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Abstract. The objective of this research work was to evaluate Klucel™ hydroxypropylcellulose (HPC) EF
and ELF polymers, for solubility enhancement as well as to address some of the disadvantages associated
with solid dispersions. Ketoprofen (KPR), a Biopharmaceutics Classification System class II drug with
poor solubility, was utilized as a model compound. Preliminary thermal studies were performed to confirm
formation of a solid solution/dispersion of KPR in HPC matrix and also to establish processing conditions
for hot-melt extrusion. Extrudates pelletized and filled into capsules exhibited a carrier-dependent release
with ELF polymer exhibiting a faster release. Tablets compressed from milled extrudates exhibited rapid
release owing to the increased surface area of the milled extrudate. Addition of mannitol (MNT) further
enhanced the release by forming micro-pores and increasing the porosity of the extrudates. An optimized
tablet formulation constituting KPR, MNT, and ELF in a 1:1:1 ratio exhibited 90% release in 15 min
similar to a commercial capsule formulation. HPC polymers are non-ionic hydrophilic polymers that
undergo polymer-chain-length-dependent solubilization and can be used to enhance solubility or dissolu-
tion rate of poorly soluble drugs. Dissolution/release rate could be tailored for rapid-release applications
by selecting a suitable HPC polymer and altering the final dosage form. The release obtained from pellets
was carrier-dependent and not drug-dependent, and hence, such a system can be effectively utilized to
address solubility or precipitation issues with poorly soluble drugs in the gastrointestinal environment.

KEYWORDS: hot-melt extrusion; Klucel™ EF/ELF; solid solutions/dispersions; solubility enhancement;
thermal miscibility evaluation.

INTRODUCTION

Solubility enhancement of poorly soluble drugs is an exten-
sively researched area in the current pharmaceutical industry.
With over 40% of new chemical entities having higher molecular
weight and highly lipophilic in nature, pharmaceutical research is
being directed toward better solubilization techniques to counter
this challenge. Technologies such as solid dispersions have proven
viable and been used extensively due to inherent advantages over
other technologies (1). Techniques such as solvent evaporation
(2), fusionmethod (3,4), complexation, spray-drying (5), and hot-
melt extrusion (6,7) have been utilized to form solid dispersions,
with spray-drying and hot-melt extrusion being the most widely
utilized techniques (8). The processing steps involved in manu-

facturing solid dispersions might induce a physico-chemical trans-
formation, and hence, stability assessment is of pivotal impor-
tance. Conversion to a high-energy amorphous form, being one
of them, can also impart enhancement in solubility and hence
bioavailability (9,10). However, such high energy forms tend to
recrystallize or precipitate out from their supersaturated solu-
tions. Recrystallization and precipitation in these polymers or in
the gastrointestinal tract can be controlled by use of crystalliza-
tion inhibitors (11) or modifying the release to prevent supersat-
uration, while maintaining a concentration that would result in
bioavailability enhancement (12,13).

Hot-melt extrusion (HME) is a versatile processing technol-
ogy that can be used for solubility enhancement, granulation, and
as a physico-chemical stability imparting technology (14). Being a
non-solvent process, HME has significant utility in the manufac-
ture of solid dispersions and solid solutions. The intense mixing
and shearing distributes the drug uniformly in a polymer matrix
and depending upon the drug and polymer interactions, forms a
solid solution or a solid dispersion (15). The extrudates can be
further processed into pellets as multi-particulate systems, films,
or into tablets by milling and addition of tabletting excipients
(16). Many polymers have been evaluated for use in HME in-
cluding hydroxypropylcellulose (HPC) (17), polyvinyl pyrroli-
done (18), polyethylene oxide (19), and sugars such as isomalt
(20), erythritol (21), and mannitol (22). Being a process that is
performed at high temperatures, the polymers and the drug have
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to meet the requirement of being thermoplastic, stable, and able
to withstand the shear being exerted by the screws.

Klucel™ HPC polymers have been used previously to
control drug release from hot-melt-extruded films (23) and
as a granulation binder (24). HPC polymers are non-ionic
polymers that release the drug by a mechanism of swelling
and erosion. Work done in our lab earlier reported that rate of
solubilization of HPC is dependent upon polymer molecular
weight (17). Klucel™ hydroxypropylcellulose EF and ELF
have an approximate molecular weight of 80,000 and
60,000 Da, respectively, and hence undergo a faster erosion
process, thus aiding in release of poorly soluble drugs dis-
persed or dissolved in the polymer matrix (25). Being nonion-
ic, pH-independent release can be achieved from matrices
manufactured from these polymers. We have evaluated imme-
diate as well as rapid-release applications of Klucel polymers
for solubility enhancement of poorly soluble drugs. Lower
molecular grades of HPC, EF and ELF, were utilized to in-
crease the solubility of a poorly soluble drug in a solid disper-
sion/solution. HME was utilized to intimately mix the
components into a homogenous matrix. Ketoprofen (KPR)
is a non-steroidal anti-inflammatory drug commonly used in
treatment of pain and inflammation. Being a Biopharmaceu-
tics Classification System Class II drug, dissolution is the rate-
limiting step for absorption of orally administered KPR and
hence was utilized as a model compound (26). Various techni-
ques to increase solubilization have been explored including
formulation of solid lipid nanoparticles using waxes and leci-
thin (27), dispersing in pellets using macrogols (28), hot-melt
extrusion coupled with a cyclodextrin (29), self-emulsifying
drug delivery systems (30), and lyophilization (31,32). Most
of these techniques are multiple-batch processes that might
also involve the use of organic solvents. Further processing
might thus be required to manufacture a final dosage form
that can be administered to a patient.

