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The advent of high through-put screening in the drug discovery
process has resulted in compounds with high lipophilicity and poor
solubility. Increasing the solubility of such compounds poses a
major challenge to formulation scientists. Various approaches have
been adopted to address this including preparation of solid disper-
sions and solid solutions. Hot-melt extrusion is an efficient technol-
ogy for producing solid molecular dispersions with considerable
advantages over solvent-based processes such as spray drying and
co-precipitation. Hot-melt extrusion has been demonstrated to pro-
vide sustained, modified, and targeted drug delivery. Improve-
ments in bioavailability utilizing the hot-melt extrusion technique
demonstrate the value of the technology as a potential drug delivery
processing tool. The interest in hot-melt extrusion technology for
pharmaceutical applications is evident from the increasing number
of patents and publications in the scientific literature. Part II of this
article reviews the myriad of hot-melt extrusion applications for
pharmaceutical dosage forms including granules, pellets, tablets,
implants, transmucosal, and transdermal systems.
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INTRODUCTION
For decades, the value of “continuous processing” in the

pharmaceutical industry has been recognized. Hot-melt extru-
sion (HME) is a manufacturing process widely used in plastics
industry, and has significant potential as a continuous pharma-

ceutical process. During hot-melt extrusion of pharmaceutical
dosage forms, a blend of active ingredient, thermoplastic poly-
meric carrier, and other processing aids, including plasticizers
and antioxidants, is heated and softened inside the extruder and
then pressurized through a die into granules, cylinders, or films
(Crowley et al., 2004b; Crowley et al., 2002; Munjal et al.,
2006a; Repka et al., 2005; Repka et al., 2003; Young Cr, 2005;
Young, 2003; Zheng et al., 2004).

New chemical entities that demonstrate poor bioavailability
due to solubility issues are prime candidates for hot melt extru-
sion. This technology may be applied to disperse such drugs in a
given matrix at the molecular level via the formation of a solid
solution. Coupled with the use of dispersed, amorphous, and
molecularly dissolved systems, a number of other formulation
techniques can be applied using the melt extrusion approach: in
situ salt formation, particle size homogenization, and tailored
release profiles for selected APIs. These applications as well as
other demonstrate the potential of hot-melt extrusion as a drug
delivery processing technology (Breitenbach, 2002a).

Hot-melt extruded drugs and pharmaceutical devices
encompass both prescription products and over the counter
medications. HME has also been shown to provide many dif-
ferent advantages in the production of thin films for both drug
delivery and wound care applications (Repka et al., 2002a).
Hot-melt extrusion technologies may offer numerous advan-
tages over traditional methods. Shorter and more efficient
times to the final product, environmental advantages due to
elimination of solvents in processing (including the possibility
of recycling), and increased efficiency of drug delivery to the
patient make hot-melt extrusion an exciting challenge for the
pharmaceutical scientist.
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Part I of this review described hot-melt extrusion technol-
ogy with respect to various types of equipment, principles of
operation, process technology, raw materials utilized, and char-
acterization of melt extruded dosage forms. The growing inter-
est of the pharmaceutical industry for HME is evident from the
increasing number of patents and publications available in the
literature. Part II of this review focuses on various applications
of HME in drug delivery including granules, pellets, immedi-
ate and modified release tablets, transmucosal and transdermal
systems, and implants.

HOT-MELT EXTRUDED DOSAGE FORMS

Granules, Pellets and Spheres
Until recently, hot-melt extrusion had not received much

attention in the pharmaceutical literature. Rippie and Johnson
prepared pellets containing cellulose acetate phthalate using a
rudimentary ram extruder in 1969 to study the dissolution rates
based upon pellet geometry (Rippie et al., 1969). More
recently, Mank et al. reported in 1989 and 1990 on the extru-
sion of a number of thermoplastic polymers to produce sus-
tained release pellets (Mank et al., 1989; Mank et al., 1990).

Follonier et al. in 1994 investigated the possibility of using
hot-melt extrusion technology to produce sustained-release
pellets (Follonier et al., 1994). It was the researchers’ goal to
prepare a dosage form in a simple and continuous manner.
Thermal degradation was recognized as a limitation of this hot-
melt process. Diltiazem hydrochloride, a relatively stable and
freely soluble drug was incorporated into their polymer–based
pellets for sustained release capsules. Polymers and plasticizers
were selected prior to extrusion to maximize the possibility of
a successful dosage form. In their study, the polymers investi-
gated were ethyl cellulose (EC), cellulose acetate butyrate
(CAB), poly(ethyl acrylate/methyl-methacrylate/trimethyl
ammonio ethyl methacrylate chloride) (Eudragit® RSPM), and
poly(ethylene-co-vinyl acetate) (EVAC). Triacetin and diethyl
phthalate were investigated as plasticizers. The porosity of the
pellets was determined by mercury porosimetry. The pellets
exhibited a smooth surface and low porosity. The drug release
characteristics of diltiazem were biphasic, with the CAB and
EVAC pellets giving the slowest release rate (Figure 1). These
researchers also reported that the type and amount of plasti-
cizer used, drying time of the polymers, extrusion tempera-
tures, and plasticization times varied with each formulation.
They observed that the stability of Eudragit® RSPM was ade-
quate for extrusion at a temperature of 130°C.

In a latter study, Follonier et al. examined different parame-
ters influencing the release of diltiazem hydrochloride from
hot-melt extruded pellets incorporated into hard gelatin cap-
sules (Follonier et al., 1995). The drug release rate was found
to depend upon polymer type, addition of pore-forming addi-
tives or hydrophilic polymers, and pellet size. The authors
obtained in vitro release rates low enough to achieve therapeutic

plasma levels for diltiazem hydrochloride with a once or twice
daily administration. The addition of hydrophilic polymers
helped avoid incomplete drug release due to encapsulated drug
clusters in the insoluble matrix. The authors also incorporated
various functional excipients, such as croscarmellose sodium
(Ac-Di-Sol®) and sodium starch glycolate (Explotab®), into
the pellet formulations to vary the drug release rate. The incor-
poration of swelling agents successfully reduced the initial
burst release from the matrix.

