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This study investigates the effects of supercritical CO2 as a foaming agent on structure and physical
properties of hot melt extruded hydroxypropyl methylcellulose acetate succinate (HPMCAS)-itraconazole
(ITZ) amorphous solid dispersions (ASDs) with the aim of improving the milling efficiency and tablet-
ability of these ASDs. Two different grades of AFFINISOLTM HPMCAS, the standard grade (Std) and the
High Productivity grade (HP) were used. The HP-grade has a lower molecular weight, melt viscosity and
wider processing temperature range. Extrudates with different ITZ concentrations (0%, 20% and 40%) and
CO2 injection pressure of 100 and 200 bar were prepared.

The cellular microstructure of the foams showed that HP-grade HPMCAS had better affinity with the
CO2 resulting in better distribution of CO2. The results of DSC and X-ray diffraction analysis revealed that
the supercritical CO2 did not affect the amorphous state of the API in the extrudates. Milling efficiency of
the ASDs was significantly improved up to around 90% increase in the mass recovery. The tabletability of
the milled extrudates showed a considerable increase in tablet tensile strength. In addition, foaming
considerably improved the supersaturation of HP-grade ASD while showing minimal improvement in
dissolution behavior of the Std-grade material.

© 2020 American Pharmacists Association
®

. Published by Elsevier Inc. All rights reserved.
Introduction

It is currently estimated that up to 70% of newly-discovered
chemical entities in pharmaceutical pipelines and up to 40% of
already marketed products belong to BCS class II or IV with a
characteristic of being poorly water soluble compounds.1,2 As a
result of low solubility, the bioavailability of these active pharma-
ceutical ingredients (APIs) are significantly limited,3 therefore, the
efforts for development of novel processes for manufacturing of
oral solid dosage forms with enhanced bioavailability of the API has
been gaining traction. One of the most effective methods of
increasing the apparent solubility and bioavailability of poorly
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soluble APIs is the amorphous solid dispersion (ASD) technology.4

ASD is a blend of a polymer carrier in which the API is dispersed
at the molecular level to form a metastable system (or solid solu-
tion). While the existence of the drug embedded in polymer matrix
in amorphous and high energy state lowers the energy barrier for
dissolution process (spring effect), the polymeric carrier stabilizes
the supersaturated solution by preventing the precipitation and
recrystallization of the drug (parachute effect) which ultimately,
enhances the flux of the API across the intestinal mucus.5,6

Hot-melt extrusion (HME) is a well-known technique for prep-
aration of amorphous solid dispersions due to a number of ad-
vantages in comparison to other traditional processes of ASDs such
as high throughput, short process residence time, process design
flexibility in terms of process variables and screw profile, ease of
scale up and adaptability for in-line monitoring via process
analytical technology (PAT) tools.7 In addition, the absence of
organic solvents during the process has significant cost, environ-
mental and safety advantages. On other hand, there are some dis-
advantages associated with hot melt extrusion such as flowability
ghts reserved.



Table 1
Specifications of HP- and Std-Grade AFFINISOL HPMCAS.

Property AFFINISOLTM

HPMCAS 912
AFFINISOLTM

HP HPMCAS 912

Methoxy (wt%) 21-25 21-25
Hydroxypropyl (wt%) 5-9 5-9
Acetate (wt%) 7-11 7-11
Succinate (wt%) 10-14 10-14
Viscosity (mPa.s) 3 2
Molecular weight (kDa) 100-200 10-90
pH dissolution 6 6
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issues of polymer carriers during the process,8,9 high melting point
of the API and potential thermal degradation of thermally labile or
shear-sensitive APIs during the process.10 Depending on the mo-
lecular state of the active ingredient in the matrix carrier, HME can
be used to prepare amorphous solid dispersion, amorphous solid
solution and crystalline sold dispersion.11,12 With a proper knowl-
edge of the design space for the HME process, which could be
manifested in a diagram of energy input versus thermal history
(which itself correlates with residence time distribution and tem-
perature of the process), and selection of the process-tailored screw
profile, both high extreme conditions that leads to degradation of
polymer/API and low extreme conditions that leads to inhomoge-
neous polymer/API mixture could be avoided.13

The choice of the carrier polymer can drastically affect the
performance of amorphous solid dispersions prepared by HME.7,14

Typically, factors such as the glass transition temperature and melt
viscosity of the polymer, specific polymer-API interactions through
oppositely charged moieties or hydrogen bonding as well as the
physico-chemical properties and stability of the polymer have
significant implications on the process, performance and stability
of the final ASD products.15,16 Cowley et al 8 has provided a
comprehensive review of the thermoplastic polymers suitable for
HME. The most notable polymers used for HME process from in-
dustrial point of view are povidone, copovidone, hydroxypropyl
methylcellulose acetate succinate (HPMCAS) and methacrylate-
based polymer such as Eudragit® E100.17

One of the functional and efficient polymer carriers for HME pro-
cessingofASDs isHPMCAS.HPMCAS is a thermoplasticpolymerwitha
set of unique characteristics such as high Tg (around 120 �C) that
provides superior physical stability for the ASD, amphiphilic nature
that enables it to interact with awider range of hydrophobic APIs, and
colloidal stability in solution at pH>5 due to its charged molecular
state.18 These unique characteristics make HPMCAS a suitable poly-
meric carrier for ASDs prepared using melt extrusion process. How-
ever, there are a number of challengeswithHPMCAS basedASDsmost
notably its low milling efficiency and poor tableting behavior.19,20