In the current research, preliminary screening studies
were performed to evaluate HME feasibility utilizing DSC,
thermogravimetric analysis (TGA) and hot-stage microscopy
(33). The process was optimized and extrudates evaluated for
in vitro release, crystallinity, and surface morphology. Extru-
dates were prepared into pellets, to be directly filled into
capsules or milled to be compressed into tablets. The extru-
sion process converted crystalline KPR to an amorphous
form, dispersing the same in a hydrophilic HPC matrix that
resulted in increased dissolution rate. We have also made an
attempt to explain dissolution mechanisms that play a signifi-
cant role in solubility enhancement. HME also imparted phys-
ical properties to extruded systems that contributed toward
better tabletting properties. Amorphous forms tend to recrys-
tallize on storage, but Klucel™ polymers were able to main-
tain the drug in an amorphous form in the extrudates when
stored at 40°C/75%RH for a period of 6 months.

MATERIALS

Ketoprofen USP was purchased from Letco Medical
(1316 Commerce Dr. NW, Decatur, AL, 35601); Klucel™
hydroxypropylcellulose EF and ELF polymers (HPC) were
obtained as gift samples from Ashland Aqualon Functional
Ingredients (Wilmington, DE); Pearlitol® (mannitol (MNT))
was obtained as a gift sample from Roquette (1417 Exchange

Street, P.O. Box 6647, Keokuk, IA 52632). AcDiSol® and
Avicel® 200 were received from FMC Biopolymers (1735
Market Street, Philadelphia, PA 19103); Aerosil® was re-
ceived from Evonik Degussa Corporation (379 Interpace
Parkway, Parsippany, NJ 07054). Magnesium stearate was
purchased from Mallinckrodt. The chemicals used were of
analytical grade and obtained either from Fisher Scientific or
Spectrum Chemicals

METHODS

Thermal Characterization

Differential Scanning Calorimetry

Polymer–drug miscibility studies were performed on bi-
nary mixtures of polymers Klucel™ ELF with KPR at increas-
ing concentrations ranging from 10% to 90%. A Perkin Elmer
Hyper Differential Scanning Calorimeter (DSC) (Perkin
Elmer Life and Analytical Sciences, 710 Bridgeport Ave.,
Connecticut, USA) was used to analyze the samples. Thermo-
grams were generated by analyzing 2–3 mg of the sample in an
aluminum pan and heating it from 20°C to 200°C at a linear
heating rate of 10°C/min. Endothermic onset and peak tem-
peratures at melting were calculated from the software. Pyris
manager software was used to analyze the data generated.
Extruded systems were also studied similarly to evaluate
crystallinity.

Modulated DSC (mDSC) studies were performed on Ther-
malAnalyticsQ1000mDSC instrument to detect glass transition
temperature of amorphous systems. Extrudates were evaluated
for any recrystallization that might have occurred at the end of
storage time points. The samples were heated in hermetically
sealed aluminum pans from −30° to 170°C with a 1°C/min
modulation. Ramp rate was set to 3°C/min. The data were
analyzed utilizing TA Universal Analysis software and glass
transition (Tg) temperature calculated by taking the midpoint
of tangents drawn.

Thermogravimetric Analysis

A Perkin Elmer Pyris 1 TGA running Pyris manager
software (PerkinElmer Life and Analytical Sciences, 719
Bridgeport Ave., Connecticut, USA) was used to perform
thermogravimetric analysis of samples. Drug and excipients
were evaluated for thermal stability at high temperatures.
Three to four milligrams of the sample was weighed and
heated from 25°C to 200°C at 10°C/min heating rate under
an atmosphere of nitrogen.

Hot-Stage Microscopy

Drug and excipient blends as per Table I were evaluated
for miscibility using a hot-stage microscope and observed
under polarized light for changes in crystallinity. A small
amount of sample was spread on a glass slide and inserted
into a hot-stage setup. Samples were heated at a constant
heating rate of 10°C/min from 25°C to 200°C and visually
observed. Images were taken continuously at different steps
of transformation using a digital camera.