In 1996 and 1997, Miyagawa, Sato et al. prepared con-
trolled release matrices containing diclofenac as a model drug
by hot-melt extrusion (Miyagawa et al., 1996; Miyagawa et al.,
1999; Sato et al., 1997). The authors used a twin-screw com-
pounding extruder to prepare wax matrix granules composed
of carnauba wax, the model drug, and other rate controlling
agents. Their study showed that a wax matrix with high
mechanical strength could be obtained even when the composi-
tion was processed below the melting point of the wax. Disso-
lution of diclofenac from the wax matrix granules was strongly
influenced by the formulation. Hydroxypropylcellulose, meth-
acrylic acid copolymer (Eudragit L-100), and sodium chloride
were investigated as dissolution rate controlling materials. The
authors emphasized the advantages of using the twin-screw
extruder for wax matrix tablets because of the low processing
temperatures, high kneading and dispersing ability, and short
residence time. The authors observed in their second study that
the selection of rate controlling excipients based upon solubil-
ity and swelling characteristics had a significant impact on
drug release properties from the wax matrix granules.

Liu et al. (2001) compared the properties of wax based
granules and tablets prepared by hot-melt extrusion to those
prepared by high shear melt granulation. Powder blends con-
taining phenylpropanolamine hydrochloride, Precirol®, Stero-
tex® K, and various excipients (microcrystalline cellulose,
lactose, and Emcompress®) were extruded using a single screw
extruder with open-end discharge. The extrudates were then

FIGURE 1. Release profiles of diltiazem hydrochloride from extruded
pellets based on various polymers (polymer/drug ratio 1:1, size 2 × 2 mm). (�)
EC; (Δ) CAB; (�) Eudragit®; (•) EVAC.
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passed through a 14-mesh screen to form granules. Hot-melt
extruded granules were observed to be less spherical than high-
shear melt granules and had lower bulk and tap densities. Con-
tent uniformity analysis of the hot-melt extruded granules
exhibited less variability and decreased range relative to the
granules produced using high shear, resulting in improved drug
release reproducibility from the corresponding compressed
tablets. At the same wax level, drug release from tablets
decreased in the order of using microcrystalline cellulose, lac-
tose, and Emcompress® as the filler excipients (Figure 2). The
observed differences in the dissolution properties of the tablets
were due to the differences in the solubility, swellability, and
density of the filler excipients.

Hot-melt extrusion has also been used to prepare efferves-
cent granules (Lindberg et al., 1988a; Lindberg et al., 1988b;
Lindberg et al., 1987; McGinity et al., 2001; Robinson et al.,
2000; Robinson et al., 2001; Tufvesson et al., 1987). Lindberg
et al. prepared effervescent granules using a twin-screw
extruder. During extrusion, sodium bicarbonate and anhydrous
citric acid were added from separate inlet ports of the extruder,
and ethanol was added as a liquid binder and pumped through a
nozzle in the extruder barrel to facilitate the formation of the
granules.

Koleng and McGinity utilized hot-melt extrusion technol-
ogy for the preparation of rapid release granules (Koleng et al.,
1997). A hot-melt extrusion process was used to granulate ace-
taminophen and filler excipients with low molecular weight
poly(ethylene glycol)s. The resultant granules were then com-
bined with additional excipients (disintegrants and lubricant)
and compressed into tablet compacts. The granules exhibited
improved drug release compared to the tablets. Tablets con-
taining 15% poly(ethylene glycol) released greater than 80% of
the incorporated acetaminophen after 30 min, as required for
acetaminophen tablets in the USP 29.

In another study, Perissutti et al. utilized a ram extrusion
technique to prepare rapid release dosage forms with uniform
shape and density (Perissutti et al., 2002). This process was
employed to form extrudates containing carbamazepine as a
water-insoluble drug, polyethylene glycol 4000 as a low melt-
ing binder and lactose as hydrophilic filler. The extrudates dis-
integrated rapidly and an improved carbamazepine dissolution
rate was observed which was attributed to enhanced surface
contact between drug and dissolution medium. The extruded
mixtures of an equivalent composition without lactose exhib-
ited even more rapid release when compared to physical mix-
tures and extrudates containing lactose.

Zhang investigated the properties of poly (vinyl acetate) as
a carrier for theophylline from matrix dosage forms prepared
by hot-melt extrusion (Zhang et al., 2000). The influence of
granule size and drug loading level on the drug release proper-
ties and the thermal stability of poly (vinyl acetate) (PVAc)
were investigated. The rod shaped extrudates were ground and
then compressed into tablets with various combinations of
microcrystalline cellulose. As the size of the hot-melt extruded
theophylline/PVAc granules was increased, a significant
decrease in the release rate of the theophylline was observed.
Since the drug was released from the matrix by a diffusion
mechanism, the decrease in the drug release rate from the tab-
lets containing larger granules was concluded to be a result of a
longer diffusion pathway. PVAc was found to have a high sol-
ids carrying capacity when processed by hot-melt extrusion,
with drug loads as high as 50%. The authors also studied the
stability of PVAc to shear and stress using a Plasticorder® rhe-
ometer. The torque gradually decreased as the temperature of
the polymer melt in the chamber was increased. No further
change in the torque was observed after the initial heating step.
This finding confirmed that PVAc was not susceptible to deg-
radation by either thermal or shearing stress under the process-
ing conditions.

