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Abstract.Most cellulosic polymers cannot be used as carriers for preparing solid dispersion of drugs by hot
melt extrusion (HME) due to their high melt viscosity and thermal degradation at high processing
temperatures. Three HME-grade hydroxypropyl methylcelluloses, namely Affinisol™ HPMC HME
15 cP, Affinisol™ HPMC HME 100 cP, and Affinisol™ HPMC HME 4 M, have recently been introduced
by The Dow Chemical Co. to enable the preparation of solid dispersion at lower and more acceptable
processing temperatures. In the present investigation, physicochemical properties of the new polymers
relevant to HME were determined and compared with that of Kollidon® VA 64. Powder X-ray diffraction
(PXRD), modulated differential scanning calorimetry (mDSC), thermogravimetric analysis (TGA), mois-
ture sorption, rheology, and torque analysis by melt extrusion were applied. PXRD and mDSC showed
that the Affinisol™ polymers were amorphous in nature. According to TGA, the onset of degradation for
all polymers was >220°C. The Affinisol™ polymers exhibited less hygroscopicity than Kollidon® VA 64
and another HPMC polymer, Methocel™ K100LV. The complex viscosity profiles of the Affinisol™
polymers as a function of temperature were similar. The viscosity of the Affinisol™ polymers was highly
sensitive to the shear rate applied, and unlike Kollidon® VA 64, the viscosity decreased drastically when
the angular frequency was increased. Because of the very high shear rate encountered during melt
extrusion, Affinisol™ polymers showed capability of being extruded at larger windows of processing
temperatures as compared to that of Kollidon® VA 64.

KEY WORDS: Affinisol™ HPMC HME; hot melt extrusion; hydroxypropyl methylcellulose; solid
dispersion; thermal analysis; viscosity.

INTRODUCTION

Poor aqueous solubility of drugs has emerged as a
major challenge for formulation scientists for the develop-
ment of oral drug products (1). It has been estimated that
two out of three new chemical entities (NCE) synthesized
in the pharmaceutical industry have an aqueous solubility
of <0.1 mg/mL and, therefore, may be classified, according
to the definition of the United States Pharmacopeia, as
insoluble or practically insoluble in aqueous media (2).
Even a large fraction of the remaining one-third of the
compounds with the solubility of >0.1 mg/mL may be
considered to have low solubility according to the Bio-
pharmaceutical Classification System (BCS), because the
required dose may not dissolve in 250 mL of a dissolution

medium in the gastrointestinal pH range (3). After oral
administration, the low aqueous solubility often leads to
slow dissolution rate, incomplete absorption, and low bio-
availability of drugs (4).

Among various formulation strategies applied to over-
come development issues with poorly water-soluble drugs,
the amorphous solid dispersion, where the drug is dispersed
in a polymeric matrix either molecularly or in the amor-
phous state, has emerged as one of the most promising
options (5,6). However, various issues related to formula-
tion, manufacturing, and physical stability of solid disper-
sions have for a long time hindered its widespread
application in drug product development (7). The situa-
tion has changed greatly in the past decade because of the
introduction of hot melt extrusion (HME) for the prepa-
ration of solid dispersion (8–11). In HME, the drug is
solubilized in a polymeric matrix by processing blends of
drug, polymer, and any other excipients at high tempera-
tures in a hot melt extruder (9). It is a solvent-free, con-
tinuous, and less time-consuming process that may be easily
scaled up. However, being a relatively new technology in the
pharmaceutical field, there is only limited knowledge on for-
mulation and processing parameters of solid dispersion by
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HME available in the literature. In particular, the criteria for
the selection of appropriate polymers for HME based on
their glass transition temperature, complex viscosity, extrud-
ability through a melt extruder, drug-polymer miscibility, and
so forth are not fully understood.

We previously studied physicochemical properties of sev-
eral polymers having PVP (12), cellulose (13), and methacry-
late (14) backbones to investigate their suitability for melt
extrusion. Although the cellulosic polymers were extensively
used in the development of solid dispersion systems by using
spray drying and other solvent evaporation methods because
of their advantages in physically stabilizing amorphous drugs
in solid dispersions, improving drug release due to better
wetting and swelling, inhibiting nucleation into crystalline
form and maintaining supersaturation after dissolution in
aqueous media, and improving bioavailability, it was observed
that most cellulosic polymers were not suitable for melt extru-
sion (13). This is due to high melt viscosity of cellulosic poly-
mers, which generates high torque within the extruder during
processing. Although the melt viscosity and the torque de-
crease with the increase in temperature, cellulosic polymers
and drugs used may degrade at the relatively high tempera-
ture required to enable processing (13). To ameliorate the
situation, The Dow Chemical Co. (MI, USA), which manu-
factures many of the cellulosic polymers, has recently made
available to pharmaceutical researchers several new grades of
hydroxypropyl methylcellulose (HPMC), collectively known
as Affinisol™ HPMC HME, that may be extruded through
hot melt extruders at lower processing temperatures as they
have been tailored to have relatively lower glass transition
temperatures (Tg) and improved ‘melt flow’ (15). In addition
to improving processing by HME, the new Affinisol™ HPMC
HME polymers have been claimed to maintain advantages as
the precipitation inhibitor after dissolution (16,17).