Foam extrusion has traditionally been used in plastic industry
for a wide range of automotive, insulation, energy absorbing and
packaging applications.21,22 Plastic foams can be categorized into
three classes depending on the cell size as: macrocellular foams
(cell size>100 mm), fine-celled foams (10 mm<cell size<100 mm)
and microcellular foams (cell size<10 mm).23 Thermoplastic foam-
ing follows a two-step nucleation and growth mechanism. In
nucleation phase, thermodynamic perturbations result in creation
of new dispersed phase (bubble nuclei) which, if larger than the
size of a critical nuclei, will spontaneously grow into larger do-
mains. Upon releasing the pressure, the gas (foaming agent)
evaporates leaving behind the cellular morphology.24 Recently,
foaming process has been successfully utilized in pharmaceutical
HME process. Verreck et al 25,26 used both supercritical and pres-
surized CO2 as a reversible foaming agent and plasticizer in hot
melt extrusion of vinylpyrrolidone-vinyl acetate copolymers and
ethylcellulose 20 cps polymer. Lower extrusion temperatures were
achievable due to the plasticizing effect of CO2 that reduced the
melt viscosity of the polymers during the process. Ashour et al 27

studied the effects of pressurized CO2 as a foaming agent on Klu-
celTM hydroxpropyl cellulose (HPC) / Ketoprofen extrudates. It was
reported that foam extrusion considerably improved the API
release rate and tabletability of the extrudates in addition to
reduced tablet friability. Vo and coworkers28 used sodium bicar-
bonate as a dual-functional foaming agent and microenvironment
pH modulator in hot melt extrusion of HPMCAS/felodipine amor-
phous solid dispersion. They reported an 8-fold increase in super-
saturation solubility of the API and considerably enhanced API
dissolution in a two-step biorelevant medium.
In order to address the challenges of the HPMCAS amorphous
solid dispersions, this study aims at application of supercritical
(SC)-CO2 for foam extrusion of AFFINISOLTM HPMCAS-itraconazole
solid dispersions to improve the compaction and tabletability
properties, milling efficiency and dissolution rate of milled
HPMCAS/ITZ extrudates. A comparative study is conducted on the
role of CO2 injection pressure and the two grades of high and low
molecular weight HPMCAS carrier. Itraconazole (ITZ) is a highly
water insoluble drug (practical solubility of 1 ng/ml) with a parti-
tion coefficient of logP > 5 25. It is therefore, chosen as a model
insoluble API for the foam extrusion process.
Materials and Methods

Materials and Extrusion Process

Standard (Std) and high productivity (HP) grade AFFINISOLTM

HPMCAS was kindly supplied by DuPont Nutrition and Biosciences
(Midland, MI). The Characteristics of both grades are detailed in
Table 1. Itraconazole was obtained from Shenzhen Nexconn Phar-
maceutics (Shenzhen, China). Formulations are based on 0, 20 and
40 wt% of itraconazole and 1% of talc as a foam nucleating agent.
The samples are coded as “X%-Y” where X denotes the API content
and Y corresponds to the grade of the matrix polymer. “Control”
sample refers to the unfoamed extrudates.

The extrusion process was conducted on a Leistritz ZSE 18mm
HP twin screw extruder with 40:1 L/D ratio with the screw and
barrel temperature profiles as shown in Fig. 1. Note that for Std-
grade samples only 40% ITZ compositions were extruded. The
extruder consisted of 8-barrel zones with a preset temperature
profile as shown in Fig. 1 which was dependent on the grade of the
HPMCAS.

It is important to note that the lower die temperature was used
in HP-grade in order to prevent themelt collapse upon foaming due
to the lower viscosity of this grade. The extrduate should possess
enough melt elasticity and viscosity to withstand the internal
foaming pressure to prevent the collapse of the cellular structure.
Prior to the injection point of the SC-CO2 (zone 3), a combination of
neutral kneading elements with 90⁰ stagger angle and a reverse
GFA element was used to create a dynamic melt seal zone to pre-
vent the backflow of CO2 towards the feed. The SC-CO2 flow was
regulated using a Waters Thar model P high pressure pump at two
different injection pressures of SC-CO2 at 100 bars (denoted as
“lowP”) and 200 bars (denoted as “highP”) were used. Selection of
the CO2 pressurewas experimentally obtained. Pressure of 100 bars
was the minimum pressure that allowed for development of
foamed samples. It was then decided to increase to pressure to 200
bars so that a cellular foamed samples could be achieved while the
effect of different injection pressure could be studied. Further in-
crease in the pressure resulted in significant increase in the torque
value during the extrusion. Therefore, we settled with 100 and 200
bars as our low and high pressure settings. The 40% HP-grade



Fig. 1. Screw and temperature profile of the foam extrusion process. GFF X-XX-XX and GFA X-XX-XX denote a non-self-wiping and self-wiping co-rotating conveying elements with
number of flights, pitch length (mm) and element length (mm) respectively. KB X-X-XX-XX denotes a kneading element with disc thickness (mm), number of flights, element length
(mm) and staggering angle (⁰). GFM X-XX-XX denotes a mixing element with number of flights, pitch length (mm) and element length (mm).
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sample injected with high pressure setting of SC-CO2 was omitted
as the viscosity of this sample was not sufficient to support the
cellular structure during the foam development phase.

The screw speed was optimized via a number of preliminary
experiments with each HPMCAS grade and set to 50 and 100 rpm
for HP-grade and Std-grade respectively. The lower screw speed for
HP-grade material prevented excessive reduction of viscosity and
subsequent collapse of the foam strand. Powder blend was fed at
the rate 1 kg/hr. The physical mixture of the polymer and API was
prepared by physically blending in a Maxiblend V-blender
(GlobePharma, New Brunswick, NJ) at 25 rpm for 10 minutes.

Analysis of Milling Efficiency and Particle Size Distribution

Foam and control samples were milled using a model F1A
Fitzpatrick Fitzmill (Westwood, MA) equipped with a 0.5 mmmesh
screen running at 3500 rpm. About 80 g of the sample were fed at a
rate of 20 g/min to the milling hopper (4 minutes) followed by a 2-
minute additional milling time. The amount of material retained
inside the mill (within the specified milling time) as well as the
instrument torque were used for assessment of the milling
efficiency.

The particle size distribution of the milled extrudates was ob-
tained on a Tyler model RX-24 sieve shaker (Mentor, OH) with size
fractions of 63 mm, 125 mm, 250 mm and 425 mm. For this purpose,
about 50 g of the milled sample was placed on the stacked sieves
and vibrated for 6 minutes. The mass of the samples collected on
each sieve was used to construct the particle size distribution.