Hot-melt extrusion has been used to prepare solid disper-
sions for immediate and sustained release applications. It has
also been used to prepare solid dispersions in which the drug
dissolution rate is enhanced. Huslman et al. demonstrated the
hot-melt extrusion technique to increase the solubility rate of
17-Estradiol hemihydrate, a poorly water-soluble drug (Huls-
mann et al., 2000; Hulsmann et al., 2001). The authors used
PEG 6000, PVP or a vinylpyrrolidone—vinylacetate copoly-
mer as polymers with Sucroester WE15 or Gelucire 44/14 as
functional excipients. Rods were extruded, cut into granules
and then compressed into tablets. The solid dispersions exhib-
ited a significant increase in dissolution rate compared to the
pure drug or to the physical mixtures. A 30-fold increase in
dissolution rate was obtained from a formulation containing
10% 17-Estradiol, 50% PVP, and 40% Gelucire 44/14.

Ghebremeskel and co-workers investigated the overall perfor-
mance of solid dispersions processed using surfactants as plasti-
cizers (Ghebremeskel et al., 2006). Solid dispersions of a poorly
soluble drug were prepared using PVP-K30, Plasdone-S630, and

FIGURE 2. The percentage phenylpropanolamine (PPA) released at 6 h
from tablets containing 15% PPA, 30% Precirol®, and 55% filler excipients
prepared by hot-melt extrusion (HME) and high-shear melt granulation (MG).
(�) Tablets compressed from granules within 20–40 mesh only; (�) Tablets
compressed from granules within 60–100 mesh only; ( ) Tablets compressed
from granules within 20–40 mesh but size-reduced to less than 60 mesh.
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HPMC-E5 as the polymeric carriers and Tween-80 and Docu-
sate Sodium as surfactants. The solid dispersions were pro-
duced by hot melt extrusion at temperatures 10°C above and
below the glass transition temperature (Tg) of the carrier poly-
mers using a 16 mm-Haake Extruder. The extruded solid dis-
persions containing polymeric carriers such as Plasdone S-603
and PVP-K30 (in addition to surfactants) were more stable
than those containing surfactants only. The enhanced stability
of the dispersions was attributed to the surfactants ability to
reduce melt viscosity and increase API solubility and homoge-
neity in the carrier polymer. The authors convincingly demon-
strated that surfactants are promising plasticizers to produce
solid dispersions by hot melt extrusion, in doing so improving
dissolution rates without compromising the physical stability
of the systems.

Young et al. successfully prepared spherical controlled
release theophylline pellets by a hot-melt extrusion and spher-
onization process (Young et al., 2002). A powder blend of
anhydrous theophylline, Eudragit® Preparation 4135 F, micro-
crystalline cellulose, and polyethylene glycol 8000 powder was
sieved, blended, and then melt-extruded in a Randcastle
Microtruder®. The hot-melt extruded pellets were prepared by
first cutting a thin, extruded composite rod into symmetrical
pellets. The pellets were then spheronized in a traditional
spheronizer at elevated temperatures. The melt-extruded
matrix pellets exhibited diffusion-controlled drug release. Drug
release from the acrylic matrix system was influenced by the
pH of the dissolution medium since the solubility of the matrix
polymer, Eudragit® Preparation 4135 F, is pH dependent. The
surface morphology of the pellets was found to depend upon
the spheronization parameters.

In a recent study, Young et al. studied the film coating of
melt-extruded beads of guaifenesin with polymer Eudragit®

L30 D-55 and designed a melt extruded pellet system with pH-
dependent drug release properties (Young et al., 2007). The
powder blends of guaifenesin, PEO, and functional excipients
were processed using a melt-extrusion and spheronization
technique and then film-coated in a fluidized bed apparatus.
The authors report that despite initial miscibility of the drug/
polymer blend, the pellets were morphologically unstable since
PEO and guaifenesin recrystallized during storage. The addi-
tion of ethylcellulose to the extruded powder blend and film
coating with Eudragit® L30 D-55 stabilized the drug release
properties of the thermally processed pellets (Figure 3). Film
coating was demonstrated to be an effective process for provid-
ing melt-extruded beads with stable, pH-dependent drug
release properties despite the low melting point of the thermo-
plastic carrier.

Brabender et al. investigated the bioavailability of ibuprofen
from hot-melt extruded mini-matrices based on ethyl cellulose
and a hydrophilic excipient, xanthum gum (De Brabander et al.,
2004). During in vivo evaluation an oral dose of 300 mg ibupro-
fen was administered in hard gelatin capsules to healthy volun-
teers (n = 9) in a randomized cross-over study and compared

with a commercially available sustained release product (Ibu-
slow®). One mini-matrix formulation (F-1) consisted of 30%
ibuprofen, 35% ethyl cellulose, and 35% hydroxypropyl meth-
ylcellulose, while the second formulation (F-2) contained 60%
ibuprofen, 20% ethyl cellulose, and 20% xanthum gum. Both
formulations behaved in vivo as sustained release formulations
with an HVDt50% Cmax value (time span during which the plasma
concentration is at least 50% of the Cmax value) of 7.6 and 12.0
hr for formulations F-1 and F-2, respectively, whereas a value
of 5.2 h was obtained for Ibu-slow® (Table 1). Although the
experimental formulations exhibited significantly lower Cmax,
Tmax, and AUC0—24 h values than the corresponding values of
commercial formulation, the relative bioavailability of both
experimental formulations was about 80%. The authors con-
cluded that the mini-matrices formulated with ethyl cellulose in
combination with xanthum gum or hydroxypropyl methylcellu-
lose can be used to prepare sustained release dosage forms.

Recently hot melt extrusion technology has been demon-
strated as a viable approach for nanoparticle engineering by

FIGURE 3. Stability of guaifenesin release rate from melt-extruded pellets
(A) With out ethyl cellulose (B) With ethyl cellulose upon storage at 40C/
75%RH in sealed HDPE containers with silica desiccants. Key: � Initial; Δ 1
Month; � 3 Months.