Despite the promising prospects of Affinisol™ HPMC
HME polymers, limited information on their physicochemi-
cal properties relevant to melt extrusion has been reported in
the literature. The objective of the present study was to
evaluate the suitability of Affinisol™ HPMC HME polymers
for melt extrusion by investigating their thermal and visco-
elastic properties. The investigation specifically included (i)
determination of thermal properties, such as glass transition
temperature (Tg) and degradation temperature (Td), by
using differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA), (ii) determination of moisture
sorption as a function of relative humidity, (iii) identification
of physical form by powder X-ray diffraction (PXRD), (iv)
evaluation of viscoelastic properties in terms of complex
viscosity as a function of temperature and angular frequency,
and (v) torque analysis by using a hot melt extruder. Anoth-
er polymer, Kollidon® VA 64, which is a PVP-based copol-
ymer that is commonly used in melt extrusion (18) and has
similar Tg value (12) as those of Affinisol™ HPMC HME
polymers, was also studied to establish a benchmark for
comparing physicochemical properties of the new polymers.
Additionally, the moisture sorption of the Affinisol™
HPMC HME polymers was compared with that of a
marketed HPMC polymer (HPMC 100 cP; Methocel™
K100LV) available from The Dow Chemical Co., whose
physicochemical properties relevant to melt extrusion, ex-
cept for the moisture sorption, were reported earlier (13).

MATERIALS AND METHODS

Materials

Three Affinisol™ HPMC HME polymers, namely
Affinisol™ 15 cP, Affinisol™ 100 cP, and Affinisol™ 4 M
(4000 cP), were donated by The Dow Chemical Co., MI,
USA. They were received in February 2015, and according
to the manufacturer, they were from batches prepared for
distribution to researchers as experimental samples.
Methocel™ K100LV was also received from The Dow Chem-
ical Co. According to the personal communication from the
manufacturer, Affinisol™ HPMC HME polymers are pure
hydroxypropyl methylcellulose (HPMC) without any addi-
tives present, and they differ among themselves and from
other HPMC polymers, such as Methocel™ K100LV, in the
level of chemical substitution. The polyvinylpyrrolidone-vinyl
acetate copolymer, Kollidon® VA 64, was donated by BASF,
Tarrytown, NY, USA. All materials were used as received.

Methods

Powder X-ray Diffraction

PXRD patterns of polymers were obtained using a
Shimadzu XRD-6000 diffractometer (Shimadzu, Kyoto, Ja-
pan), equipped with Ni filtered Cu-Kα as the x-ray source.
The diffractometer was operated with a copper anode tube at
generator voltage and current of 40 kV and 30 mA, respec-
tively. The 2-theta scanning range was from 10° to 60° at a rate
of 2° per minute. The polymers were gently grinded using
agate mortar and pestle before loading onto the glass sample
holder and leveling with a glass plate.

Modulated Differential Scanning Calorimetry (mDSC)

The modulated DSC (mDSC) scans were recorded using
a Q200 modulated DSC analyzer (TA instruments, DE,
USA). Sample was weighed (~5 mg each) and sealed in
Tzero® aluminum pan. The pan was then equilibrate at 25°C
for 3 min, which was followed by heating to 200°C at the ramp
rate of 3°C/min and modulation of 1°C/min. The Tg of a
polymer was obtained by deconvolution of total heat flow into
nonreversible and reversible phenomena using Universal
Analysis software (TA instruments, DE, USA).

Thermogravimetric Analysis

TGA of polymers was performed to determine the deg-
radation temperature (Td) using a thermogravimetric analyz-
er, TGA Q50 (TA instruments, DE, USA). For analysis, 5 mg
of sample was weighed into a tared crucible and equilibrated
for 30 min at room temperature under a constant nitrogen
purge, which was followed by heating up to 300°C at a rate of
5°C/min.

Moisture Sorption

An automated moisture sorption analyzer VTI-SA+ (TA
instruments, DE, USA), equipped with a specially designed
climatic chamber and an analytical balance with a resolution
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of 0.01 μg, was used. The moisture sorption (or desorption) at
25.0±0.1°C was determined in the relative humidity range of
10 to 90% RH. An accurately weighed sample of each poly-
mer used (~20 mg) was uniformly spread in a platinum pan
and placed in the moisture sorption analyzer. The equilibrium
condition was set to <0.01% change in the weight for 5 min
within a period of 120 min at each humidity condition. The
sample was first equilibrated at 10% RH, and the relative
humidity was automatically increased by intervals of 10%
RH and up to 90% RH, when the equilibrium condition at
each RH was reached. The equipment recorded the weight
change of a sample every ≥0.001% or at every minute when
there was no weight change.

