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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 technol-
ogies, such as hot-melt extrusion (HME), are often limited by thermal or rheological factors. The
objectives of the present study were 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 polyvi-
nylpyrrolidone (PVP) K17 or hydroxypropyl methylcellulose (HPMC) E5. Dispersions were only pre-
pared by KSD using higher molecular weight grades of HPMC and PVP, as these could not be extruded
under the conditions selected. Powder X-ray diffraction (PXRD) analysis showed that dispersions pre-
pared by HME were amorphous at 10% and 20% drug load; however, it 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.

KEY WORDS: griseofulvin; hot-melt extrusion; hydroxypropyl methylcellulose; KinetiSol® Dispersing;
polyvinylpyrrolidone.

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
and the use of pH modifiers, salts, co-crystals, pro-drugs, cyclodex-
trins, lipids, surfactants, self-emulsifying drug delivery systems,
mesoporous drug delivery carriers, and amorphous solid disper-
sions (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 the manufacture of amorphous solid dispersions (13).
Spray drying consists of (a) preparation of a feed solution or
suspension and (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
spraydrying is the need touse solvent systems.Organic solvents are
flammable, toxic, and costly; therefore, processing with these sys-
tems requires 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 the International Conference on Harmonisation (ICH) re-
quirements, 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
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E50, is limited as viscous feed solutions cannot be properly atom-
ized (15).

HME is a process adapted from the plastics industry consisting
of (a) feeding of rawmaterials (b) conveying, mixing and softening
or melting via rotating screws, and (c) shaping, usually through a
die and/or calendaring system. The modular setup 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 continues to be a challenge
due to energy input required during HME to produce an amor-
phous final product (17,18). Additionally, higher molecular weight
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 prod-
uct glass transition temperature (19–22).

KinetiSol® Dispersing (KSD) is a fusion-based technolo-
gy 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 expo-
sures to elevated temperatures. KSD has been shown to pro-
duce single-phase ASDs and improved supersaturation
properties than those prepared by HME (24–26). The shorter
processing times have proved advantageous for thermally la-
bile 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 (28).

The objective of this study was to evaluate the processing
and stability of ASDs produced with polymers of increasing
molecular weight. Polyvinylpyrrolidone (PVP) and hydroxy-
propyl methylcellulose (HPMC) of increasing molecular
weight were utilized as the carrier polymers and recrystalliza-
tion inhibitors. Griseofulvin (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 (31–33). ASDs
of increasing drug load were prepared by HME, if possible,
and by KSD. Processed samples were characterized by mi-
croscopy, X-ray CT, and SEM to compare the physical appear-
ance and structure of monolithic and milled dispersions.
Powder X-ray diffraction (PXRD), modulated differential
scanning calorimetry (MDSC), Fourier-transform infrared
spectroscopy (FT-IR), and Fourier-transform Raman spec-
troscopy (FT-Raman) were used to detect crystallinity and
FT-IR, and FT-Raman were additionally used to investigate
drug-polymer interactions. Samples were placed in open-dish,
stability conditions to assess stability over time.

MATERIALS AND METHODS

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% hy-
droxypropyl groups (34). Kollidon® K17, K30, and K90F
grades of polyvinylpyrrolidone (PVP) were donated by BASF
The Chemical Company (Florham Park, NJ, USA). The ap-
proximate glass transition temperatures and molecular
weights of the HPMC and PVP grades studies are provided
in Table I (34–36). 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, tetrahydrofu-
ran, and water were purchased from Fisher Scientific (Pitts-
burgh, PA, USA).

Blending

Appropriate amounts of GRIS and polymer according to
the formulations listed in Table II were placed in 500 mL or
1 L HDPE bottles, manually mixed for 30 s, and passed
through an 18 mesh (1-mm opening) or smaller sieve for
deagglomeration. Sieved materials were then blended for
5 min using the Turbula® T2F blender.

Hot-Melt Extrusion

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×GRA3-20-30, 4×GFA3-15-30, 3×GFA3-10-30, 2×KB73-
15-30°, 1×GRA3-20-30, 1×GFA3-15-30, 1×GFA3-10-30. Ex-
trusion temperature profiles for each of the extruded polymer
formulations are reported in Table III. Other polymer formu-
lations were unable to be extruded due to the high viscosity of
the polymers resulting in high torque alarms and high pres-
sures, even with the die removed.