Analysis of Morphology by Scanning Electron Microscopy

The morphology and structure of the foams were studied by FEI
Quanta® 650 (Hillsboro, OR) Scanning Electron Microscope oper-
ating at 10 kV. The samples were consolidated on aluminum stubs
using double sided carbon tapes and a conductive carbon paste and
sputter coated with silver using an ESM 550 sputter coater prior to
analysis.

Differential Scanning Calorimetry and X-Ray Diffraction

Thermal analysis of the samples was conducted using a TA In-
struments Q20® DSC (New Castle, DE) via a heat-cool-heat
program with 20 �C/min heating/cooling rate under dry nitrogen
atmosphere with a flow rate of 50 mL/min. About 4-7 mg of the
powder sample was placed in hermetic aluminum pans (with a
small hole punched in the lid) and the experiment was conducted
in triplicates for each sample. The data was analyzed using Uni-
versal Analysis software.

The crystallinity of the amorphous solid dispersions was
assessed using a Rigaku Miniflex 600 X-ray diffractometer (Tokyo,
Japan). Analysis was performed with 2 �/min scan rate and 0.02 �

step in the 2q range of 4-50 �.

Melt Rheological Properties

The rheological properties of the ASDs were studied on a TA
Instruments ARES 2000 (New Castle, DE) shear rheometer using a
parallel plate geometrywith a gap setting of 1mm and temperature
of 160 �C under dry nitrogen atmosphere. Dynamic frequency
sweep tests were conducted on control (unfoamed) samples at a 5%
strain rate and angular frequency range of 0.1-200 rad/s. A strain
sweep test was performed prior to the test to find the linear
viscoelastic region. A thermal soak time of 90 s was applied prior to
frequency sweep analysis to eliminate the residual stress in the
samples. Relaxation was monitored by a time sweep test to ensure
constant viscoelastic properties over the whole period of frequency
sweep tests.

Mechanical Properties

The mechanical properties of the extrudates were studied using
a TA.XTPlus texture analyzer (Texture Technologies, Hamilton, MA).
The extrudate strands were carefully cut into cylindrical segments
with a razor blade and then subjected to diametral compression
force using a TA-10 plastic flat head tip with a diameter of 12.6 mm.
The geometrical features of the samples were carefully adjusted to
ensure its compliance of the requirement of ASTM D3967-16
regarding thickness-to-diameter ratio of 0.2-0.75. The samples
were compressed with a head speed of 0.8 mm/s up to 40%
compressive strain. A return trigger force of 0.1 N was programmed
so that the blade would stop the compressive force and return to
the original position if the samples failed prior to reaching the 40%
strain. At least 5 replicates for each sample were tested
and the force-displacement data were converted to stress-strain
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curve. The data was obtained using Exponent software (version
7.0.1.0). The probe height, force and frame deflection were cali-
brated using the Exponent software prior to testing of the samples.
The work of fracture was obtained by integrating the stress-strain
curve using Origin Pro® software.

Specific Surface Area and Porosity

Specific surface area of the milled extrudates in the size fraction
of 250- 425 mm was studied by the Brunauer-Emmett-Teller (BET)
method using a MonosorbTM Quantachrome (Quantachrome In-
struments, Boynton, FL) gas adsorption analyzer. All the powder
samples (200-500 mg sample size) were degassed overnight prior
to the measurement by purging with helium at 50 �C on the
Thermoflow Degasser (Quantachrome Instruments). A mixture of
nitrogen and helium (30/70 mol%) was used as the adsorbate. For
each sample, 5 adsorption-desorption cycles were performed. The
average and standard deviation values are reported. Particle
porosity was measured by mercury intrusion porosimetry on a
Micromeritics AutoPore IV 9500 Series instrument (Atlanta, GA)
using particle size fraction of 250-425 mm. About 1.6 g of powder
was weighted and loaded into the penetrometer. The penetrometer
was degassed for 5 minutes with evacuation pressure of 50 mmHg
in a vacuum and then filled with mercury at 1.92 psia. The equili-
bration time was 45 seconds.

Tabletability and Compaction Properties

Compaction behavior and tablet mechanical properties were
assessed using a benchtop Carver lab press (Wabash, IN) operated
at compression pressures of 2000-5000 psi followed by measure-
ment of tablet hardness. A blend of the milled extrudate (taken
from the 250-425 mm size fraction) with microcrystalline cellulose
(MCC) with a weight ratio of 80:20 was premixed using the V-
blender (25 rpm, 10 minutes) and used for compaction tests. This
blend ratio was found to be compressible enough to showcase the
differences in compressibility/compaction property of the extru-
datewhile not too compatible to negate the inherent compactibility
of the extrudate. All experiments were performed in triplicates. The
tablet tensile strength was calculated using the hardness values
based on the Equation (1) as follows 29:

s¼ 2F
pDH

(1)

where the F is the breaking force of the tablet (obtained from
hardness value in kp), D is the tablet diameter and H is the tablet
thickness.

Challenging 40% drug load formulations were selected for the
tabletability study so that the effect of the foaming process and its
improvement on compaction of the powder could be better
observed and studied. Samples with lower drug load would pro-
pose better intrinsic compressibility/compactability.

Non-Sink Dissolution Testing

In-vitro drug release experiments were performed on the milled
extrudates (250-425 mm size fraction) to examine the effect of the
foaming process and the HPMCAS grade on the release rate of the
ITZ from the extrudates. A Varian VK7000 (Cary, NC) dissolution
apparatus operating at the paddle speed of 75 rpm at 37 ± 0.5 �C
using the amount of the milled powder that correlated to 130 mg/
mL nominal concertation of API was used. The dissolution medium
was a pH 6.8 phosphate buffer. At predetermined time intervals, 2
mL aliquots of the mediumwere taken and centrifuged at 12000 rcf
on a Microfuge 18® (Beckman Coulter, Brea, CA). The supernatant
was removed and diluted with acetonitrile by a factor of 2 and then
analyzed via a reversed phase HPLC method.