Rheology

Rheological analysis of polymers was performed to eval-
uate their viscoelastic properties at various temperatures and
angular frequencies. The study was carried out by a Discovery
hybrid rheometer-2 (DHR-2) (TA instruments, DE, USA)
with an oven heating assembly using the 25-mm parallel plate
geometry. A 500-mg slug of each polymer was prepared,
according to the method described earlier (12), using a Carver
press at 5000 lb of compression pressure and the dwell time of
5 s. The rheometer was calibrated for zero gap before analyz-
ing a sample. Viscoelastic analyses of polymers were per-
formed in two different ways: (i) oscillation temperature
sweep, where the change in complex viscosity as a function
of temperature was measured, and (ii) oscillation frequency
sweep, where the effect of shear rate on the complex viscosity
of a polymer at different temperatures was determined. The
temperature sweep was performed from 180 to 90°C at the
rate of 5°C/min, applied strain of 0.5% and angular frequency
at 0.1° radian/s. The oscillation frequency sweep was per-
formed at intervals of 10°C in the range of 100 to 180°C by
increasing the angular frequency from 0.1 to 100° radian/s at
each temperature and using the applied strain of 0.5%.

Torque Analysis by Hot Melt Extruder

The torque analyses at three different screw designs were
conducted using Process 11 twin screw melt extruder (Thermo
Scientific, Bridgewater, NJ, USA) at constant temperatures.
The highest temperature used for torque analysis was 180°C,
and other experiments were conducted at lower temperatures
at intervals of 10°C. The lowest temperature that could be
used for torque analysis depended on the extrudability of the
polymer. The extruder had a maximum torque limit of about
12 Nm, which is considered to be ~100% of its capacity, above
which the equipment stopped. Therefore, for the proper func-
tioning of the equipment, the lowest temperature for torque
analysis was selected such that the torque remained below
90%.

Three different types of screw configurations, namely low
shear stress (L), medium shear stress (M), and high shear
stress (H), were selected to assess the effect of shear stress
exerted by screw configuration on the extrudability of poly-
mers. All three screw designs contained three series of con-
veying elements and two kneading zones. The two kneading
zones consisted of 13 kneading elements each in the forward
direction having different configurations in their angles: The

low shear stress screw design consisted of 13 kneading ele-
ments with the successive angle of 30°; the medium shear
stress screw design consists of six kneading elements of the
successive angle of 60°, followed by seven kneading elements
of the successive angle of 30°; and the high shear screw design
consists of six kneading elements of the successive angle of
90°, followed by seven kneading elements of the successive
angle of 30°. Throughout the experiments, the feeding rate,
the screw speed, and the die diameter were kept constant,
which were, respectively, 2 g/min, 200 RPM, and 2 mm.

RESULTS AND DISCUSSION

PXRD

Powder X-ray diffraction patterns of the Affinisol™
HPMC HME polymers and Kollidon® VA 64 are shown in
Fig. 1. A single halo at approximately 20 2θ was observed for
the three Affinisol™HPMC polymers, while Kollidon® VA 64
exhibited two amorphous halos around 12 and 22 2θ. There
were no characteristic major peaks indicating crystallinity of
any material, and therefore, it was concluded based on PXRD
that all polymers were amorphous.

It may be noticed in Fig. 1 that there was a minor peak at
about 32 2θ in the PXRD pattern of each Affinisol™ HPMC
HME polymer. In case of Affinisol™ 15 cP, a few other minor
peaks at higher 2θ values were also observed. Previously,
small peaks at about 32 2θ for HPMC 100 cps (Methocel™
K100LV) and HPMC 6 cps were reported (13). Although the
substituted polymers like HPMC are mostly amorphous, a
small degree of crystallinity may still exist in their structures
due to intra- and inter-molecular hydrogen bonding between
polymer chains (13,19). It is possible that the minor peaks
observed in Fig. 1 are due to the presence of such microcrys-
talline domain in the structures of Affinisol™ HPMC HME
polymers.

mDSC

Modulated differential scanning calorimetric scans of the
polymers used are shown in Fig. 2. They exhibited glass tran-
sition temperatures within a relatively narrow range of 98 to
108°C, which were 98, 103, 104, and 108°C for Affinisol™
15 cP, Affinisol™ 100 cP, Affinisol™ 4 M, and Kollidon® VA
64, respectively. The absence of any other thermal events
confirmed that the materials were amorphous.