1159Klucel™ EF and ELF polymers for immediate-release applications



HPLC METHOD

All the samples were analyzed on a Waters HPLC,
and Empower software was used to analyze the data. The
high-performance liquid chromatography (HPLC) con-
sisted of a Water 600 binary pump, Waters 2489 UV/
detector, and Waters 717plus autosampler (Waters Tech-
nologies Corporation, 34 Maple St., Milford, MA 0157). A
Waters Symmetry shield C18, 250×4.6 mm, 5 μm particle
size reverse-phase column was used as a stationary phase,
and the mobile phase constituted 55:45 (%v/v) acetoni-
trile/20 mMol phosphate buffer at pH 4 (19). The UV
detector was set at 256 nm wavelength. For assay deter-
mination, accurately weighed samples were dissolved in
20 ml of methanol, filtered, and then injected at a 20 μl
injection volume. Assay for tablets was performed by
disintegrating the tablets in water and extracting the drug
in methanol prior to being injected on the HPLC. Six
replicates were used for all the assay studies. Samples
from dissolution studies were filtered and injected at a
20 μl injection volume.

FORMULATION

Formulation Composition and HME Processing

Two HPC polymers, Klucel™ EF (EF) and Klucel™
ELF (ELF), were used at different drug concentration
levels to evaluate their effect on solubility enhancement
of KPR. Polymers and drug as per Table I were mixed in
a V-cone blender (Maxiblend™, GlobePharma) at 25 rpm
for 10 min and samples analyzed for drug content and
blend uniformity. The blended material was extruded on a
16 mm Prism Eurolab, ThermoFisher Scientific Co, rotat-
ing twin screw extruder utilizing a round-shaped die to
yield extrudate rods. The temperature of the barrel was
maintained at 100°C to 140°C, and screw speeds of 50 or
70 rpm were utilized. The extruded rods were pelletized
to yield 1-mm pellets utilizing a pelletizer (Type L-001-
9482, Thermoscientific, Stone, UK). They were stored in
nitrogen-filled plastic bags in a refrigerator until further
evaluation. The pellets were evaluated for post-extrusion
content using HPLC method. The pellets were filled in a
size zero capsule to yield 50 mg drug load or milled for
tabletting.

Tabletting

The extruded material was rendered brittle by freezing in
a refrigerator and milled in a Fitzpatrick®Mill (The Fitzpatrick
Company, 832 Industrial Drive, Illinois, USA), hammers-for-
ward configuration for 5 min. The speed was maintained at
5,000 rpm, and sieve size corresponding to USP Sieve# 18 was
used. The tablet blends were prepared as per Table II. The 25-
and 50-mg strength tablets were compressed on a Mendelco
MTP1 tabletting machine using an 8 and 11 mm biconcave
punch, respectively. Tablet strengths 25T and 50T represent 25
and 50 mg, respectively.

Evaluation of Extruded System—Pellets and Tablets

Microscopy Studies

Scanning electron microscope (SEM) was used to study
surface morphology of extruded pellets. Samples exposed to
dissolution media were also evaluated after 1 min, to study
morphological changes post-dissolution. Samples were sput-
ter-coated with gold using a Hummer® 6.2 sputtering system
(Anatech LTD, Springfield, VA) in a high vacuum evaporator.
A JEOL JSM-5600 scanning electron microscope operating at
an accelerating voltage of 10 kV was used for imaging. Sam-
ples were mounted on adhesive carbon pads placed on alumi-
num stubs prior to sputter coating.

In Vitro Release Studies

Extrudates equivalent to 50 mg KPR were filled in cap-
sules and in vitro release studies performed on a USP type I
dissolution apparatus. Dissolution media constituting 900 mL
of pH 6.8 phosphate buffer with 1% Tween® 80 added and
maintained at 37°C was utilized. Paddle speed was set at
50 rpm. Samples were collected at every 0.25, 0.5, 0.75, 1,
1.5, 2, 3, 4, and 5 h, filtered and then analyzed using an HPLC.
An equal amount of fresh dissolution media was added back
to the dissolution vessel at each time point. Release profiles
were plotted for percent release to time. The dissolution pro-
files were compared utilizing model-independent, f2 similarity
factor values. Tablets formulated from extrudate material

Table I. Formulation Composition of HME Pellets

Formulations Ketoprofen Klucel™ ELF Klucel™ EF Mannitol

H 1 33 – 66 –
H 2 33 – 33 33
H 3 33 66 – –
H 4 33 33 – 33
H 5 25 75 – –
H 6 25 37.5 – 37.5
H 7 45 55 – –
H 8 45 27.5 – 27.5

Table II. Formulations Composition—Tablets Manufactured from
HME Matrices

Excipients (% w/w) H1-25T H3-25T

Ketoprofen 12.5 12.5
Klucel™ ® EF/ELF 25 (EF) 25 (ELF)
Avicel® 200 59.5 59.5
Aerosil® 0.5 0.5
AcDisol® 2 2
Magnesium stearate 0.5 0.5

H2-25T H4-25T/50T
Ketoprofen 12.5 12.5
Klucel™ ® EF/ELF 12.5 (EF) 12.5 (ELF)
Mannitol 12.5 12.5
Avicel® 200 59.5 59.5
Aerosil® 0.5 0.5
AcDisol® 2 2
Magnesium stearate 0.5 0.5
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were tested similarly. In addition, statistical analysis was per-
formed using ANOVA to compare the profiles.