KinetiSol® Dispersing

KSD samples were prepared in a KinetiSol® compound-
er, 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 controlled maximum rotational speed of 1800–

Table I. Properties of Studied Polymers

Polymer Grade Tg Molecular weight (g/mol)a

HPMC E5 170–180 28,700
HPMC E15 170–180 60,300
HPMC E50 170–180 86,700
PVP K17 138 9000
PVP K30 149 50,000
PVP K90 156 1,250,000

HPMC hydroxypropyl methylcellulose, PVP polyvinylpyrrolidone
aWeight-average molecular weight
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2500 rpm for PVP formulations and 2800 rpm for HPMC
formulations with an online control module. Through a com-
bination of high frictional and shearing forces imparted by the
rotating blades, without the use of external heat, the temper-
ature 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 be-
tween two plates. Thermal processing conditions are listed in
Table IV.

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 configura-
tion at 8000-rpm impellor speed with a 0.033” round-hole
screen. HPMC HME samples were milled in the knives con-
figuration, also at 8000 rpm with the 0.033” round-hole screen.
HPMC KSD samples were milled using the knives configura-
tion 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.

Optical 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 ×20 zoom using Leica
application suite 3.4.0. Samples containing 20% GRIS in PVP
K17 or HPMC E5 were chosen for analysis to directly com-
pare processing methods.

X-Ray Computed Tomography

For micro-CT imaging, monolithic samples (pre-milling)
of HME and KSD processed material with a diameter of
approximately 2 mm 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: ×10 objective, 50 kV, 10 W, 5 s 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], and recon
filter smooth (kernel size=0.5). Samples containing HPMC
were scanned using the following parameters: ×10 objective,

Table II. 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

GRIS griseofulvin, PVP polyvinylpyrrolidone, HPMC hydroxypropyl methylcellulose

Table III. 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

PVP polyvinylpyrrolidone, HPMC hydroxypropyl methylcellulose

Table IV. 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

PVP polyvinylpyrrolidone, HPMC hydroxypropyl methylcellulose
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70 kV, 10 W, 3.75 s acquisition time, detector 8 mm, source
−37 mm, camera bin 2, angles ±180, 721 views, no filter. They
were reconstructed with beam hardening correction 0, byte
scaling [−80, 470], and recon filter smooth (kernel size=0.5).

Scanning Electron Microscopy

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 adhe-
sive tape and sputter coated with a 12-nm 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 oper-
ated at an accelerating voltage of 5 kV.

Powder X-Ray Diffraction

PXRD analyses were conducted using Bruker-D8 diffrac-
tometer (Billerica, MA, USA) equipped with CuKα radiation
(1.54 Å) 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 2 s 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, Billeri-
ca, MA, USA).

Modulated Differential Scanning Calorimetry

MDSC was utilized to determine the presence of crystal-
line GRIS and/or the glass transition temperatures of pre-
pared 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 min to remove residual moisture. Samples were then
equilibrated at 25°C and then heated to 250°C at a ramp rate
of 5°C/min with a modulation amplitude and period of 1°C
and 60 s, 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.

Fourier-Transform Infrared Spectroscopy

The FT-IR spectrum of crystalline griseofulvin, amor-
phous 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 be-
tween 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, Wal-
tham, 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.

Fourier-Transform Raman Spectroscopy

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 0.4 W, 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 per-
formed with OMNIC™.

Potency Testing

Aliquots of solid dispersions were weighed and accurate-
ly 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 “High-Performance Liquid Chromatogra-
phy” section) to produce a final theoretical concentration of
0.125 mg/mL. The diluted samples were then filtered through
0.22 μm 13-mm Millex-GV PVDF filters (Millipore, Billerica,
MA) and immediately transferred to 2-mL high-performance
liquid chromatography (HPLC) vials for analysis.

High-Performance Liquid Chromatography

GRIS content was analyzed with a Thermo Scientific
Dionex UltiMate 3000 HPLC system (Thermo Scientific, Sun-
nyvale, CA, USA) based on the USP Assay method for gris-
eofulvin tablets. An Ultimate 3000 Autosampler was utilized
to consistently inject 20-μL samples. The HPLC system also
included dual UltiMate 3000 Pumps and an UltiMate RS
Variable Wavelength Detector. The system was operated un-
der isocratic conditions with a water, acetonitrile, and tetra-
hydrofuran (60:35:5) mobile phase, with a flow rate of 1 ml/
min. Injections were passed through a Dionex Acclaim® 120
C18 reverse phase column, 4.6×250 mm, 5-μm packing (Ther-
mo Scientific, Sunnyvale, CA, USA), and absorbance at a
wavelength of 254 nm was measured. The column was kept
at 25°C. Chromeleon Version 6.80 software (Thermo Scientif-
ic, Sunnyvale, CA, USA) was used to process all chromatog-
raphy data.