TGA

The results of the thermogravimetric analysis of the
Affinisol™ HPMC HME polymers and Kollidon® VA 64 are
shown on Fig. 3. In addition to these polymers, the TGA scan
of a marketed polymer, HPMC 100 cP (Methocel™ K100LV),
is also included in the figure from a previous study (13) for
comparison with the new HPMC HME (Affinisol™) poly-
mers. All five polymers exhibited rapid weight loss above
240°C, indicating chemical degradation that produced vola-
tiles. However, there appeared to be a gradual weight loss of
Affinisol™ 15 cP starting from about 100°C and there also
appeared to be some stepwise weight loss of Affinisol™
100 cP and Affinisol™ 4 M starting at about 190°C. For this

150 Gupta et al.



reason, weight losses by the polymers at different temperature
ranges are tabulated in Table I. The initial weight loss at
<60°C in Fig. 3 by Kollidon® VA 64 and Methocel™
K100LV was attributed to the evaporation of adsorbed mois-
ture and after that there were minimal weight loss until possi-
ble degradation at >220°C. For example, between 100 and
190°C, the weight loss by Kollidon® VA 64 and Methocel™
K100LV was, respectively, 0.25 and 0.20%. On the other hand,
the three Affinisol™ polymers showed weight loss of 0.51 to
0.65% within this temperature range. Additionally,
Affinisol™ 100 cP and Affinisol™ 4 M showed weight loss
of 0.59 and 0.50% between 190 and 220°C, as compared to the
weight loss of 0.21 and 0.25% within the same range of tem-
perature by Kollidon® VA 64 and Methocel™ K100LV, re-
spectively. Overall, the three Affinisol™ HPMC HME
polymers exhibited higher weight loss than those of Kollidon®

VA 64 and Methocel™ K100LV in the temperature range of
100 to 220°C. Above 220°C, all polymers exhibited compara-
ble weight loss, possibly due to the onset of thermal degrada-
tion for all of them.

The reason for higher weight loss, although relatively
small, from the Affinisol™ polymers as a function of temper-
ature within the possible melt extrusion range of 100 to 200°C
has not been investigated in the present study. Additional
information about chemical compositions of the Affinisol™
polymers will be necessary to determine what types of volatile

Fig. 1. Powder XRD patterns of Affinisol™ polymers and Kollidon® VA 64

Fig. 2. DSC scans of Affinisol™ polymers and Kollidon® VA 64
showed their glass transition temperatures (Tg)

Fig. 3. TGA scans of Affinisol™ polymers, Kollidon® VA 64, and
Methocel™ K100LV. The initial weight of Affinisol™ HPMC HME
15 cP shows 100%. Although the initial weights of other polymers in
the figure were also set at 100%, the initial numbers in the y-axis do
not reflect 100% as all scans are shown separately in one figure for
better clarity. The weight losses in all figures are, however,
proportional

151Investigation of Thermal and Viscoelastic Properties of Polymers



materials may be present. The chemical analyses of the vola-
tiles may also be required.

Moisture Sorption

Although the primary focus of the present investigation
was to study thermal and viscoelastic properties of polymers, it
was of interest to compare hygroscopicity of different poly-
mers as it may play an important role in the selection of a
polymer for the preparation of solid dispersion by melt extru-
sion. It is well-known that the hygroscopicity of polymeric
materials and other excipients used plays critical roles on
physical stability of amorphous drugs present in solid disper-
sions as the materials may convert to crystalline forms more
easily at higher moisture contents (20). Figure 4 shows mois-
ture sorption profiles of Affinisol™ polymers, Kollidon® VA
64, and Methocel™ K100LVas a function of relative humidity
at 25°C. In this study, the samples were initially equilibrated at
10% RH, where there was some weight loss due to desorption
of any moisture initially present with the polymers. As the
humidity was increased from 10% RH, weight gain due to
moisture sorption was observed. The extents of weight gain at
60, 70, and 80% RH by different polymers relative to that at
10% RH are given in Table II. Both Fig. 4 and Table II show
that all Affinisol™ HPMC HME polymers were much less
hygroscopic than Kollidon® VA 64 and Methocel™ K100LV.

Viscoelastic Properties

In general, polymers are viscoelastic materials, which
behave both solid-like and liquid-like and thereby exhibit
deformation and flow depending on temperature and shear
rate conditions. The viscoelastic properties are characteristics
of a given polymer that depend on its molecular weight,
molecular weight distribution, and branching. It is, therefore,
important to investigate such properties of polymers by rhe-
ology prior to their use in hot melt extrusion (12,21). Since the
hot melt extrusion technique imparts temperature, shear rate,
and stress onto materials, the rheological data of polymers
helps formulation scientists to determine optimal processing
conditions in the development of solid dispersions.