Powder X-ray Diffraction

Powder X-ray diffraction (XRD) studies were performed
on a D-8 Advance X-ray diffractometer (Bruker AXS)
equipped with a SolX detector and running DiffracPlus®
software. The generator voltage and current were set to
40 KV and 30 mA, respectively. The samples were scanned
from 10° to 40°, 2θ values at 0.05° ramp and 3 s/step.

Tablet Characterization

Standard characterization tests were performed on tab-
lets manufactured from extruded material. The thickness and
diameter of the tablets was measured using a micrometer.
Disintegration testing was performed on a Dr. Schleuniger
Pharmatron USP (Schleuniger Pharmatron, Inc., 1 Sundial
Ave., Manchester, NH 03103) disintegration apparatus. Fria-
bility testing was performed in a friabilator (Roche friabila-
tor). A VarianVK200 (Agilent technologies, 13000 Weston
Pkwy, Cary, NC, 27522) hardness tester was used to test the
hardness of tablets. Six replicates were tested. Tensile strength
was calculated from hardness values utilizing the following
equation. F is the force measured at tablet failure, d and
h are the diameter and thickness of the tablet, respectively.

T ¼ 2F
pdh

Compaction Profiles

Compaction profiles were generated for extruded and un-
extruded KPR formulations as per their definitions (34). A
hydraulic Carver press (Fred Carver, Menomonee, WI) was
used to compress tablets at different compaction pressures
ranging from 50 to 500 MPa using an 8-mm punch. Tablets
were tested for hardness and the tensile strength calculated.
True density measurements of the tabletting blends were per-
formed using a Micromeritics helium pycnometer (AccuPyc II
1340, 4356 Communications Dr., Norcross, Georgia 30093).
Porosity measurements were made by calculating the true
density of the tablets and utilizing it to calculate the percent
solid fraction (S) in the tablet. The percent porosity (ε) was
calculated using the following equation:

ε ¼ 1� Sð Þ � 100

Tabletability is represented by a plot of tensile strength
versus compaction pressure, Compactibility by a plot of tensile
strength versus porosity, and Compressibility by a plot of
porosity versus compaction pressure (35).

Texture Analyzer

TA-XT Plus Texture Analyzer (Texture Technologies
Corp., Scarsdale, New York) was used to calculate the hard-
ness, work of failure, and percent change in diameter at tablet
failure. ATA-8 ball probe was used to exert diametrical force
on a vertically placed tablet. The test probe travelled at 2 mm/s

until the tablet surface was detected at 0.05 N, after which
the probe travelled to a 3-mm distance. A 10-kg load cell
was used to register the force exerted till the point of tablet
breaking.

Stability Testing

Samples were stored in closed glass vials and evaluated
for physical and chemical stability for a period of 6 months
utilizing DSC, mDSC, XRD, and chemical assay. Refrigerated
25°C/60%RH and 40°C/75%RH conditions were utilized. The
studies were performed utilizing six replicates. In vitro release
studies were performed on tablets stored at different stability
conditions. The release profiles were compared based on
calculated similarity factor values.

RESULTS AND DISCUSSION

Thermal Characterization

A hot-stage microscope was used to replicate temper-
atures the material would be exposed to inside an extruder
while polarized light microscope (PLM) was used to observe
the changes in the material. PLM aids the differentiation of a
crystalline form from a glassy/amorphous form and was hence
utilized in this study (21,36). Crystalline KPR started to melt
at around 97°C and converted to a molten form. HPC soft-
ened around 130°C, and on melting completely, was found to
be miscible with KPR (Fig. 1a). Similar transformations were
observed in H2 formulation for HPC, KPR, and MNT. How-
ever, MNTwhich melted at 170°C started to recrystallize back
at 70°C (Fig. 1b). Extrusion conditions were maintained so as
to maintain MNT in a crystalline state; DSC results confirmed
the same. The hot-stage microscope confirmed the formation
of a miscible amorphous system of KPR–EF mixtures (37).
KPR–ELF systems exhibited similar results and hence have
not been presented here.