An isocratic method was developed to measure the concentra-
tion of ITZ in the samples. A Waters® HPLC system (Waters cor-
poration, Milford, MA) consisting of aWaters® 2996 PDA detector, a
717 Plus autosampler, and a Waters® 515 pump. A 55:45 (v/v)
water/acetonitrile mixture containing 0.05% trifluoroacetic acid
(TFA) was used as a mobile phase. Samples were injected at the
volume of 10 mL through an Agilent Poroshell™ 120 C18 column
(4.6 mm � 50 mm, 2.7 mm) with a flow rate of 1 ml/min and
analyzed at 262 nm. The retention time of ITZ was 3.5 minutes.

Results and Discussion

Extrusion Process, Morphology and Rheological Properties

In this study, the extrusion temperature, HPMCAS grade, screw
speed and polymer-API ratio were found to significantly affect the
foam extrusion process. In the case of the HP-grade material, use of
higher screw speed (100 rpm) significantly decreased the viscosity
(at the temperature profile used) due to shear thinning which
prevented successful foaming of the melt strands. This was even
more problematic as the API content increased. Temperature of the
process was selected as the minimum possible temperature to
achieve ASDs. In addition, for both HP- and Std-grade HPMCAS, it
was observed that the foaming could not be achieved in the
absence of talc as a nucleating agent. This was primarily due to
extremely low cell density and formation of excessively large
bubbles without talc. In addition, the SC-CO2 did not impart any
plasticizing effect on the polymer melt as the motor load slightly
increased with injection of the CO2. For example, in the case of the
40% Std-grade sample, application of lowP (100 bar) and highP (200
bar) injection pressures increased the 50% load in the control
sample to 51 and 53%, respectively. This is similar to the observa-
tions of Almutairi et al 30 where injection of pressurized CO2 did not
show any plasticizing effect on the AquaSolve™HPMCAS extrusion.
In addition, a potential local drop of temperature at the injection
site and thereby a short transient increase in viscosity may
contribute to the increase in torque.

The cellular morphology of the foamed samples is shown in
Fig. 2. As evident in the Fig. 2a, in the samples containing no API, the
cellular structure in the HP-grade lowP (100 bar) foam ranges
within 20-200 mm. As the injection pressure increases to 200 bars
(highP) the cell wall thickness decreases, and cell size increases to
50-300 mm. In contrast, the Std-grade foams show minimal de-
pendency of cellular structure on the injection pressure and the
cells is within 150-400 mm. Based on the cell size, the HPMCAS
foams therefore belong to macrocellular foam category. It is also
apparent that the distribution of the voids is more uniform in the
case of HP-grade HPMCAS which is associated with higher cell
density. There are a number of reasons proposed for the observed
differences in the cell structure and size. First of all, the HP-grade
polymer has a lower molecular weight and melt viscosity and
elasticity (as will be discussed in the rheology section) that reduces
extrudates’ mechanical strength needed to support the cellular
structure. In addition, due to the higher number of chain ends and
larger free volume because of the lower molecular weight of HP-
grade HPMCAS, the solubility of the CO2 is higher in the poly-
mer.31,32 This leads to more uniform dispersion of CO2 within the
HP-grade matrix resulting in larger cell nuclei density. As a result,
larger number of bubbles per volume (but smaller in size) form in
HP-grade HPMCAS.

To further elaborate on this, from the chemical interaction
perspective, the carbon on the CO2 (electrophilic) undergoes acid-



Fig. 2. SEM images of (a) control and foamed 0%API extrudates showing the variation of cell structure with HPMCAS grade and CO2 pressure, (b)variation of cellular morphology of
HP-grade extrudates with change in API concentration and (c) variation of cellular morphology of Std-grade extrudates at 0 and 40% API content.
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based type interactions with the electron rich oxygen on the
carbonyl group. As the molecular weight of the HPMCAS decreases,
there will be higher density of carbonyl groups (because of higher
chains ends) due to the presence of aldehyde at the reducing end of
the glucose units. This is due to conversion of hemiacetal moieties
(masked reducing end) to their open forms and thus, formation of
more carbonyl groups. From the physical perspective, based on
lattice model, higher chains ends result in increase in the free
volume (microvoids) available for penetrant (CO2 molecules)
resulting in increased interactions/solubility.31,32

The effect of increasing the API concertation in the formulation
is also evident on the microstructure of the cellular foam. It is seen
in Fig. 2b that increasing the API concentration from 0 to 20 wt% in
the case of HP-grade matrix, for the lowP setting, the structure
resembles that of the 0% API, however, the highP setting signifi-
cantly distorts the round shape of the cells and further increasing
the API content to 40%, the cells become larger and become
completely geometrically irregular. This shift in microstructure is
attributed to the reduction of the melt viscosity of the formulation
resulting in lower strength and cell wall stability under the internal
pressure of bubble growth process. Similarly, in the case of Std-
grade sample (Fig. 2c), increasing the API content to 40% results
in formation of larger bubbles; however, unlike the HP-grade
sample, the truncated octahedron shape of the cells are retained
which is due to the higher melt strength of the Std-grade that
withstands the bubble growth pressure even at higher API content.

The rheological properties of the thermoplastic materials is a
key variable in defining the foamability of the melt matrix. The
rheological properties affects the distribution and flow of the
foaming agent within the polymer as well as the nucleation and
growth mechanisms of the bubble as the material flows out of the
die. For example, a number of previous studies33-35 have shown
that the extensional viscosity of the polymer melt is an essential
property for maintaining cellular morphology as the polymer melt
in the bubble growth front is subjected to biaxial stretching. It has
also been shown that sufficient extensional viscosity and melt
strength is critical in achievingminimummelt rupture and collapse
of the cellular “frames” during the growth stage.