Among various viscoelastic properties, the complex vis-
cosity is most relevant to melt extrusion of polymers (12,22). It
is obtained when the complex modulus of a polymer, which is
a measure of the overall resistance of a material to deforma-
tion regardless of whether the deformation is recoverable
(elastic) or nonreversible (viscous), is divided by angular fre-
quency applied to the material in the oscillation rheology
technique. The complex viscosity of polymers drops with an
increase in temperature. For materials that exhibit Newtonian
behavior, the viscosity as a function of shear rate at a partic-
ular temperature remains constant (constant viscosity fluids).
However, polymers usually exhibit non-Newtonian shear-thin-
ning viscoelastic properties and, as a consequence, the com-
plex viscosity of their melts decreases with an increase in shear
rate. During the measurement of viscosity by the oscillation
rheology technique, an increase in angular frequency is anal-
ogous to an increase in shear rate, and therefore, the complex
viscosity may also be considered to be the angular frequency-
dependent viscosity. High temperature is used during melt
extrusion, and at the same time, the materials are subjected
to high shear rate due to rotation of screws at high speed and

Table I. Percent Weight Loss by Different Polymers at Specified Temperature Ranges

Temperature range (°C) Weight loss (%)

Affinisol 15 cP Affinisol 100 cP Affinisol 4 M Kollidon VA 64 Methocel K100LV

30 to 100 0.17 0.43 0.19 0.94 1.47
100 to 190 0.65 0.57 0.51 0.25 0.20
190 to 220 0.20 0.59 0.50 0.21 0.25
220 to 250 1.01 1.40 1.14 0.94 1.30

Fig. 4. Moisture sorption analysis of Affinisol™ polymers, Kollidon®
VA 64, and Methocel™ K100LV where the percent weight loss or
weight gain is plotted as a function of percent relative humidity at
25°C

Table II. Percent Weight Gains at 25°C by Affinisol™ Polymers,
Kollidon® VA 64, and Methocel™ K100LV at 60, 70, and 80% RH

Relative to the Equilibrium Weights at 10% RH

Polymer % Weight gain at 25°C

60% RH 70% RH 80% RH

Affinisol 15 cP 3.1 4.7 8.3
Affinisol 100 cP 3.2 4.9 8.6
Affinisol 4 M 3.4 5.3 8.8
Kollidon VA 64 10.2 14.9 21.6
Methocel K100LV 6.7 10.1 14.6
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friction with the barrel wall. Therefore, it is essential that the
effects of both temperature and angular frequency (i.e., shear
rate) on complex viscosity of polymers are measured.

Effect of Temperature on Complex Viscosity

Figure 5 shows the effect of temperature on the complex
viscosity of the Affinisol™ HPMC HME polymers and
Kollidon® VA 64. All Affinisol™ polymers showed almost
identical plots as a function of temperature at an angular
frequency of 0.1 rad/s. The viscosity near the Tg values
(~100°C) of the polymers was above 1×106 Pa.s, which is
extremely high for the purpose of melt extrusion. The com-
plex viscosity of the polymers decreased with the increase in
temperature, reaching 12,000–14,000 Pa.s for Affinisol™
HPMC HME and 2000 Pa.s for Kollidon® VA 64 at 180°C.
It has been reported earlier that the viscosity of a polymer at
an angular frequency of 0.1 rad/s should optimally be in the
range of 10,000 to 1000 Pa.s to enable melt extrusion (12,19).
Such a range was established based on the following consid-
erations: (i) the polymer should be fluid enough with low
viscosity so that the drug could dissolve in it, (ii) the plasticity
of the polymer should be maintained so the material flows
through the barrel to be extruded at the other end and does
not melt and settle on the bottom of the barrel leading to
degradation, and (iii) the extrudates exit from the dies as
strands that are amenable to down-stream processing. In other
words, the viscosity of the polymer should be low enough for
successful formation of solid dispersion and high enough for
successful extrusion to take place. Therefore, based on the
complex viscosity at 0.1 rad/s, it appears that Affinisol™
HPMC HME polymers may require processing at >180°C.
This is, however, contrary to the previous reports where it
was claimed the polymers may be processed at much lower
temperatures (16,17). As will be described later, further stud-
ies were conducted to address this apparent contradiction.

Compared to Affinisol™ HPMC HME polymers,
Kollidon® VA 64 had much higher complex viscosity at lower
temperature (<140°C). However, there was a much faster drop
in its viscosity as a function of an increase in temperature, since
Kollidon® VA 64 exhibited lower viscosity than that of
Affinisol™ HPMC HME polymers at >150°C (Fig. 5). The

results with Kollidon® VA 64 are in agreement with a previous
study, where it was shown that the polymer is extrudable above
157°C (13).

It should be noted here that the viscosity results reported
in Fig. 5 are those of the polymers themselves in their softened
or molten states, and they are not for 2% aqueous solutions,
which are the values associated with their names as 15 cP,
100 cP, 4 M (or 4000 cP), and so forth. While the viscosities
of the aqueous solutions differed greatly, the melt viscosities
were essentially similar. The latter are more relevant to melt
extrusion.