B

A
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Miller et al. (2006). Micronized particles of amorphous Itra-
conazole (ITZ) stabilized with PVP or HPMC were produced
and subsequently melt extruded with poloxamer 407 and PEO
200 M to deaggregate and disperse the particles into the hydro-
philic polymer matrix. The HME process did not alter the
properties of the micronized particles. Dissolution testing con-
ducted revealed that the drug release rate of the micronized
particles was improved by HME due to particle deaggregation
and enhanced wetting. From oral dosing of rats, it was deter-
mined that the two extrudate formulations performed similarly
in vivo as confirmed by their statistically equivalent AUC val-
ues (Table 2). On the basis of results from supersaturation dis-
solution testing, the authors concluded that rapid precipitation
of ITZ occurred upon entrance into the more neutral pH envi-
ronment of the small intestine resulting in a brief opportunity

for absorption. This study suggested that perhaps the optimum
formulation approach for ITZ was to control drug release so as
to retard precipitation as pH is increased and extend the
absorption window in the small intestine.

Tablets and Capsules
Crowley et al. investigated the physicochemical properties

and drug release mechanism from ethyl cellulose (EC) matrix
tablets prepared by direct compression or hot-melt extrusion
of binary mixtures of a water soluble drug (Guaifenesin) and a
polymer (Crowley et al., 2004b). Ethyl cellulose was sepa-
rated into “fine” or “coarse” particle size fractions correspond-
ing to 325-80 and 80-30 mesh particles, respectively. Direct
compression tablets containing 30% guaifenesin were pre-
pared at 10, 30 or 50 KN compaction forces and the extruded
tablets were processed at temperatures of 80–90°C and 90–
110°C. The results of this study demonstrated that the guaifen-
esin release rate was dependent upon the particle size of ethyl
cellulose and the processing conditions employed to prepare
the tablets. The guaifenesin release rate was slower in tablets
prepared with the “fine” ethyl cellulose particle size as com-
pared to “coarse” ethyl cellulose particle size. Tablets pre-
pared by hot-melt extrusion exhibited considerably slower
drug release relative to those prepared by direct compression.
The surface morphology of the hot-melt extruded tablets was
found to depend upon processing temperature. The release
profiles of hot-melt extruded tablets were found to be in good
agreement with Higuchi diffusion model while those prepared
by direct compression using “coarse” ethyl cellulose were
found to release guaifenesin by both diffusion and erosion
mechanisms.

Zhang and McGinity describe a novel method to prepare
sustained release matrix tablets directly from a single screw
hot-melt extruder (McGinity et al., 1997; Zhang et al., 1999).
These researchers studied the properties of polyethylene oxide
(PEO) as a drug carrier and studied the release mechanism of
chlorpheniramine maleate (CPM) from matrix tablets. Large
diameter rods (4.5 mm) were extruded and cut into tablets.
PEG 3350 was included as a plasticizer to facilitate processing.
The stability of the primary polymer, PEO, as a function of
processing temperature was determined using gel permeation
chromatography. The authors report that polymer type, temper-
ature, and residence time in the extruder impacted the PEO sta-
bility. In addition, the researchers showed that additional
mixing of the components occurred in the barrel of the
extruder, since the content uniformity of the extruded tablets
was within 99.0 to 101.0% of the theoretical content. As the
PEG 3350 concentration increased, the release of CPM from
the extruded matrix tablets was found to increase. The rate of
hydration and dissolution rate of the entire matrix system were
thus accelerated due to the presence of the plasticizer. The rate
of drug release was only slightly affected by changes in drug
content until the drug loading reached 20%.

TABLE 1 
Mean Pharmacokinetic Parameters (± SD) After Oral 

Administration of 300 mg Ibuprofen to Healthy Volunteers 
(n = 9): Ibu-slow® 600 (1/2 tablet), Mini-matrix F-1 Containing 

HPMC and Mini-matrix F-2 Containing Xanthan Gum

Ibu-slow® F-1 F-2

tmax (h) 2.7 ± 0.8 4.1 ± 0.9 6.4 ± 3.8
Cmax (μg/mL) 14.1 ± 3.4 7.8 ± 2.7a 6.1 ± 1.1a

AUC0–24 h(μg h/mL) 104.1 ± 34 79.0 ± 24.5a 80.9 ± 24.1a

Frel (%) – 76.9 ± 13.3 79.7 ± 17.7
HVDt50%Cmax (h) 5.2 ± 2.0 7.6 ± 3.3 12.0 ± 6.3a

RΔ 2.8 ± 1.1 4.2 ± 1.8 6.5 ± 3.5
C24 h/Cmax (%) 5.9 ± 3.6 26.4 ± 17.3a 51.0 ± 31.0a

RΔ: ratio between HVDt50%Cmax of the test formulation and
HVDt50%Cmax of an immediate release reference formulation (1.8 h
for an ibuprofen suspension).

aSignificantly different from Ibu-slow® according to a two-way
analysis of variance (P < 0.05).

TABLE 2 
Pharmacokinetic Parameters Calculated Using 

Noncompartmental Analysis in Win-nonlin of Rats Dosed with 
Micronized Particle Extrudate (MPE) Compositions and 

Crystalline ITZ

Formulation Tmax (h)
Cmax

 (ng/mL)
AUC

(ng·h/mL) t1/2 (h)

ITZ-HPMC 
MPE

4.2 ± 0.3 291 ± 11 2258 ± 146 4.03 ± 0.45

ITZ-PVP 
MPE

3.5 ± 0 231 ± 11 2049 ± 167 4.7 ± 0.27

Crystalline 
ITZ

7.5 ± 4.0 107 ± 37 910 ± 542 NA
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Zhu and co-workers investigated the influence of a lipo-
philic thermal lubricant, glyceryl monostearate (GMS), on the
processing conditions and properties of chlorpheniramine
maleate (CPM) tablets prepared by hot-melt extrusion (Zhu,
2004). CPM tablets containing Eudragit® RS PO, triethyl cit-
rate (TEC), and GMS were prepared by hot-melt extrusion.
CPM and the excipient components of the extruded tablets
were found to be stable at the thermal processing temperatures
as determined by thermogravimetric analysis. The incorpora-
tion of either TEC or GMS into the powder blend decreased the
drive amps and the torque values during the hot-melt extrusion
process. The glass transition temperature of Eudragit® RS PO
and the melting point of GMS were determined using differen-
tial scanning calorimetry from a physical mixture, and the
results demonstrated that these two materials were not miscible
in the molten state. An increase in the thermal lubricant (GMS)
level in the Eudragit® RS PO system resulted in an increase the
rate of drug release from the tablets. Both TEC and GMS facil-
itated thermal processing. While TEC lowered both the glass
transition temperature and the melt viscosity of the acrylic
polymer, GMS only decreased the melt viscosity of the acrylic
polymer and had no effect on the glass transition temperature.
The authors concluded that the evaluation of GMS as a thermal
lubricant would potentially allow more drugs and polymers to
be processed by the hot-melt extrusion process.