In the current study, the effect of API content and HPMCAS grade
on rheological properties of the formulations are discussed in terms
of the variation viscosity and viscoelastic properties of the formu-
lations in melt state. The variation of complex viscosity of the
control samples as a function of the HPMCAS grade and API content
is shown in Fig. 3a. It is evident in this graph that the Std-grade
HPMCAS has higher melt viscosity at all API compositions. With
an increase in the API content, the viscosity reduces in both Std-
and HP-grade HPMCAS. The difference in the viscosity of the for-
mulations further increases with increasing the API content. As
seen in the samples containing 40% API, the difference in complex
viscosity values are larger compared to that of neat polymers. The
shear thinning index of the formulations are shown in Fig. 3a. As
the API content is increased, the shear thinning index decreases
which indicates that higher API content compositions have vis-
cosities that are less dependent on shear rate. This is primarily due
to the fact that the API acts as plasticizer increasing the intra-
molecular free volume of the polymer, resulting in less chain en-
tanglements and flow restriction in the shear field. The Std-grade
sample has higher shear thinning property which shows that the
rheological properties of the HP-grade based formulations are less
shear-dependent. Rather than for the design of process, rheological
data was to correlate the flow characteristics of the polymer-API
blend to the foaming behavior and cellular microstructure. The



Fig. 3. (a) Complex viscosity, (b) elastic and loss modulus and (c) phase angle of extruded HPMCAS with 0, 20 and 40% API at 160 ⁰C.
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extrusion conditions were experimentally determined due to the
complex nature of this pressurized system.

One of the important rheological characteristics of the polymer
melts that affects the foaming process is their extensional viscosity
and an associated phenomenon known as strain hardening. Strain
hardening has been shown to be the prominent factor in foamability
of thermoplastics which originates in elastic contributions such as
those imparted with long chain branching36,37 or specific molecular
characteristics and structure formation in extension.38 The strain
hardening coefficient is dependent on the transient extensional
viscosity (hþE ðt; ε:0Þ) and transient extensional viscosity in the
linear viscoelastic region (hþE0ðtÞ). Although the extensional vis-
cosity of the pure HPMCAS grades and the ASD melts were not
directly measured in the current study, however, the correlation
of shear viscosity with extensional viscosity via Trouton ratio39

((hþE0ðtÞ¼3h0 for Newtonian liquids and hþE0ðtÞ>3h0 for visco-
elastic melts) shows that the extensional viscosity of Std-grade
HPMCAS is higher than that of the HP grade especially consid-
ering typical foaming Hencky strain rates (1-10 s-1)40 where
elastic contribution becomes significant in the evolution of strain
dependent extensional viscosities. A similar trend is expected
with regard to samples with lower API content. Consequently, it
can be inferred that the Std-grade HPMCAS and those with lower
API content, exhibit enhanced strain hardening during the
foaming process resulting in enhanced resistance towards melt
rupture and structure collapse under process induced stresses.
This is primarily due to higher molecular weight and chain en-
tanglements in the of Std-grade melt that enhances the elasticity
of the Std-grade HPMCAS during the foaming process.
The variation of the elastic and loss moduli of the HPMCAS-
itraconazole ASDs with the two polymer grades and different API
content is shown in Fig. 3b. It is clearly evident that increasing the
API content significantly reduces the elastic modulus (G’) of the
melt. At similar API content, the Std-grade HPMCAS has higher
elasticity compared to the HP-grade. The intersection of the G’ and
G” represents the relaxation time of the melt under experimental
condition. It is observed that relaxation times (tR~1/uc) for the Std-
and HP-grade formulations (without API) are 10 and 0.1s respec-
tively. The relaxation time of the HP-grade with 20% and 40% API
decreases to 0.008s and a value smaller than 0.005s while for the
Std-grade ASD with 40% API it decreases to 0.016s. These variations
clearly show that the Std-grade formulations undergo significantly
less viscous deformations under the applied internal foaming
pressure during solidification after extrusion. It is also evident that
increasing the API content within the melt, the relaxation time
significantly reduces denoting a significant decrease in melt
strength necessary to withstand the biaxial stresses of bubble
growth phase. The effects of formulation on melt elasticity can also
be elaborated via the variation of the phase angle of the dynamic
stress response as shown in Fig. 3c. It is seen that at low frequency
(terminal) region (<1 rad/s), the Std-grade sample has considerably
lower phase angle denoting the high melt elasticity of this material
which is a crucial property in prevention of cellular structure
collapse during growth and melt solidification. In addition,
increasing the API concentration significantly increase the phase
angle towards 90⁰which corresponds to viscous deformation of the
melt that is detrimental to structural integrity of the cellular
structure during foaming process.
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Thermal properties and crystallinity

The thermal properties and crystallinity of the amorphous solid
dispersions were studied using DSC and XRD techniques to un-
derstand the impact of the foaming on crystalline nature of the ITZ
in ASDs. The results of DSC experiments are shown in Fig. 4a-4c. It is
seen in Fig. 4a that pure ITZ shows a sharpmelting peak at 169 ⁰C. In
the physical mixture of HPMCAS (HP)/ITZ, twomelting endotherms
appear, the major peak at 168 ⁰C and a smaller endotherm at 146 ⁰C
which correlated to a fraction of the API strongly interacting with
the HPMCAS polymer. The two HPMCAS grades show a glass
transition temperature at around 121 ⁰C and 118 ⁰C (for Std- and HP-
grade respectively). As shown in Fig. 4b, the endothermic peak
corresponding to the melting of crystalline ITZ completely disap-
pears indicative of amorphous state of the ITZ drug in the extru-
dates in all ASD formulations. The incorporation of SC-CO2 during
the process and foaming of the extrudate does not affect the
amorphous state of the API. The glass transition (first heat run) of
the control and foam samples are shown in the Fig. 4b.

The endotherm around the Tg of the samples in both lowP and
highP foams is attributed to the residual CO2 and moisture in the
Fig. 4. DSC thermograms of (a) pure drug and physical mixture, (b) first heat run of e
foam samples that is completely removed in the first heating run as
evidenced by the disappearance of the endotherm in the second
heat runs as shown in Fig. 4c. In the second heat runs (Fig. 4c), there
is only a single glass transition in all ASD samples indicative of
complete miscibility of API and the HPMCAS matrix (since samples
are heated above the melting point of drug).

The X-ray diffractograms of individual components, physical
mixture, and foamed extrudates are shown in Fig. S1
(Supplemental Data). The absence of sharp characteristic peak of
crystalline ITZ and the presence of a halo in X-ray diffractograms of
extrudate samples indicated that ITZ is in amorphous state. It is also
evident from the XRD analysis that the foaming process has no
negative impact on the amorphization of ITZ within the polymer
matrix. This is consistent with DSC results.