Miscibility Studies

At all the concentrations evaluated, KPR and HPC
were found to be miscible with each other. The endother-
mic melting peak of KPR was comparatively lower to that
of pure KPR till a 60% drug loading. This suggested
partial solubilization of KPR and HPC during the heating
step (Fig. 2a–b; 38,39). This decrease in melting point
temperature can also be attributed to drug–polymer inter-
actions drop (40). KPR melting peak was not observed in
the second reheating step which confirmed formation of
an amorphous KPR. H1–H4 physical mixtures as well as
pure KPR were similarly evaluated on an mDSC. Pure
KPR exhibited a Tg around 0.85°C, and HPC has been
reported to have a Tg in between −25°C to 0°C, which is
dependent upon percent humidity (24). Extruded formu-
lations exhibited a single Tg in the range of 2°C to 4°C,
suggesting this to be of a miscible single-phase solid solu-
tion of KPR and HPC (37). DSC studies have been
employed to characterize miscibility of amorphous systems
extensively (41). An immiscible amorphous system would
exhibit two Tgs whereas a miscible system exhibits a
single Tg on a DSC run. Based on results obtained from
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thermal studies, it was confirmed that KPR forms a solid
solution with HPC polymers, and they were found to be
miscible with each other. HME processing temperatures
were set as per data obtained from DSC and hot-stage
studies.

Hot-Melt Extrusion Process

Klucel™ polymers, owing to their thermoplastic and ther-
mostable nature, have been utilized to form HME matrices
earlier by Repka and group (17,23). HPC polymers are semi-
crystalline polymers that soften over a range of temperatures
from 100°C to 140°C and have been extruded at 120°C to 170°
C (42,43). Earlier studies performed on HPC HF, a higher
molecular weight grade of HPC, report the advantages of
using plasticizers and plasticizing effect of drugs (43). KPR
which melts at 97°C has been known to provide plasticization
effect for the melt (19). A similar effect was observed with our
formulations, and hence extrusion could be carried out at a
lower temperature and higher screw speeds. Lower molecular
weight polymers such as Klucel™ EF and ELF, due to smaller
chains, have comparatively lower viscosity and hence exerted
lesser torque. The extrusion temperature could be lowered
significantly (100–120°C) for ELF polymer formulations when
the drug loading was 45% due to the plasticizing property of
the drug beyond its melting point.

HME conditions including barrel temperature and screw
speeds were optimized for maximum yield and were set accord-
ing to observations made from thermal studies. A temperature
setting of 100°C–140°C and 75 rpm screw speed resulted in
formulations with highest yield. KPR onmelting exhibits a tacky
nature and cannot be extruded on its own without a matrix.
Crowley et al. tried to extrude KPR–polyethylene oxide blends
but could not extrude it above 30% level due to the tacky nature
(19). In our experiments, HPC provided a matrix for the drug
and aided formation of solid extrudate rods that could be pel-
letized. HME performed on H7–H8 (45% drug load) exhibited
slightly similar behavior as observed by Crowley et al. but could

still be extruded at a lower temperature of 100°C to 120°C.
Addition of mannitol significantly aided the extrusion and pel-
letizing process in these formulations. The extrusion conditions

H1-HSM-PLM images

H2-HSM –PLM images

a

b

Fig. 1. HSM-PLM images of (a) H1 and (b) H2 formulations
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employed maintained MNT in a crystalline state (confirmed by
DSC studies), providing a necessary backbone for the pelletiza-
tion and milling operations.

Evaluation of Pellets

DSC and mDSC studies performed on extruded pellets
confirmed formation of a single-phase solid solution of KPR
and EF/ELF. A single Tg and a crystalline peak for MNTwere
observed in the thermograms confirmed the physical state of
component systems. Similar observations were made from
polarized light microscope images of extruded systems.

Scanning Electron Microscope

Formulations comprising KPR and HPC exhibited a
smooth surface suggesting a completely miscible single phase
system. Formulations comprising MNT exhibited a similar
smooth texture which was dispersed with crystalline mannitol.
Figure 3a–e represents H5, H3, H4, H7, and H8, formulations,
respectively. Extrudates representing higher drug loading for-
mulations, H7 and H8, exhibited smooth surface which were
interspersed with fissures. HPC is a long-chain, viscoelastic
polymer that can expand or contract owing to flexibility of
its polymer chains. A small molecule such as KPR lacks such
viscoelastic characteristics and apparently might have resulted
in unequal contraction, and hence development of fissures
during cooling. It was also observed that during extrusion
process these formulations exhibited decreased die swelling.

In vitro Release Studies—Pellets

Pellets manufactured utilizing ELF polymer exhibited
faster drug release in comparison to EF pellets. A release of
52.7±0.6% and 74.5±1.6% in 1 h for H1 and H3 formulations,
respectively, was observed. Formulations with mannitol as a
pore former, H2 and H4, released 85.8±3.6% and 88.5±1.5%
drug, respectively, (Table III). The extruded formulations, H2–
H8, had a comparatively faster release than an equivalent un-
extruded KPR (Fig. 4). H1 formulation comprising EF polymer

did not exhibit a significant improvement over physical mixture
blends (p>0.05). However, addition of mannitol in H2 as well as
H4 resulted in an improvement in release (p<0.05).