Crowley et al. studied the thermal stability of polyethylene
oxide (PEO) in sustained release tablets prepared by hot-melt
extrusion (Crowley et al., 2002). The weight average molecular
weight of the polymer was determined using gel permeation
chromatography. The chemical stability of PEO was found to
be dependent on both the storage and processing temperature,
and the molecular weight of the polymer (Figure 4). Storage of

the polymer above its melting point significantly increased
polymer degradation, and the degradation process was acceler-
ated as the molecular weight of the polymer was reduced. The
thermal stability of high molecular weight PEO (1,000,000 or
PEO 1M) in sustained release chlorpheniramine maleate
(CPM) tablets prepared by hot-melt extrusion was found to
depend on the processing temperature and screw speed. Lower
molecular weight PEO (100,000 or PEO 100K) was demon-
strated to be a suitable processing aid for PEO 1M. Incorpora-
tion of PEO 100K reduced the melt viscosity, friction and
chain entanglements between the PEO 1M molecules thereby
lowering its degradation. As the percentage of PEO 100K in
the powder blend increased, the drive amperage decreased and
the stability of PEO 1M increased (Table 3). Also, incorpora-
tion of PEO 100K did not alter the release rate of CPM. Vita-
min E, Vitamin E Succinate, and Vitamin E TPGS were found
to be suitable stabilizers for PEO, however, ascorbic acid was
shown to degrade the polymer in solution. Thermal analysis
demonstrated that Vitamin E Succinate and Vitamin E TPGS
were dispersed at the molecular level in hot-melt extruded tab-
lets. Solubilized Vitamin E Succinate and Vitamin E TPGS
suppressed the melting point of the polyethylene oxide.

Young et al. described a novel carrier system based on
Acryl-EZE® to prepare extended release tablets and pellets
using a Randcastle ¾” single screw extruder (Young et al.,
2005). These researchers studied the physicochemical proper-
ties of melt-extruded cylindrical rods, tablets, and pellets con-
taining Acryl-EZE® and the influence of hydroxypropyl
methylcellulose and carbomer as gelling agents on the mecha-
nisms and kinetics of drug release from thermally processed
matrices. The excipient blends were physically and chemically
stable during processing, and the resulting dosage forms exhib-
ited pH-dependent dissolution properties. Extrusion of blends
containing HPMC or carbomer changed the mechanism and
kinetics of drug release from the thermally processed dosage
forms. Thus, hot-melt extrusion was shown to be an effective
process for the preparation of controlled release matrix systems
based on Acryl-EZE®.

Bruce et al. demonstrated the feasibility of hot-melt
extruded tablets using Eudragit® S100 as the polymeric carrier
to target delivery of 5-aminosalicylic acid (5-ASA) to the
colon (Bruce et al., 2005). A preplasticization step was neces-
sary when incorporating triethyl citrate (TEC) into the formu-
lation in order to achieve uniform mixing of the polymer and
plasticizer, effectively reduce the polymer glass transition tem-
perature (Tg), and to lower the processing temperatures. The
concentration of TEC in the extrudates not only influenced the
processing temperature, but also influenced the drug release
rates from the extruded tablets due to leaching of the TEC dur-
ing dissolution testing (Figure 5). A heat induced interaction
between citric acid and 5-ASA was observed and attributed to
an amide bond formation between 5-ASA and citric acid dur-
ing hot melt processing. There was no evidence of a binding
interaction between 5-ASA and the polymeric carrier.

FIGURE 4. Relationship of polymer molecular weight in the thermal
stability of PEO when stored at 60°C, 75% relative humidity, (�) 1,000,000,
(�) 600,000 and (�) 200,000.
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Zheng et al. investigated the physicochemical and dissolu-
tion properties of theophylline tablets coated using a novel sol-
vent-free powder coating process (Zheng et al., 2004). The
ammonio methacrylate copolymers, Eudragit® RS PO, and
Eudragit® RL PO (95:5), were pre-plasticized by a hot-melt
extrusion process using a plasticizer and thermal lubricant, and
then cryogenically ground into a fine powder. The powder
coating process involved three steps including priming, powder
layering and curing. The use of a solid primer at the initial
stage of powder coating increased the adhesion of the pre-plas-
ticized acrylic polymers to the substrates. At 8% w/w total
weight gain, immediate release theophylline tablets that were
powder coated with Eudragit® RS PO/RL PO demonstrated a

12 h sustained release profile. Theophylline release from pow-
der-coated tablets was significantly influenced by curing tem-
perature, plasticizer concentration, coating level, and particle
size of the coating powder. The release rate of theophylline
tablets decreased significantly with increasing curing tempera-
ture, increasing plasticizer concentration and increasing coat-
ing level. Tablets powder-coated with larger particles exhibited
a faster drug release rate than tablets powder-coated with
smaller particles. Eudragit® RS PO/RL PO powder-coated tab-
lets demonstrated a stable drug release profile after 3-month
storage at 25°C / 60% RH and 40°C / 75% RH. This novel
powder coating process was demonstrated to be an efficient
coating method to produce stable sustained release dosage
forms.