Effect of Angular Frequency on Complex Viscosity

As mentioned earlier, the shear rate also has a major
impact on the viscosity of polymers, especially if they exhibit
shear-thinning nature. Such information is useful for hot melt
extrusion since materials undergo high shear during process-
ing due to rotating twin screws. Therefore, in order to conduct
melt extrusion, not only the processing temperature of the
barrel should be optimized, but also the effect of shear rate
on the melt viscosity and, therefore, extrudability of the poly-
mers should also be investigated. For this reason, the effect of
shear rate on the polymers was studied in the present investi-
gation by measuring their viscosity as a function of angular
frequency. As shown in Fig. 6, a decrease in viscosity with an
increase in angular frequency was observed for all polymers,
indicating shear thinning. However, the extent of a decrease in
viscosity with an increase in angular frequency at any partic-
ular temperature was different for different polymers. Among
the three Affinisol™ polymers, Affinisol™ 15 cP exhibited the
highest complex viscosity (Fig. 6a), followed by Affinisol™
100 cP (Fig. 6b) and Affinisol™ 4 M (Fig. 6c). For Kollidon®

VA 64, the viscosity was lower than that of Affinisol™ poly-
mers at relatively lower angular frequencies, but the viscosity
was relatively higher at higher frequencies (Fig. 6d), indicating
that Kollidon® VA 64 has less shear thinning effect than that
of the other polymers. In the log-log scale, the decrease in
viscosity as a function of angular frequency at different tem-
peratures was almost parallel. The decrease in viscosity for the
polymers was also compared quantitatively by plotting viscos-
ity as a function of angular frequency at a given temperature
(Fig. 6e) and determining the slopes of the graphs. The fol-
lowing were the slopes for the polymers at 150°C: Affinisol™
15 cP=−0.563, Affinisol™ 100 cP=−0.547, Affinisol™ 4 M=
−0.528, and Kollidon® VA 64=−0.202. It is clear that the drop
in viscosity as a function of shear rate for Affinisol™ HME
polymers was relatively much faster than that of Kollidon®

VA 64. Thus, during melt extrusion, the screw speed and screw
design would have a more pronounced effect on the viscosity
of Affinisol™ HPMC HME polymers and ultimately on the
torque generated by them than that of Kollidon® VA 64. Thus,
it may be expected that Affinisol™ HPMC HME polymers
could be processed at lower temperatures than the PVP-based
polymer, while at the same time maintaining integrity of the
extrudates during exit from the die.

It should be noted that the high shear rate exerted by the
twin-screw extruders cannot be directly correlated with the
viscosity measured by the rheometer as an angular frequency
comparable to that of the shear rate of an extruder cannot be
obtained in a rheometer. Despite the limitation of the

Fig. 5. Viscosities of Affinisol™ HPMC HME polymers and
Kollidon® VA 64 as a function of temperature. Each data point

represents the average of three determinations
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rheometer, the measured viscosity as a function of tempera-
ture gives a clear indication of how different polymers may
behave during melt extrusion.

Torque Analysis

Effect of Temperature and Screw Configuration

The results of torque analysis of the three Affinisol™
HPMC HME polymers and Kollidon® VA 64 with three dif-
ferent screw designs and as a function of temperature are
shown in Fig. 7. The force exerted on the twin screws by the
material and processing parameters is referred to as torque.
As mentioned earlier, the torque value of 12 Nm in the Pro-
cess 11 melt extruder is equivalent to 100% of the extruder
capacity, above which the extruder stops. Therefore, the pro-
cessing temperatures in the present study were selected such
that the torque remained below 100% capacity. It was evident
from our previous studies (12,19) that the torque increased
with a decrease in barrel temperature because of the increase
in viscosity of the polymer. A similar trend was observed for
the polymers used in the present study, except for Affinisol™
4 M.

It is evident that during torque analysis the three
Affinisol™ polymers (Fig. 7a, b, and c) behave much

differently than that of Kollidon® VA 64 (Fig. 7d). Kollidon®

VA 64 exhibited acceptable torque values in a narrow tem-
perature window for melt extrusion, and there was no major
impact of screw configuration on torque generated during
extrusion. For example, the torque generated by Kollidon®

VA 64 was 54% at all the configurations at 180°C, and it
sharply increased to about 80% at a lower temperature of
160°C. Below 160°C, the material was pract ical ly
nonextrudable by the equipment used.

Unlike Kollidon® VA 64, Affinisol™ 15 cP (Fig. 7a) ex-
hibited major effects of temperature and screw configuration
on the torque generated during melt extrusion. Its torque was
about 40% at 180°C at low stress screw design (L), which
increased to 56% at medium stress (M) and 63% at high stress
(H). There was a gradual increase in torque values as the
stress levels on the materials are increased by changing the
screw design. At 140°C, the torque values for low, medium,
and high stress screw designs were 75, 80, and 86%, respec-
tively. Thus, the polymer could not only be extruded at tem-
perature wide range of temperature from 180 to 140°C, its
processing condition may also be varied by the screw design.