HME process involves mixing of molten drug and
polymers resulting in formation of a solid solution or
dispersion of drug in a polymer matrix. Such dispersions
or solutions, due to their inherent advantages, have been
utilized to increase solubility of poorly soluble drugs (9).
In our work, Klucel™ polymers were able to disperse
amorphous KPR at a molecular level in a hydrophilic
matrix. HPC enhances the dissolution process by increas-
ing the wettability, surface area, and also aids in stabili-
zation of amorphous KPR (44). Hydroxypropylcellulose
polymers undergo dissolution via a swelling- and erosion-
driven mechanism which is dependent upon chain length
(45). Longer-chain polymers on swelling require a longer
time to erode and hence result in slower release. Klucel™
ELF and EF polymers have a comparatively lower molec-
ular weight and hence, undergo faster erosion, resulting in
faster release of KPR. Observations made by Yuasa et al.
who used different grades of HPC to control the release
of a slightly poor soluble drug further support this infer-
ence (45,46). Swelling and erosion of HPC occurs instan-
taneously, leading to rapid release of KPR. On comparing
SEM images pellets pre- and post-dissolution, post-disso-
lution samples exhibited a rounded, smoother surface sug-
gesting surface dissolution and a concurrent release of

Fig. 3. SEM images of pellets manufactured using ELF polymer, (a–e) prior to dissolution and (I–V) post-exposure to dissolution media

Table III. Comparison of Release Profiles Using Similarity Factor
Values—Effect of Drug Loading

ELF H3 H5 H7

% Release in 1 h 74.5±1.6 75.50±1.1 65.7±3.5
H3–H5 H3–H5 H5–H7

f2 56 55 44
ELF+MNT H4 H6 H8
% Release in 1 h 88.5±1.5 68.3±4.0 75.1±3.0

H4–H8 H4–H6 H4–H8
f2 43 39 66
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KPR (Fig. 3b (II, IV)). Enhancement of release with ELF
polymers suggested that the release was carrier-dependent
and hence can be altered, as required, by altering the
molecular weight of the polymer utilized. Higher molecu-
lar weight grades of Klucel polymers have been utilized
earlier in our lab to attain a similar carrier-dependent
release (47). The factors—increased surface area, amor-
phous form, and a hydrophilic matrix—contribute towards
an increase in dissolution rate. In addition, mannitol, due
to its high solubility, solubilizes at a faster rate, creating
micropores (22,48) in the matrix, and enhances the release
significantly (p<0.05), (SEM images, Fig. 3b (I, III)).
During HME process, molten polymer tends to densify
on being pushed through a die, resulting in decreased
porosity (49). MNT might have compensated for this de-
crease in porosity by forming micropores due to its high
solubility and also reduced compressibility. Extrudates uti-
lized were of 1 mm cross-section, significantly thicker, andmight
have resulted in a slower release in H1 formulation. Also, EF
polymer exhibits slightly slower release which was offset by
addition of MNT in H2 formulation.

Interest in hydrophilic polymer-based solid dispersions
has gained interest over the last decades due to solubility

related issues with conventional formulations. However, this
technology comes with caveat that formulations that perform
in vitro may fail in vivo. Carrier-mediated or drug-related
phase conversion or precipitation can occur in super saturated
conditions in these formulations. SDs rely on a hydrophilic
polymer as a carrier material to increase wettability and an
amorphous form to increase drug solubility in the media. It
has been observed that such hydrophilic polymers solubilize at
a faster rate leaving behind a super saturated drug in the
media resulting in solution-mediated phase conversion (50).
Sheen et al. observed that solid dispersion using melt technol-
ogy did not result in increased bioavailability and suggested
that this could be due to precipitation of the poorly soluble
drug in gastric media (51). Dinunzio et al. observed that for-
mulations which exhibited a slower release over a prolonged
period of time resulted in better bioavailability by preventing
supersaturation and recrystallization of itraconazole (13). Law
et al. concluded the same that a slower release would benefit
bioavailability as the precipitated crystalline form would re-
quire more media to undergo dissolution (12). Thus, a slower
release, still in the domain of immediate release, might actu-
ally contribute towards increased bioavailability and better
stability for SDs. Klucel polymers with a wide range of

Fig. 4. In vitro release of pellets EF-ELF polymers

Fig. 5. In vitro release of pellets—effect of drug load on release
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molecular weights can be appropriately selected to tailor such
release.

Effect of Drug Loading

The dissolution profiles of pellets extruded at different
drug load of 25%, 33%, and 45% were compared (Fig. 5).
Formulations −H5 and H7, with 25% and 45% KPR, respec-
tively, had similar release profiles (f2>50) as H3 (33% KPR)
formulation (Table III). It was observed that an increase in
KPR concentration decreased its release in 1 h from 74.5±
1.6% to 65.7±3.5%, for H3 and H7 formulations, respectively.
A similar trend was observed with mannitol and ELF formu-
lations H4, H6, and H8. H4 formulation with an equal distri-
bution of KPR, ELF, and MNT (1:1:1) released the drug in the
least amount of time. In all the formulations studied, pellets
manufactured utilizing ELF exhibited a faster release but at
higher drug loading of 45%; no significant improvement in the
release of KPR was observed (similar profiles as per f2).