Another unique application of the hot-melt extrusion tech-
nique is reported by Nakamichi et al. at Nippon Shinyaku
Company (Nakamichi et al., 2001). The authors prepared a
floating sustained release dosage form composed of nicar-
dipine hydrochloride and hydroxypropyl methylcellulose ace-
tate succinate using a twin screw extruder. Rods were extruded
and then cut into tablets of different sizes. A dosage form with
very small and uniform pores was obtained by selecting a
screw that generated high pressure near the die, and by adjust-
ing the processing temperatures. The authors demonstrated that
the extruded, floating enteric polymer system was retained in
the stomach for up to 6 h.

Fukuda et al. investigated the influence of sodium bicarbon-
ate on the physicochemical properties of controlled release hot-
melt extruded (HME) tablets containing Eudragit® RS PO and/
or Eudragit® E PO (Fukuda et al., 2006a). Acetohydroxamic
acid and chlorpheniramine maleate were used as model drugs.
Sodium bicarbonate was incorporated into the tablet formula-
tions and the drug release properties and buoyancy in media for
HME tablets and directly compressed (DC) tablets were inves-
tigated. The HME tablets prepared from the powder blend con-
taining both Eudragit® RS PO and sodium bicarbonate
exhibited sustained release properties and the tablets floated on

TABLE 3 
Extrusion Stability of PEO 1M and the Influence of PEO 100K on PEO Weight Average Molecular Weight as Measured 

by Gel Permeation Chromatography, ± SD, n = 3

Formulation (%)
Pre Extrusion 
MW ( × 106)

Post Extrusion 
MW ( × 106)

% 
Change

Drive 
Current (A)CPM PEO 1M PEO 100K

A 20 70 10 1.050 ± 0.028 0.958 ± 0.024 −8.8 2.9–3.2
B 20 60 20 0.912 ± 0.023 0.849 ± 0.025 −6.9 2.8–3.2
C 20 40 40 1.135 ± 0.016 1.084 ± 0.018 −4.5 2.4–2.6

0.084 ± 0.005 0.093 ± 0.008 +10.7

Unprocessed MW: PEO (1M) MW = 1.188 ± 0.024.
Zone temperatures: 70°C, 85°C, 100°C, 105°C.
Screw speed: 20 rpm.

FIGURE 5. Influence of TEC concentration and pre-plasticization on the
drug release rate of hot-melt extrudate tablets containing 25% w/w 5-ASA. (�)
Formulation pre-plasticized with 12% w/w TEC; (�) Formulation, not pre-
plasticized with TEC; (�) Formulation, pre-plasticized with 23% TEC.
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the surface of the media for 24 h. The cross-sectional morphol-
ogy of the HME tablets (Figure 6) showed a porous structure
due to carbon dioxide gas generation as a result of thermal
decomposition of sodium bicarbonate in the softened acrylic
polymers at elevated temperature during the extrusion process.
In contrast, the DC tablets prepared in this study were not
buoyant and exhibited rapid drug release in the dissolution
media. The drug release rate from floating HME tablets was
controlled by both the incorporation of Eudragit® E PO into the
matrix tablet and the diameter of the die used in the extrusion
equipment.

In another study, these researchers also investigated the
influence of pH, buffer species, and ionic strength on the
release mechanism of chlorpheniramine maleate (CPM) from
matrix tablets containing chitosan and xanthan gum prepared
by a hot-melt extrusion process (Fukuda et al., 2006b). Drug
release from hot-melt extruded tablets containing either chito-
san or xanthan gum was pH and buffer species dependent. In
contrast, the release from the HME tablets containing both chi-
tosan and xanthan gum was found to be independent of pH and
buffer species as compared to directly compressed tablets con-
taining both the polymers (Figure 7). The authors proposed
that the pH- and buffer species-independent sustained release
HME tablet may exhibit the same release profile in the GI tract

due to formation of a hydrogel in acidic media similar to stom-
ach fluid. The resulting hydrogel retards drug release in neutral
and slightly alkaline media, irrespective of ionic strength.

Prapaitrakul et al. prepared disks using a hot-melt extrusion
technique in which the molten materials were forced into a
mold (Prapaitrakul et al., 1991). The disks contained glyceryl
fatty acid esters (Gelucire), polyethylene glycol fatty acid
esters, or a combination of the two with chlorpheniramine
maleate as a model drug. The release of the drug into distilled
water, pH 1.2 buffer, and pH 7.5 buffer exhibited square root
of time dependence. An increase in the fatty acid ester hydro-
philic-lipophilic balance (HLB) from 1 to 14 resulted in a 10-
fold increase in the drug release rate. The maximum release
rate was seen from the fatty acid ester with a melting point of
44°C. The pH of the dissolution medium had a minimal impact
on the rate of drug release. The release rate was modified by
blending Gelucires of different melting points and HLB values.

In a later study, these researchers prepared disks containing
polyethylene, polycaprolactone, polyvinyl acetate, and cellu-
lose acetate butyrate with theophylline as a model drug at a
50% loading (Sprockel et al., 1997). The authors reported an 8-
fold difference in the effective diffusion coefficient between
the various polymers. The effective diffusion coefficient
increased 10-fold when the theophylline load was increased

FIGURE 6. Morphologies of surface and cross-sectional floating HME tablets prepared from formulation containing 10% sodium bicarbonate: (A) Surface
50x, (B) Surface 200x, (C) Cross-sectional 50x, (D) Cross-sectional 200x.
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from 50 to 70% in the polycaprolactone and polyethylene
disks. Disks with theophylline content greater than 70% by
weight could not be made. The release rate was modified using
soluble additives (sucrose, sodium chloride, Pluronic®, and
PEG).

Vervaet et al. developed an alternative technique for enteric
delivery using hot-melt extrusion (Mehuys, 2005). The enteric
polymers polyvinyl acetate phthalate (PVAP) and hydroxypro-
pylmethylcellulose acetate succinate (HPMC AS) were pre-
mixed with triacetin and extruded into hollow cylinders using a
co-rotating twin-screw extruder. The hollow pipes were filled
with a model drug (hydralazine) and both open ends of the
cylinders were closed, yielding hot-melt extruded enteric cap-
sules. The resulting enteric capsules had excellent gastro-resis-
tance.