In case of Affinisol™ 100 cP (Fig. 7b), the torque values
at all three screw designs were essentially similar. The torque
values at 180°C for low, medium, and high intensities were 54,
56, and 60%, respectively. They were still within the working

Fig. 6. Effect of angular frequency (0.1 to 100 rad/s) and temperature on the complex viscosity: a Affinisol™ 15 cP, b
Affinisol™ 100 cP, cAffinisol™ 4 M, dKollidon® VA 64, and e comparison of the effect of angular frequency on the complex

viscosity for different polymers at 150°C
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range of the melt extruder when the temperature was lowered
to 140°C, where torque values were 67% for low, 77% for
medium, and 78% for high intensity screw designs.

The torque analysis data were significantly different in
case of Affinisol™ 4 M (Fig. 7c) than those of 15 and 100 cP
grades. At 180°C, the torque values for Affinisol™ 4 M at low,
medium, and high intensities were 41, 46, and 70%, respec-
tively. With a decrease in temperature, there was a slight
increase in torque to 86% at 130°C at the high stress screw
design. On the other hand, there was small decrease in torque
at low and medium intensities followed by a plateau. In case of
both low and medium stress screw designs, the torque value
was about 38% at 130°C. At low stress screw design, the
polymer could be extruded at a temperature as low as 120°C
with a torque value of 36%, below which the output material
was granular in nature.

It should be noted here that different levels of shear
stress, which is the force applied to the materials by twin
screws, may be necessary in a melt extruder to enable ade-
quate mixing or kneading of materials. High stress may also be
needed for dissolution of drug in the polymer melt. In the
present investigation, the shear stress was changed by using
different screw designs. In the low stress screw design (L),
kneading screws with 30° angles were used, while the screws
were partially changed to those with 60° and 90° angles in,
respectively, medium (M) and high (H) shear screw designs.
As the angles of screws were increased, they might have
provided more resistance to the flow of materials within a
melt extruder. This could be the reason for an increase in
torque observed in Fig. 7 with the increase shear stress by

screw design for Affinisol™ 15 cP and Affinisol™ 100 cP
(Fig. 7a and b, respectively). Although the torque of
Affinisol™ 4 M at high (H) stress screw design was similar
to those with Affinisol™ 15 cP and Affinisol™ 100 cP, much
lower torque was observed at L and M screw designs. The
reason for this anomalous behavior was not investigated. The
effect of screw design on the torque of Kollidon® VA 64 was
negligible as it appeared that any resistance applied by the
screw design to the flow of the material within the extruder
was minimal.

It may also be mentioned here that the shear stress ap-
plied by screw design is different from the shear rate exerted
on the materials during melt extrusion. In rheological analysis,
the rate at which the oscillation of the parallel plate takes
place (or angular frequency) is called the shear rate. Accord-
ing to the results presented in Fig. 6, the complex viscosity of
polymers decreased with an increase in shear rate. A similar
relationship was observed in one of our previous studies when
the torque value decreased with an increase in screw speed
(22). The shear rate was, however, kept constant in the pres-
ent investigation as the screw speed and feed rate remained
unchanged in all melt extrusion experiments. Therefore, any
effects of screw designs observed in Fig. 7 are due to change in
shear stress and not in shear rate.

Effect of Angular Frequency on Torque: Affinisol™ HPMC
HME Polymers vs. Kollidon® VA 64

In Fig. 5, the complex viscosity of the Affinisol™ HPMC
HME polymers at 0.1 rad/s was higher than 10,000 Pa.s at

Fig. 7. Effect of melt extrusion processing temperature and screw configurations (low, L; medium, M; high, L) on torque
observed during melt extrusion of different polymers: a Affinisol™ 15 cP, b Affinisol™ 100 cP, c Affinisol™ 4 M, and d