Milling Efficiency, Mechanical and Compaction Properties

The effect of the foaming process on the milling efficiency of the
HPMCAS/ITZ extrudates was studied by measuring the extrudate
mass recovery after milling. The milling yield shows the amount of
the material that passes through the 0.5 mm opening during
xtrudates and (c) second heat run of extrudates with the heat rate of 20 ⁰C/min.
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milling over the mass fed into the mill. The higher mass recovery
indicates that the extrudates is easier to mill and the particle size of
the milled product within the specified milling period is small
enough to pass the 0.5 mm screen. Plots of the milling efficiency
(yield) for the Std- and HP-grade HPMCAS based ASDs with various
API content (0-40%) is shown in Fig. 5a and b. For the Std-grade
HPMCAS (in absence of API), foaming process at lowP and highP
can significantly increase the yield from around 58% up to 88% and
92%, respectively. In the case of the HP-grade sample, the yield of
the milling process increases from around 82% to more than 95% at
both pressure settings. For the 20% HP-grade sample, the yield in-
creases from an average of 85% in the control sample to values of
above 95% for both lowP and highP extrudates. Additionally, for the
40% API both Std-grade and HP-grade extrudates are easier to mill
(as indicated by higher milling efficiency of control samples) where
the milling efficiency increases to above 90%. In addition to the
yield of the milling process, torque of the Fitzmill indicated a
considerable decrease as a result of the foaming process. For
example, the torque reading reduced from 1.05 amps for control
Std-grade to 0.75 and 0.73 amps in the case of lowP and highP
foamed samples. This lower energy input prevents excessive in-
crease of the extrudate temperature during the milling process and
avoids mesh blockage by softened polymer.

It is evident that foaming process is an effective strategy to
enhance themilling behavior of the hard-to-mill extrudates such as
those based onHPMCAS. The cellular structure and internal voids of
the foamed samples provides a significant number of stress-
concertation “weak” points that results in brittle fracture of the
Fig. 5. Milling efficiency of control and foamed extrudates with (a) 0% API, (b) 20 and 40% A
process.
foamed samples due to the impact of the rotating blade. In addition,
as shown in Fig. 5c, during the milling process of the control Std-
grade HPMCAS (and to a lesser extent in the case of control HP-
grade sample), there was a build-up of material inside the mill
(due to resistance of the sample against particle attrition) which
resulted in significant increase of temperature and consequent
softening of the polymer that smeared on and blocked the screen,
preventing further passage of particles. However, in the case of
foamed samples, due to rapid fracture of the extrudate and
reduction of particle size, all the material passed through the 0.5
mm screen without any blockage or build-up. Similar observation
was also reported in thework of Ashoura et al 27 on HPC-ketoprofen
control versus foamed extrudates.

It should also be noted that the HP-grade HPMCAS is a suitable
alternative for the Std-grade from the milling perspective.
Regardless of the foaming process, the HP-grade samples show
significantly higher milling yield (even in the control samples)
without any material build-up and screen blockage during the
milling process, highlighting the advantage of using HP-grade
HPMCAS for preparation of HPMCAS-based ASDs using melt
extrusion.

Another approach of evaluating the milling process is to inves-
tigate the particle size distribution of the milled product. The par-
ticle size of the milled extrudates was studied by sieve analysis. The
d50 values of the obtained milled particles are shown in Fig. 6a.
As can be seen, compared to the Std-grade, the HP-grade has
considerably lower average particle size in all similar processing
conditions both in control and foam samples. This shows that the
PI and (c) build-up of Std- and HP-grade grade HPMCAS extrudates during the milling



Fig. 6. (a) Variation of d50 vs HPMCAS grade and foaming pressure, particle size distribution of (b) 40% Std-grade and (c) 40% HP-grade of control and foam samples.
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HP-grade is a more efficient alternative to Std-grade in terms of
achieving smaller particles after milling.

In addition, a representative size distribution plot for the 40%
control and foamed extrudates are shown in Fig. 6b and c. In the
case of 40% HP-grade sample, upon foaming, the fractions of 250-
425 mm and that of above 425 mm decreased from 45% and 14% to
25% and 3% respectively while the fractions of 125-250 mm and 63-
125 mm increased from 33% and 7% to 47% and 19 % respectively
showing the considerable decrease in the particle size of the
foamed samples during milling process.

Similarly, in the case of 40% Std-grade samples, foamingwith highP
condition increased the fraction of 125-250 mm from around 25% to
above 40% anddecreased the largest particle fractions (>425mm) from
25% to below 5% indicative of high efficiency of foaming process to
reduce the particle size of the milled extrudates to the fractions suit-
able for tableting. The average D50 value for 40% Std-grade sample
decreases from 183±8 mm to 129±5 mm and 116±3 mm in highP and
lowP foams. For the HP-grade sample, the lowP foam has an average
d50 value of 96±5 mm as opposed to 143±3 mm in the control sample.

In order to better understand the effect of the HPMCAS grade
and the foaming process on milling performance of ASDs, the
mechanical properties of the extrudates were studied by diametral
compression test using a texture analyzer. In this experiment, the
chopped extrudates (from pellet cutter) were trimmed into cylin-
drical specimens and tested diametrically under compressive force
and the force- displacement data were then converted to stress-
strain (SS) plots as shown in representative plots of Fig. 7. The
fracture strength is the ultimate point on the stress curvewhere the
sample failed under compressive force. The work of fracture is the
energy needed in order to bring the material to the ultimate stress
point by integrating the stress-strain curve (E ¼ R

εB
0 sdε). The values

of ultimate fracture strength and work (energy) of fracture are
given in Table 2 (The stress-strain plots for control and foam sam-
ples containing 0% API are provided in Fig. S2 in Supplemental
Data).