Transdermal and Transmucosal Films
Currently, films for transdermal/transmucosal drug delivery

and wound care applications are produced more frequently by

casting from organic or aqueous solvents (Aitken-Nichol et al.,
1996). However, there are several problems with the casting
technique. Gutierrez-Rocca and McGinity showed that physi-
cal aging of both aqueous and solvent cast acrylic films
resulted in a decrease in elongation or elasticity and an increase
film tensile strength (Gutierrez-Rocca et al., 1993). This
mechanical instability was related to the relaxation of the poly-
mer chains as they moved toward a state of equilibrium. Also,
it has been demonstrated that the type and level of plasticizers,
curing time, and temperature have a significant effect on the
dissolution rate of drugs from films formed from aqueous dis-
persions (Schmidt et al., 1993; Steuernagel, 1997).

Aitken-Nichol et al. (1996) investigated the viability of hot-
melt extrusion technology in 1996 for the production of thin,
flexible acrylic films for topical drug delivery The authors
noted that the manufacturing process was not restricted by sol-
vent concerns. The authors compared cast films with hot-melt
extruded films. Eudragit® E100 was the primary thermoplastic
polymer extruded. The authors reported that hot-melt extrusion
was a viable technology for the production of free films of this
acrylic resin. Although triethyl citrate was an acceptable plasti-
cizer for this polymer, these researchers found that lidocaine
hydrochloride also plasticized for the acrylic films. The authors
concluded that the differences in the dissolution rate and duc-
tile properties between cast films and extruded films were due
to the amount of drug dissolved in the polymer.

Repka et al. discussed the numerous disadvantages of sol-
vent casting methods for preparing transdermal films (Repka
et al., 1999). These researchers produced hydroxypropylcellu-
lose films using a Killion hot-melt extruder. Several plasticiz-
ers and two model drugs were incorporated into the HPC films.
The influence of the plasticizers and drugs on the physical-
mechanical properties of the films was investigated. The
authors found that HPC films could not be produced without a
plasticizer due to high torque levels on the extruder. All plasti-
cizers examined in this study were found to be stable under the
study processing conditions except PEG 400. The influence of
processing temperature and storage time on the two model
drugs (chlorpheniramine maleate and hydrocortisone) was also
investigated. Chlorpheniramine maleate proved to be an excel-
lent plasticizer for hydroxypropyl cellulose. The hot-melt
extruded films were found to be mechanically and chemically
stable for up to 12 months. The authors also reported that chlo-
rpheniramine maleate was fully dissolved in the hydroxypropyl
cellulose film up to the 10% level. Hydrocortisone was also
found to be a good plasticizer, however, its chemical stability
was found to be a function of processing temperature and resi-
dence time in the extruder.

Repka et al. also reported that the mechanical properties of
the films depended on whether the testing was performed per-
pendicular to flow from the extruder or in the direction of flow
from the extruder. All extruded films exhibited a decrease in
tensile strength and a large increase in percent elongation when
testing was performed perpendicular to flow versus in the

FIGURE 7. CPM release profiles from (A) DC tablets and (B) HME tablets
in 900 mL of either (�) 0.1N HCl, (�) pH 4.0 acetate buffer, (�) pH 4.0
citrate buffer, (Δ) pH 4.0 phosphate buffer, (�) pH 6.8 phosphate buffer, or
(�) pH 7.4 phosphate buffer at 37 ± 0.5°C (USP 27 apparatus 2, 100 rpm).
Each point represents the mean ± SD, n = 3.

A

B
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direction of flow. These results were in contrast to those reported
by Aitken-Nichol et al. (1996). The discrepancy between the two
studies is likely due to polymer compatibility between polyethyl-
ene and Eudragit E100 in the Aitken-Nichol study. However,
these studies illustrate how “flow orientation” can impact the
mechanical properties of hot-melt extruded delivery systems.

Crowley et al. (2004a) investigated the physicochemical
and mechanical properties of hot-melt extruded polyethylene
oxide (PEO) films containing either guaifenesin (GFN) or
ketoprofen (KTP) as model drugs. Drug loaded films contain-
ing up to 30% GFN and 15% KTP were successfully prepared
by a hot-melt extrusion process. The results of this study dem-
onstrated that GFN and KTP were stable during the hot-melt
extrusion process. Crystallization of GFN on the surface of the
extruded films was observed at all concentrations investigated
using scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD). However, SEM studies did not reveal KTP crys-
tallization until reaching the 15% loading level. Melting points
corresponding to the crystalline drugs were not observed in the
films, suggesting miscibility in the molten polymer. GFN and
KTP were found to decrease drive load, increase PEO stability,
and plasticize the polymer during extrusion. The Hansen solu-
bility parameters predicted miscibility between PEO and KTP
and poor miscibility between PEO and GFN. The percentage
elongation decreased with increasing GFN concentrations and
significantly increased with increasing levels of KTP. Increas-
ing concentrations of both GFN and KTP decreased the tensile
strength of extruded films.

Repka and McGinity prepared films containing hydroxypro-
pyl cellulose and polyethylene oxide by hot-melt extrusion
with and without Vitamin E TPGS as a formulation additive
(Repka et al., 2000a). Addition of 1, 3, and 5% Vitamin E
TPGS decreased the glass transition temperature of the
extruded films containing either a 50:50 or 80:20 ratio of HPC
to PEO in an almost linear fashion. The glass transition tem-
perature of the film containing 3% Vitamin E TPGS was low-
ered by over 11°C compared to the film without Vitamin E
TPGS (Figure 8). The films containing 3% Vitamin E TPGS

had similar mechanical properties to films containing 3% PEG
400, but a 3 fold increase in percent elongation was observed
compared to films containing 3% triethyl citrate and 3%
acetyltributyl citrate (Figure 9). Vitamin E TPGS also facili-
tated the processing of the HPC/PEO films by decreasing the
barrel pressure, drive amps, and torque of the extruder.