Kollidon® VA 64
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temperatures as high as 180°C. On the other hand, the viscos-
ity of Kollidon® VA 64 was below 10,000 Pa.s at ~160°C. Since
the complex viscosity should be in the range of 10,000 to
1000 Pa.s for optimal melt extrudability (12,22), these results
suggest that it would be difficult, if not impossible, to extrude
the Affinisol™ HPMC HME polymers through a melt extrud-
er even at 180°C, while Kollidon® VA 64 may be extruded at a
lower temperature of 160°C. On the contrary, the results of
torque analysis in the present study (Fig. 7a, b, and c) dem-
onstrate that the Affinisol™ HPMC HME polymers may be
processed at a temperature as low as 130°C with all three
screw designs, and in some cases, the temperature may be
lowered even further. However, the lower limit of the temper-
ature window for the processing of Kollidon® VA 64 still
remained ~160°C. This apparent contradiction between vis-
cosity and extrudability of Affinisol™ HPMC HME polymers
and Kollidon® VA 64 may be explained by the difference in
the effect of angular frequency on complex viscosity of the
polymers (Fig. 6). The slopes of the complex viscosity vs.
angular frequency plots for one of the Affinisol™ HPMC
HME polymers (Affinisol™ HPMC HME 4 M) and
Kollidon® VA 64 at different temperatures from 120 to
180°C (Fig. 6) were calculated, and the results are given in
Table III. A t test was performed to evaluate whether there
was any significant difference between the slopes of the two
polymers. The critical t value was found to be −11.5 (df=6)
and p value for two tail was <0.05. It could thus be concluded
that the effect of shear rate on the decrease in viscosity for
Affinisol™ HPMC HME 4 M was significantly greater than
that on Kollidon® VA 64. Because of much higher slopes of
the viscosity vs. angular frequency plots, the torque of
Affinisol™ HPMC HME 4 M and other similar polymers
decreased sharply to extrudable ranges (Fig. 7a, b, and c).
This is the direct result of the high shear rate exerted by the
extruder. Consequently, the temperature window for the pro-
cessing of Affinisol™ HPMC HME also became relatively
much larger (Fig. 7a, b, and c). In contrast, the torque of
Kollidon® VA 64 remained high, and the temperature window
for its processing was practically unchanged (Fig. 7d) because
of the lower slopes of its viscosity vs. the angular frequency
plots (Fig. 6d and Table III). A similar correlation between the
effect of angular frequency and torque was reported earlier by
Rosalina et al. (23) for starch gels. It might be possible that
Affinisol™ HPMC HME polymers have gel-like structures in
the molten state that are highly thixotropic and, therefore,
exhibit shear thinning. Thus, the results of the present inves-
tigation demonstrate that for certain polymers, it is not only

necessary to know the complex viscosity, but it is also impor-
tant to study the effect of angular frequency on complex
viscosity to fully characterize them for melt extrudability in
the development of solid dispersion systems.

Concluding Remarks

DSC and PXRD analyses showed that the three
Affinisol™ HPMC HME polymers were amorphous in
nature and may be used as suitable matrices to formulate
amorphous drugs in solid dispersions. Their Tg values
were similar to that of Kollidon® VA 64, which was
previously studied for its suitability for hot melt extrusion
(12,22). TGA showed that the onset of degradation for all
polymers was above 220°C, which makes them viable
candidates for HME processing at high temperatures.
The Affinisol™ HPMC HME polymers exhibited less hy-
groscopicity than Kollidon® VA 64 and another compara-
ble HPMC polymer, Methocel™ K100LV.

A decrease in complex viscosity was observed for all
polymers with an increase in temperature. The viscosity
vs. temperature plots were almost identical for Affinisol™
polymers, while the decrease in viscosity of Kollidon® VA
64 as a function of temperature was more rapid as it
showed higher viscosity than that of Affinisol™ polymers
at <150°C and lower viscosity at >150°C. However, when
a frequency sweep was conducted, it was observed that
the decrease in viscosity for the Affinisol™ HPMC HME
polymers was highly dependent on angular frequency or
the shear rate applied to the polymers. A drop in viscosity
as a function of angular frequency was plotted at 150°C
for all four polymers. The influence of shear rate on the
viscosity of Kollidon® VA 64 was the least, which was
evident from the low slopes of the graphs. In case of
Affinisol™ HPMC HME polymers, the viscosity of 15 cP
grade was the highest, followed by 100 cP and then 4 M.
Such effects of temperature and shear rate on the viscos-
ity could be extrapolated to the hot melt extrusion pro-
cess. Affinisol™ polymers showed larger windows of
processing temperatures as compared to that of Kollidon®

VA 64. This was due to a larger decrease in viscosity
caused by high shear rate in case of Affinisol™ polymers
as compared to Kollidon® VA 64.

The properties of only the neat polymers were com-
pared in the present investigation. However, for the selec-
tion of optimal polymers in the formulation of solid
dispersion by melt extrusion, it is essential to understand
the effects of drugs, fillers, or plasticizers on melt viscosity
and extrudability of polymers. It is also important to
investigate the relative miscibility of drugs in different
polymers. In a recent investigation, a cellulosic polymer,
HPMC phthalate, had about three times the miscibility as
that of Kollidon® VA 64 (24). It will also be interesting to
know how miscible Affinisol™ polymers are relative to
Kollidon® VA 64 and other polymers. No such studies
were conducted in the present investigation. We hope that
the systematic characterization of Affinisol™ HPMC
HME polymers in the presented in this report will lead
to such studies in the future and facilitate their use in
drug product development.

Table III. Comparison of the Slopes of Oscillation Frequency vs.
Complex Viscosity Curves for Kollidon® VA 64 and Affinisol™ 4 M

Temperature (°C) Affinisol™ 4 M slope Kollidon® VA 64 slope

120 −0.612 −0.404
130 −0.624 −0.338
140 −0.596 −0.358
150 −0.561 −0.292
160 −0.531 −0.202
170 −0.510 −0.133
180 −0.502 −0.099
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