As per Higuchi matrix model, release from a matrix
occurs by dissolution and diffusion of one component through
the other (52). Due to difference in solubility, component with
higher solubility solubilizes at a faster rate, leaving behind
component with comparatively lesser solubility (53). At
higher drug loading (45%), less soluble KPR forms infinite
or continuous clusters, thereby restricting diffusion of media,
preventing surface penetration, and hence solubilization. This

can also be attributed to an increased tortuosity and decreased
diffusivity (54) caused by component systems. In formulations
such as H4, infinite clusters or continuous phases are formed
by soluble excipients (HPC and MNT), thereby decreasing
tortuosity and increasing diffusivity of the dissolution media.
A similar decrease in release has been observed in extruded
matrices by Crowley et al. and Zhang et al. (55,56). An in-
crease in drug loading resulted in a decreased release and a
drop in bioavailability for ritonavir-based solid dispersions.
This drop in release was attributed to a localized phase con-
version of amorphous RTR to a crystalline form (12). KPR
exhibited miscibility of approximately 60% in DSC studies
without undergoing any recrystallization on cooling. We as-
sume that there might be a localized recrystallization of KPR
on contact with the dissolution media, thus, slowing down
release. Hence, this phase conversion, if any, can be consid-
ered to be solution-mediated and not carrier-mediated. This
conversion is a drug-related attribute and beyond the scope of
this research work.

SEM was utilized to evaluate morphological changes
occurring in pellets exposed to disso media. SEM images of
H5 (25%KPR) pellets exhibited a significant change in mor-
phology on dissolution which can be attributed to soluble ELF
and MNT (Fig. 3b–i). The dented appearance was formed due
to rapid solubilization of hydrophilic excipients by an inward-
moving solvent front. The soluble polymers formed channels
allowing media to enter the matrix.

Fig. 6. In vitro release profiles tablets from extruded matrices

Fig. 7. In vitro release comparison to marketed capsule
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In vitro Release Studies—Tablets

HME exerts compression on molten material that results
in densification and a subsequent decrease in porosity. This
densification leads to a delayed disintegration and also de-
creased surface area. These problems can very well be
addressed by milling the material and addition of super dis-
integrant to disperse the material. Extrudates were milled and
compressed with the addition of MCC as a direct compression
vehicle, and AcDisol aided disintegration. The release profiles
exhibited a similar rank order as was observed for the pellets
(Fig. 6). Tablets manufactured from H4 matrices exhibited
rapid release in comparison to rest of the formulations. H3-
25T showed a slower release when compared with other tablet
formulations. ELF polymer, being more plastic, forms a denser
compact on being compressed, thus slowing down the release
due to decreased porosity (24). This increased compactibility
also resulted in increased tensile strength and has been further
detailed in the tablet characterization section.

Tablets were compressed to a 50-mg strength utilizing 11-
mm round biconcave punch at a tablet weight of 400 mg using
H4 matrices. The percentage drug release in 15 min was 92.8±
4.4% and 87.0±1.3%, respectively, for H4-50T and marketed
formulation. We were able to successfully utilize extrusion pro-
cess to manufacture immediate release tablet formulations of
KPR utilizing Klucel polymers. The milled matrices utilized in
tablet formulations exhibited faster release in comparison to
pellets due to particle size reduction of extrudates which not
only increases the surface area for dissolution but also decreases
the potential for formation of a release controlling swellable
polymer matrix. The dissolution profiles are presented in Fig. 7.

Compactibility Profiles

Another advantage of using HME is the physical trans-
formation of drug and excipients which influences tabletting
behavior. Compressibility, Compactibility, and Tabletability
profiles as described by Tye et al. were utilized to understand
the effect of melt extrusion on tabletting (35).

Compressibility profiles did not exhibit any difference
among extruded formulations. However, extruded blends
were found to be more compressible compared with un-ex-
truded formulations. The increased ability to form compacts
can be attributed to increased plasticity of the extruded mate-
rial (20). The extruded systems had an almost similar

tabletting property to un-extruded blends. Among all the for-
mulations, H4-25T exhibited the better compactibility and
tabletability (Fig. 8). H3-25T tablets were plastic in nature,
and hence profiles could not be generated.

With a decrease in molecular weight of HPC, compactibility
and plasticity increase with a consequential decrease in elasticity
(24). Smaller-chain-length ELF polymer hence exhibits less elas-
tic recovery and higher plasticity and undergoes a greater defor-
mation, forming better compacts on being compressed. Also,
HME converts the drug andHPC to an amorphous form, leading
to a subsequent increase in surface area for bonding between the
tabletting excipients (20). This transformation could be a reason
for increased tabletting properties of extruded systems. Also, the
smaller chains in ELF might have contributed towards a lesser
elastic recovery, and hence, no capping was observed at higher
compaction pressures for un-extruded tablets T3-25TandT4-25T.
T3 and T4 tablets were compressed from un-extruded mixtures
with blend compositions similar to H3 and H4 tablets.