First of all, it is evident from the SS plots that the Std-grade
HPMCAS has superior intrinsic mechanical properties compared
to the HP-grade due to its higher molecular weight. For all of the
Std- and HP-grade control samples (any API concentration) the
fracture stress and thework of fracture is considerably higher in the
case of the Std-grade while with addition and increase in the API
concentration, both the strength and work of fracture decrease. In
addition, the foaming significantly decreases the fracture strength
and the energy required to fracture the samples. The work of
fracture shows two orders of magnitude reduction with foaming.
This is primarily due to the presence of voids and pores within the
material structure acting as structural “defects” when the material
is subjected to external stress. Also, the cell walls of the cellular
structure are stress-concentration points under the compressive
load. Another important consideration of the SS plots of the foam



Fig. 7. Stress-strain plots of (a) control and (b) foamed extrudates with 20 and 40% API (zoomed-in area of (a)).
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samples is the reduction of strain-to-break. This shows that
foaming not only decreases the strength of the sample, but also
decreases the toughness of the extrudates, rendering the material
more brittle with less deformation prior to fracture. This is an
important characteristic as the foamed extrudates would fragment
instantly during the milling process without undergoing energy-
absorbing plastic deformation.

The variation of porosity and BET specific surface area of the
control and foamed samples are also shown in Table 2. Clearly, the
porosity of the samples significantly increases as a result of the
foaming process. The porosity of the foams decreases as the API
content is increased which is attributed to the reduction of the
viscosity of the samples with higher API content (as discussed
before) and subsequent compromise of the cellular structure due to
rupture and collapse of the capillary cell walls. Increasing the SC-
CO2 injection pressure slightly increases the overall porosity. In
addition, for the samples without API, it is evident that the porosity
of the HP-grade at both lowP and highP foams are higher than those
of the Std-grade. This trend is however, opposite for the 40% API
samples due to significant reduction of the viscosity of the 40% HP-
grade sample. Similarly, the BET specific surface area is significantly
enhanced upon foaming of the ASDs. For example, in the case of HP-
grade-based formulations, there is a 2-5 fold increase in BET surface
area of highP foams compared to control samples.
Table 2
Mechanical Properties, BET Specific Surface Area and Porosity of Control and Foamed Ex

Sample Fracture Strength (MPa) Work of Fract

0% Std-cont 21.16 ± 0.72 417.1 ± 7.1
0% Std-lowP 1.98 ± 0.09 31.9 ± 2.2
0% Std-highP 1.75 ± 0.08 21.7 ± 2.6
0% HP-cont 18.62 ± 0.42 359.8 ± 9.8
0% HP-lowP 1.77 ± 0.27 21.4 ± 1.6
0% HP-highP 1.41 ± 0.04 18.6 ± 0.9
20% HP-cont 9.66 ± 0.99 113.0 ± 8.6
20% HP-lowP 0.62 ± 0.02 2.4 ± 0.2
20% HP-highP 0.44 ± 0.04 1.6 ± 0.1
40% Std-cont 14.70 ± 1.36 100.3 ± 11.5
40% Std-lowP 0.72 ± 0.07 2.5 ± 0.1
40% Std-highP 0.28 ± 0.03 0.96 ± 0.1
40% HP-cont 10.95 ± 0.73 71.2 ± 9.6
40% HP-lowP 0.11 ± 0.01 0.2 ± 0.04

Porosity for control samples with 40% drug loading was not measured because controls
One of the most important aspects of this foaming strategy is to
enhance the compaction and tabletability of the HPMCAS-based
amorphous solid dispersions. For this purpose, the tabletability of
milled extrudates (40% API) were studied by measuring the tablet
tensile strength as a function of tableting pressure in the range of
2000-5000 psi as shown in Fig. 8a. It is evident from the compac-
tion data that creating the cellular foam structure within the ma-
terial significantly improves the tabletability and compaction
properties of the amorphous solid dispersion. This is evident as the
tensile strength of the tablet considerably increases at each
compaction pressure. For example, the tablet tensile strength of the
control 40% Std-grade samples at compaction pressures of the 2000
and 5000 psi increases from 0.49 and 0.69 MPa to 1.36 and 1.80 in
lowP foam and 1.89 and 2.54 MPa in highP foam respectively.

In order to better understand the role of the foaming process on
the tabletability of the extrudates, the bonding area and bonding
strength 41,42 of the compacts during the tableting process should
be considered. First of all, based on the specific BET surface area
values (Table 2), the surface area of the foamed samples were
higher than those of the control extrudates. This clearly results in
much higher available surface area for the milled particles to form
bonds during the compaction process. In addition, the surface
morphology of the milled control and foamed extrudates of both
Std- and HP-grades (Fig. 8b-d) shows that the foam samples had
trudates.

ure (MJ/m3) BET Surface Area (m2/g) Porosity (%)

0.084 ± 0.002 9.9
0.251 ± 0.008 50.1
0.277 ± 0.003 58.1
0.162 ± 0.002 10.5
0.552 ± 0.012 53.1
0.614 ± 0.022 65.1
0.162 ± 0.002 10.1
0.410 ± 0.008 34.4
0.439 ± 0.016 39.5
0.104 ± 0.007 -
0.249 ± 0.011 40.1
0.259 ± 0.009 46.6
0.168 ± 0.013 -
0.331 ± 0.009 32.6

samples at lower drug loadings did not show much difference.



Fig. 8. (a) Tablet tensile strength as a function of compaction pressure and SEM image of milled (b) 40% HP-grade control, (c) 40% HP-grade low P, (d) 40% Std-grade control and (e)
40% Std-grade lowP extrudates.

S.K. Rahimi et al. / Journal of Pharmaceutical Sciences 110 (2021) 1444-14561454
significantly higher surface roughness and irregularities due to the
break-down of the cellular structure during the milling process.
This results in considerable improvement of mechanical “inter-
locking” of discreet particles during compaction resulting in
enhancement of the bonding strength. In contrast, the milled par-
ticles of the control samples show relatively smooth surface that
provide less bonding area and further difficulties during the
compaction phase to form inter-particle bonds. In addition, the
residual internal voids within the milled extrudates of the foam
samples, ensures enhanced compressibility (reduction of volume
under pressure) due to the collapse of the cell walls resulting in
tablets with less internal tablet porosity.

