopol have been manufactured [40, 41], but often require solution 

concentrations below 1% w/v in order to achieve an acceptable solution 

viscosity, which may be throughput limiting for clinical or commercial 

pharmaceutical production.  Similarly, due to the high molecular weight and 

cross-linking, Carbopol does not soften enough to enable extrusion processing 

without the aid of a plasticizer such as injected water [41, 42] or triethyl citrate 

[34].  In the present study, we have demonstrated that amorphous binary 

dispersions could be produced with Carbopol loadings as high as 90%.  From a 

patient compliance standpoint, higher drug loadings and lower pill burden are 

preferred, and amorphous dispersions with as high as 30% itraconazole were 

produced.  Trace crystallinity was observed by mDSC in the 40% drug load 

dispersion, though it may have been possible to render this composition 

completely amorphous with more aggressive processing conditions (higher 

ejection temperature and/or rotation speed), however, this was not investigated. 

Preserving adhesion to intestinal mucosa relative to pure Carbopol was 

essential for the processed dispersions.  The mechanisms of mucoadhesion 
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have been reported elsewhere extensively [22, 43] and an exhaustive review will 

not be provided here.  Briefly, mucoadhesion between a polymer such as 

Carbopol and a mucous membrane is primarily driven by interpenetration of 

polymer chains via diffusion with supplementary non-covalent interactions (e.g. 

hydrogen bonding) [43-45].  Hydration of the polymer chains within the dosage 

form is a prerequisite for chain mobility and entanglement, thus the 

incorporation of a high loading of hydrophobic drug was an initial concern as 

observed in the contact angle studies, which showed poor wettability of the 

itraconazole-Carbopol compacts.  However, the in vitro mucoadhesion 

experiments showed that sufficient hydration occurs rapidly relative to 

biorelevant transport times, with adhesion observed in as little as 15 minutes.  In 

fact, the inclusion of hydrophobic drug and/or the addition of a hydrophobic 

coating layer on all but one surface may actually be beneficial since excess 

hydration can lead to a decrease in mucoadhesion or overall retention times 

[46]. 

Processed dispersions were further characterized for their performance in 

maintaining supersaturation in a non-sink pH-shift dissolution test.  Given 

Carbopol is insoluble in water, it was anticipated that any supersaturation 

induced by the pH-shift from acidic to neutral conditions would be dependent 

on the itraconazole recrystallization rate, as suspended Carbopol would not be 

expected to act as a robust polymeric precipitation inhibitor.  Itraconazole was 

observed to maintain supersaturation for ~90 minutes after the pH-shift, but 

then trended to lower concentrations, particularly at higher drug loadings, in the 

Carbopol-based dispersions.  Since supersaturation maintenance was not the 

primary objective of the Carbopol-based formulations, the highest drug loading 
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(i.e. 30%) was further developed into minitablets for additional in vitro and in 

vivo testing. 

In previously reported studies evaluating mucoadhesive dosage forms for 

GI delivery, poor adhesion was observed due to the large mass of the dosage 

form and the effect of shear stresses and mucous turnover [43].  In this study, 

we hypothesized that delivering a plurality of minitablets to achieve the desired 

dose may increase the probability of success, though rat is not the appropriate 

model to fully evaluate this.  Based on the promising results obtained in this 

study, the next logical step would be to evaluate these minitablets in a larger 

animal to confirm that mucoretention can be sustained for a time period that 

matches the total duration of drug release.  Minitablets containing amorphous 

drug showed an enhancement in the rate of drug release relative to a minitablets 

containing crystalline itraconazole in vitro, enabling a more moderate release 

rate for a poorly soluble drug, but further adjustments in geometry or formulation 

may be needed if retention times are much shorter than the duration of drug 

release in order to maximize overall exposure. 

5.6 CONCLUSION 

We have reported the first case of processing binary amorphous 

dispersions with Carbopol as the matrix polymer without the aid of a plasticizer 

via thermokinetic mixing.  Proof of concept was shown for the delivery of 

mucoadhesive minitablets to provide sustained delivery of a poorly soluble drug 

when formulated as an ASD. The Carbopol-based ASDs exhibited 

mucoadhesive properties in vitro and in vivo and provided sustained release of 

itraconazole over several hours.  Rats served as an efficient model for a 
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preliminary evaluation of mucoadhesion and absorption, which was 

demonstrated in our binary system of Carbopol and itraconazole. 
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5.7 SUPPLEMENTAL FIGURES 

 

 

Figure 5.12: Powder X-Ray diffractograms of itraconazole, Carbopol 71G, and a 
physical mixture of itraconazole and Carbopol 71G (1:9 ratio). 
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Figure 5.13: Modulated differential scanning calorimetry thermograms of 
itraconazole, Carbopol 71G, and a physical mixture of itraconazole 
and Carbopol 71G (1:9 ratio). 
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Chapter 6:  Concluding Remarks 

6.1 DISSERTATION CONCLUSION 

Several strategies have been investigated over the last decade to 

thermally process amorphous solid dispersions with a wider range of polymers.  

In this dissertation, thermokinetic-mixing technology (i.e. KinetiSol Dispersing) 

was utilized to process high molecular weight grades of polymers (e.g. 

hydroxypropyl methylcellulose E15 and E50; polyvinylpyrrolidone K30, and K90), 

semi-crystalline polymers (e.g. polyvinyl alcohol 4-88), and cross-linked 

polymers (e.g. Carbopol 71G), without the aid of a plasticizer.  All of these 

polymers would be difficult or impossible to thermally process by other common 

methods due to their viscoelastic properties.  Both the processing method, and 

the resulting formulation compositions, were demonstrated to overcome several 

challenges often observed in the pharmaceutical development of poorly water 

soluble drugs, including the ability to formulate higher drug load dispersions, 

prevent drug recrystallization in the solid and solution states, and modify the 

release profile of an orally administered drug.  Additionally, the ability to process 

mucoadhesive polymers such as Carbopol 71G enabled proof-of-concept 

studies for novel dosage forms that adhere to the intestinal mucosa to provide 

sustained drug delivery. 
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