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 min.
Weight loss (%) was analyzed using STARe software
(Columbus, OH, USA).
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Stability Studies

Solid dispersions were allocated into 20-mL glass scintil-
lation vials, approximately 5 g per vial, labeled accordingly
and placed, open dish, in stability conditions for 6 months.
Stability conditions were prepared using saturated salt solu-
tions and/or ovens to produce the following conditions: 25°C
(Drierite desiccant), 25°C/60%RH, and 40°C (Drierite desic-
cant), 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.

RESULTS

Processing and Appearance

Dispersions using PVP K17 and HPMC E5 were proc-
essed 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 extrud-
ed. 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 (Fig. 1, top row), X-
ray CT (Fig. 1, middle row), and SEM (Fig. 1, bottom row). As
shown in Fig. 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 proc-
essed 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 phys-
ical appearance observations is provided in Table V. In refer-
ence to color, the top row of Fig. 1 provides an example of
yellow, off-white, dark brown, and light brown, respectively,
from left to right.

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 com-
positions was confirmed using PXRD. Most compositions
were amorphous with the exception of the 40% drug load
HME formulations using PVP K17 and HMPC E5
(Fig. 2a, c); additionally, trace crystallinity was also seen in
the 40% drug load KSD formulations using PVP K17 and PVP
K30 (Fig. 2b).

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 formula-
tions using PVP K17, as well as a very trace melt endotherm
for the 40% 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

Fig. 1. Stereo microscopy (top row), X-ray computed tomography (middle row), and
scanning electron microscopy (bottom row) images of amorphous solid dispersions contain-
ing 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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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 VI, including the glass
transition temperature measured at the inflection point, the
maximum endotherm temperature, if present, in reversing
heat flow measurements, and the presence of a broad
exotherm just prior to the melt endotherm in non-reversing
heat flow.

Crystalline and amorphous GRIS was analyzed by FT-IR
and FT-Raman as shown in Fig. 3a, b, respectively. In FT-IR,
peak broadening is observed in the two carbonyl stretching
regions at ~1712 and ~1662 cm−1 for the benzofuran ring and
cyclohexane, respectively (37). Additionally, the triplet at
~1600 cm−1 becomes a doublet in the amorphous form and
several other doublet peaks such as those at ~1210 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 (38).

The FT-IR spectra of amorphous GRIS, polymers, and
processed dispersions are shown in Fig. 4. The carbonyl group
of PVP is observed at ~1670 cm−1, and the combination bands
attributed to C–O stretching and 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 Fig. 3 that are distinguishable in the
processed dispersion are observed to shift in relation to in-
creasing 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.

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 Fig. 5. Again, features corre-
sponding to crystalline GRIS can be observed in the 40% drug
load dispersions prepare by HME such as the doublet peak at
~640 cm−1.

Stability

After 6 months in open-dish stability conditions, all for-
mulations were physically and chemically unchanged, with no
increase in peak intensity by PXRD and no observed degra-
dation peaks in HPLC (data not shown). Representative
PXRD profiles of each of the dispersions stored at the most
aggressive conditions (40°C/43%RH) are shown in Fig. 6. No
significant increases in peak intensity are observed compared
to the initial analysis (Fig. 2), despite moisture contents of 8%
to 12% for PVP compositions and 1% to 3% for HPMC
compositions as measured by TGA.

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 mo-
lecular weights (39–41). 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

Table V. 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 +

PVP polyvinylpyrrolidone, HPMC hydroxypropyl methylcellulose, HME hot-melt extrusion, KSD KinetiSol® Dispersing
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molecular weight polymers can aid in preventing nucleation
and crystal growth in a supersaturated environment due to
increased viscosity and therefore decreased molecular mobil-
ity (12,28,42). 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 charac-
terized as a proton acceptor and has been shown to form
hydrogen bonds with other proton-donating polymers, such
as HPMC-aceta te succ inate (43) and poly [N - (2 -
hydroxypropyl)methacrylate] (44). 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 proc-
essed 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 (45).
Extrusion attempts with PVP 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 (46,47). Fousteris et al.
utilized Poloxamer 188 at 5% and 10% as a plasticizer with
PVP K30. This allowed HME processing at 120°C, approxi-
mately 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 signif-
icant reductions in die pressure at the lower processing tem-
perature evaluated. APIs with miscibility in a polymer can
also contribute a plasticizing effect on a formulation (48,49).
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
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Fig. 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 a (PVP K17) and c (HPMC E5). KSD processed dispersions of
PVPK30 ( ) and PVP K90 ( ) (from 10% to 40% drug load) in b and KSD processed dispersions of HPMC E15 ( ) and HMPC E50
( ) (from 10% to 40% drug load) in d. Areas of observed trace crystallinity are marked with arrows



in softening temperature was observed, allowing for HME
processing at temperatures around 150°C. Given the plastici-
zation effect of GRIS (Tg=~89°C, Tm=~220°C; (31)), as ob-
served 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 be to further evaluate
shear effects in extrusion processing by utilizing more aggres-
sive 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 (50). 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°C–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 (45,50). These ther-
mal and rheological limitations of certain high-viscosity poly-
mers are where KSD can provide a processing option.