In addition, looking closer at the specific surface are data in
Table 2 and the compaction data in Fig. 8a, there are variations in
correlation between the specific surface area of the extrudates and
their compactibility. This is specifically true regarding the differ-
ences in specific surface area of the 40% HP-lowP sample compared
to those of Std-grade. It is imperative to note that the specific area is
only one factor that contributes in compactiblity of the samples.
The intrinsic mechanical property of the polymer itself, plays a key
role as well. The Std-grade HPMCAS has superior mechanical
property (modulus, tensile strength and hardness) compared to the
HP-grade due to its higher molecular weight; therefore, despite
having lower porosity (surface area), the Std-grade sample forms
stronger compacts.

Dissolution Studies

The results of the non-sink dissolution experiments are shown
in Fig. 9. It is evident from these data that foaming the HPMCAS/ITZ
amorphous solid dispersions significantly improves the dissolution
rate, increases the supersaturation solubility (spring effect) as well
as maintaining the supersaturation for longer periods (parachute
effect) as compared to the control (unfoamed) ASDs.43 First of all, it
should be noted that hot melt extrusion of itraconazole with
HPMCAS considerably improves the dissolution characteristics of
the API when compared to the crystalline ITZ. This is primarily due
to the amorphous nature of the API dissolved in the HPMCAS ma-
trix with a higher energy state and lower energy barrier for sol-
vation. In addition, the prolonged supersaturation effect is due to
reduced chemical potential of the ITZ for recrystallization as well as
the interactions between the HPMCAS and ITZ primarily through
hydrogen bonding between the HPMCAS carboxyl groups and the
carbonyl and tertiary aromatic amines of the ITZ molecule which
prolongs the induction time before recrystallization of the API
could take place.

As discussed before, the higher specific surface area of the
foamed samples, creates a larger interface for uptake of the disso-
lution medium and subsequent interfacial erosion of the polymer
resulting in both faster and greater dissolution of ASDs. For
example, in the case of the 20% HP-grade sample, the supersatu-
ration increases from the average of 18 mg/ml in the control sample
to 47 mg/ml in the highP foam sample showing a 2.6-fold increase.

Comparing the effect of the API loading on the dissolution shows
that the effect of foaming on enhancement of the dissolution
characteristics of the sample is more prominent in sample with
lower API content. This is evident in the dissolution properties of
the ASDs containing the 20% and 40% API. It has been shown that 44

at low drug loadings, the dissolution of amorphous API is mainly
governed by the dissolution of the polymer. Once the interfacial
area of the polymer at polymer-water interface is eroded, the API
and the polymer dissolve in the dissolution media. However, as the
API content is increased, therewill be a drug-rich layer after erosion
of the polymer-water interfacial layer. This drug-rich layer will
somewhat limit the further dissolution of the API within the me-
dium and slows down the dissolution process.

In addition to the effect of drug loading, the grade of the
HPMCAS polymer plays a key role in dissolution properties of the
ASDs. Comparison of the dissolution profiles of 40% API samples in
Fig. 9b and c clearly show that the HP-grade HPMCAS has a higher
dissolution rate both with the control and foamed samples at
similar compositions and processing conditions. This is due to the
faster rate of dissolution of the low molecular weight HP-grade
itself as compared to the high molecular weight Std-grade. The
supersaturation kinetic profile of the HP-grade matrix is in fact
governed by a dissolution-controlled mechanism with the charac-
teristic “spring-and-parachute” release behavior. This is due to the
rapid dissolution and dispersion of the HP-grade matrix in the form
a colloidal moieties (as shown in Fig. 9d showing the formation of a
milky dissolution media) while the Std-grade material deposited in



Fig. 9. Non-sink dissolution profiles of milled control and foamed extrudates in pH 6.8 phosphate buffer media using USP apparatus 2. (a) 20% HP-grade, (b) 40% HP-grade, (c) 40%
Std-grade, and (d) dissolution media at 30 minutes for 40% HP- and Std-grade foamed at low pressure (tests are conducted on particle size range of 250-425 mm).
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the bottom of the vessel. In contrast, the high molecular weight
Std-grade material follows a more gradual release kinetic repre-
sentative of a “diffusion-controlled” mechanism of the API with a
considerably smaller “spring” supersaturation eventually reaching
the equilibrium solubility of ITZ.3

Consequently, based on the dissolution profiles of the foamed
samples of both grades, we can argue that creation of the foamed
material with cellular morphology and increased surface area
(available for erosion when in contact with the dissolution me-
dium) can only be utilized as an efficient strategy when the carrier
matrix follows a dissolution-controlled release profile. On other
hand, in the case of a matrix with lower solubility that follows a
diffusion-controlled release profile, foaming is found to have
negligible effect on improvement of the dissolution kinetics and
supersaturation due to the fact that extra interfacial areawould not
have a considerable effect of the underlying mechanism of the API
release which is diffusion through the polymer matrix.
Conclusions

In conclusion, this study showed that the SC-CO2 foam extrusion
process for preparation of amorphous solid dispersions of HPMCAS
and itraconazole with two grades of high molecular weight (Std-
grade) and low molecular weight (HP-grade) polymers can be
successfully applied without affecting the crystallinity of the API
within the polymer matrix. It was shown that foaming of these
ASDs result in improvement of milling efficiency and tabletability
due to formation of porous and smaller particles during the milling
process. In addition, the rheological properties of the ASDs showed
that the Std-grade sample had higher viscosity and melt strength
that is necessary for achieving a stable cellular structure especially
as the API content increases. In contrast, the HP-grade polymer
with lower viscosity showed significant dependency of the visco-
elastic properties on the API content and subsequent compromise
of the cellular structure at high API content due to insufficient melt
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strength. The dissolution profiles of the foams showed that foaming
can be considerably effective in improving the supersaturation
concentration and maintaining a prolonged supersaturation in the
case of HP-grade while only minimal improvement observed in the
case of Std-grade. This was attributed to the different mechanisms
of dissolution of these amorphous solid dispersions. Overall, this
study showed that the HP-grade HPMCAS polymer is a suitable
candidate for preparation of amorphous solid dispersion with
robust milling property, higher compatibility with the foaming
process, ease of processing and fast “dissolution-erosion”
controlled release profile.
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