Conventional hardness testing was performed on tablets
compressed at same compaction pressure on a tableting press.
H1-25T, H2-25T, H3-25T, andH4-25Texhibited hardness values
of 99.8±7.7, 79.9±3.0, 108.6±2.6, and 88.5±5.5 N, respectively
(Fig. 9). Addition of mannitol resulted in a decrease in hardness
values.Mannitol, a crystalline excipient, on compression, under-
goes plastic deformation whereas HPC has a viscoelastic char-
acter that aids in holding the matrix together. A similar behavior
was observed in HME extruded matrices, with Klucel™ ELF
having better performance than EF.

Fig. 8. Tabletability profiles

Fig. 9. Tablet hardness evaluation—Extruded Vs Not-Extruded
formulations
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Hardness Evaluation Utilizing Texture Analyzer

The classical hardness testing registers force required
for a tablet to fail (break) under applied diametrical force
between two anvils. The test fails to register the dynamics
at point of failure, and hence, a texture analyzer was
utilized to analyze the process of a tabletting breaking.
The area of the plot (force to distance travelled) can be
utilized to calculate the work of failure (Wf) which is the
work done for diametrical breaking of tablet. The peak of
the plot can be used to calculate the distance travelled by
the probe at the point of contact to the distance from the
tablet surface to cause it to break.

Tablets manufactured from extruded matrices were
more resistant to breaking in comparison to un-extruded
tablets. The extent of deformation as measured by the per-
centage change in diameter of the tablet at failure (break-
ing) was higher for extruded tablets (Fig. 10). Among the
extruded tablets, Wf was higher for extruded tablets. These
observations correlated with the data generated from com-
paction profiles.

Stability Testing

Physico-chemical analysis was performed on pellets that
were stored at room and accelerated stability conditions for a
period of 6 months. Increased temperatures and presence of
moisture enhances recrystallization and also degradation of
drugs. mDSC studies and DSC studies confirmed the presence
of an amorphous form of the drug based on the glass transition
temperatures (Tg) and lack of crystalline melting peaks. Sta-
bilization of amorphous forms can be achieved by forming
solid solutions that either prevent molecular mobility by form-
ing glassy solutions, or stabilize it by molecular interactions,
such as hydrogen bonding between the component systems.
Thermodynamic stability in solid solutions by HME that have
low Tg values has been reported due to formation of a homo-
genously dispersed matrix and formation of hydrogen bonds
between the drug and polymer (57,58). In our studies, KPR/
HPC were found to form a miscible system till a 60% drug
loading though only a 33% loading was utilized to form pel-
lets. Stability of such a system can be attributed to increased
solid state solubility and hydrogen bond forming tendency of
HPC (59). All the extruded pellets were found to be stable for
a period of 6 months at the storage conditions tested. The
percent drug remaining at the end of last time point was more
than 95% after 6 months of storage at 40°C/75% RH; howev-
er, assay for related substances such as degradants was not
performed as KPR was only used a model drug.

The crystallinity was evaluated utilizing XRD and DSC
studies. KPR remained in an amorphous form in XRD and
DSC spectra. Crystalline peaks of KPR at 2θ values
corresponding to 14.2, 18.4, and 22.9 (19,29) were absent in tablet
mixtures at the end of storage time points (Fig. 11). Tablets stored
at 40°C/75% RH showed slower release compared with initial
release profiles (f2<50). H4-50T Tablets stored at 25°C/60%RH
had similar profiles to their initial release (Fig. 7). The difference
could be attributed to absorption of moisture onto tablets that
affected the disintegration time and hence a slower release at
high humidity conditions. Change in packaging or use of
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desiccant might help in overcoming these factors. Optimized H4-
50T formulation stored at 25°C/60%RH at the end of 6 months
had a similar profile (f2>50).

CONCLUSION

Klucel™ hydroxypropylcellulose polymers were success-
fully utilized as HME matrix formers and solubility-enhancing
agents. Drug and polymer were found to be miscible with each
other even at high drug loading, suggesting solid-state solubi-
lization of KPR in HPC. Release was dependent upon the
molecular weight of the polymer used, with Klucel ELF exhib-
iting a faster release than EF. HPC polymers with wide range
of molecular weights can be used to tailor release profiles that
can address some of the disadvantages associated with solid
dispersions. HME process also aided in enhancing tabletting
properties and imparted a plastic character to tablets. An
optimized tablet formulation exhibited similar release to a
marketed formulation. Physical stability evaluation performed
using XRD and DSC studies confirmed physical stability of
the model drug, suggesting applicability of HPC in stabilizing
amorphous forms by forming solid solutions.
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