All three PVP grades and drug 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 tempera-
ture was utilized for the PVP K90 40% drug load formulation,
as some browning of the polymer was observed at the

Table VI. 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 +

PVP polyvinylpyrrolidone, HPMC hydroxypropyl methylcellulose, HME hot-melt extrusion, KSD KinetiSol® Dispersing
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Fig. 3. FT-IR spectra of crystalline ( ) and amorphous ( ) griseofulvin in a and FT-Raman spectra of crystalline ( ) and amorphous
( ) griseofulvin in b. Notable regions of differential features between crystalline and amorphous drug are shaded



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 tem-
perature 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 amor-
phous sample, whereas the 40% PVP K17 sample was proc-
essed at the same conditions used for the 10% and 20% drug
load. By manipulating the processing speed and ejection tem-
perature, the processing of these formulations could be im-
proved further. As KSD allows for very short exposures to
high temperatures and is not limited by melt viscosity, modi-
fying 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 formu-
lations 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 (34,51). Although proc-
essed below 190°C, discoloration (darkening) was still ob-
served; 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 mecha-
nism 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 3 h (31). 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 discolor-
ation 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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Fig. 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 a (PVP K17) and c (HPMC E5). KSD processed dispersions of PVPK30 ( ) and
PVP K90 ( ) (from 10% to 40% drug load) in b, and KSD processed dispersions of HPMC E15 ( ) and HMPC E50 ( ) (from 10% to
40% drug load) in d. Features corresponding to crystalline drug are marked with arrows and regions of interest are shaded



The rheological and thermal properties of cellulosic poly-
mers were recently investigated, with no extrudable tempera-
ture range of neat HPMC E (6cps) below its degradation
temperature identified due to the high viscosity of the polymer
(52). Extrusion with HPMC has been previously conducted
with the low viscosity grades available (19,47,53) 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 (28,51).
Coppens et al. conducted thermal and rheological characteri-
zation 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 poly-
mers 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 ele-
ments on the screw configuration, showed significant darken-
ing 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 proc-
essed by KSD in this study. Ejection temperatures were set at
150°C for HPMC E5 and 160°C for HPMC E15 and E50,
10°C–20°C below Tg of the polymer. The processing speed
was set at 2800 rpm, higher than what was utilized for pro-
cessing the PVP formulations. The lower ejection temperature
and higher processing speed were utilized to reduce the dark-
ening that has been seen at temperatures as low as 175°C. The
darkening was significantly reduced when compared to the
HPMC E5 HME processed material (Fig. 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
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Fig. 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 a (PVP K17) and c (HPMC E5). KSD processed dispersions of PVPK30 ( ) and
PVP K90 ( ) (from 10% to 40% drug load) in b, and KSD processed dispersions of HPMC E15 ( ) and HMPC E50 ( ) (from 10% to
40% drug load) in d. Features corresponding to crystalline drug are marked with arrows



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 prob-
able 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 disper-
sions. The opacity in the KSD processed samples was deter-
mined 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 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 dissolu-
tion 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 (54).

The ability to process ASDs with higher molecular weight
polymers is advantageous, as it allows for increased stabiliza-
tion against recrystallization by the high-viscosity environ-
ment provided by these polymers (28,49,55,56). 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 (12,56) and during dissolu-
tion. 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 (57). Potentially, with further optimization in
screw design and increased shear rates, higher drug loads
could have been achieved by HME.

GRIS has been shown to undergo rapid crystallization
below and above the Tg of the drug (31,58); however, in this
study, ASDs were able to be prepared at 10% and 20% drug
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Fig. 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 a (PVP K17) and c (HPMC E5). KSD processed
dispersions of PVPK30 ( ) and PVP K90 ( ) (from 10% to 40% drug load) in b, and KSD processed dispersions of HPMC E15 ( ) and
HMPC E50 ( ) (from 10% to 40% drug load) in d. Areas of observed trace crystallinity are marked with arrows



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 6 months in
open-dish conditions, demonstrating the effectiveness of these
systems to prevent recrystallization even for a drug that is
known to rapidly crystallize.

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. Specifi-
cally, 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 amor-
phous 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 FT-IR and
FT-Raman showed no drug-polymer interactions. The ASDs
produced were shown to be stable for up to 6 months at
accelerated, open-dish conditions.
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