Currently, a marketed denture adhesive is prepared by hot-
melt extrusion using thermoplastic polymers that adhere to the
mucous membrane when wetted (Repka et al., 2002b). A bio-
adhesive film has the benefit of simplifying dosage form
design and reducing preparation costs, due to the elimination
of the adhesive layer in the system. The film has the desirable
adhesion strength so that retention of the film at the application
site is achieved.

Repka and McGinity conducted bioadhesion testing of hot-
melt extruded hydroxypropyl cellulose films containing vari-
ous additives on human subjects using a Chatillon testing appa-
ratus (Repka et al., 2000b). These researchers found that force
of adhesion, elongation at adhesive failure, and modulus of
adhesion were a function of the type of additive in the extruded
film. The force of adhesion was highest for the films contain-
ing carbomer (Carbopol® 971p) and polycarbophil (Noveon
AA-1®). This study demonstrated that a single layer HPC film
could be produced with the bioadhesive incorporated into the
matrix, thus eliminating a separate “adhesive layer” and

FIGURE 8. Glass transition temperatures of HPC/PEO (50:50) hot-melt
extruded films containing vitamin E TPGS and three conventional plasticizers
(n = 4).

FIGURE 9. (a) Tensile strength and (b) Percent elongation of HPC/PEO
50:50 ratio hot-melt extruded films containing vitamin E TPGS and three
conventional plasticizers (n = 6).
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simplifying the process of transdermal and transmucosal deliv-
ery systems.

Repka et al. extensively investigated hot-melt extrusion
techniques as effective tools for preparing transmucosal drug
delivery systems. These researchers characterized hot-melt
extruded hydroxypropyl cellulose or polyethylene oxide,
which contained clotrimazole, a drug used for oral candidiasis
therapy (Prodduturi et al., 2004, 2005; Repka et al., 2003). The
film was processed at a temperature range of 125–130°C utiliz-
ing a Killion extruder (ModelKLB-100) equipped with a 6-
inch flex-lip die. The extruded films demonstrated excellent
content uniformity and post-processing drug content was
93.3%. The films were determined to exhibit desirable and
consistent release properties and bioadhesive strength. In a
similar study using hydroxypropyl cellulose with the same
drug, the sustained release properties varied with molecular
weight of the polymer carrier (Figure 10). This behavior was
attributed to greater and stronger polymer entanglements in
films containing higher molecular weight grades of the poly-
mer, which lead to slower polymer erosion. The films were
found to be stable at 25°C / 60% RH for up to 3 months with
no significant degradation or recrystallization of the drug. The
authors also demonstrated similar sustained release properties
with the carrier, polyethylene oxide, and Clotrimazole in which
drug release was dependent on the molecular weight of PEO.
The solid-state characterization of the drug and the polyethyl-
ene oxide polymer were performed utilizing differential scan-
ning calorimetry and X-ray diffractometry. The authors also
investigated hot melt extruded films containing hydroxypropyl
cellulose and hydroxypropyl methyl cellulose with lidocaine
(Repka et al., 2005). Two film formulations were extruded and
compared, one containing only hydroxypropyl cellulose and
the other containing Hydroxypropyl cellulose: Hydroxypropyl
methyl cellulose in a 80:20 ratio. Thermal analysis of the films
using differential scanning calorimetry suggested that the drug
was amorphous, which was confirmed by wide angle X-ray
diffractometry. Sustained release properties were observed
from both matrices. Dissolution profiles suggested that hydrox-

ypropyl methylcellulose retarded the drug release from the
films prepared from both polymers. However, the mechanism
of drug release from both of the films was predominantly diffu-
sion of the drug through the polymer matrices. Incorporation of
hydroxypropyl methylcellulose also increased both adhesive
strength and work of adhesion as compared to the hydroxypro-
pyl cellulose-only films (Figure 11). These results indicate that
hot-melt extrusion is a viable technique for preparation of
muco-adhesive films containing locally acting therapeutic
agents.

Repka et al. (2004) report formulations and processes for
topically delivery of ketoconazole from polyethylene oxide
films prepared by hot melt extrusion technology for the treat-
ment of onychomycosis in fingernails or toenails. The extruded
films demonstrated excellent content uniformity and post pro-
cessing drug content. The in vitro permeability profiles demon-
strated that nail samples treated with an “etchant” had a
significant increase in drug permeability compared to control.
Differential scanning calorimetry thermograms indicated that a
ketoconazole solid solution was formed within hot melt
extruded films resulting in the increase in permeability.

Repka et al. demonstrated the use of tartaric acid (TTA) as a
plasticizer in hot-melt extruded hydroxypropyl cellulose
(HPC) films containing polymeric additives (Mididoddi et al.,
2006). Hot-melt extruded films were prepared using two differ-
ent molecular weights of Klucel® (EF, MW: 80,000 and LF
MW: 95,000) with ketoconazole (one batch of each MW with

FIGURE 10. Release profiles of clotrimazole from hot-melt extruded
Klucel® films as a function of polymer molecular weight.

FIGURE 11. (a) Peak force (adhesive strength) and (b) Work of adhesion of
HPC and HPC: HPMC films measured using texture analyzer and rabbit
intestinal mucosa as a substrate (n = 5).
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and without TTA 4%) using a Killion single-screw extruder.
TTA functioned as an effective plasticizer, increasing percent
elongation and decreasing tensile strength of the HPC films
(Figure 12). In this study, TTA was shown to be a potential
candidate for transnail applications in film devices prepared by
hot-melt extrusion technology.

Repka et al. report the preparation of transmucosal film for-
mulations of Δ9-tetrahydrocannabinol (THC), the active ingre-
dient of Marinol®/Dronabinol capsules. Due to the poor
solubility and significant first-pass metabolism of THC, oral
absorption is low and erratic, resulting in low bioavailability.
In view of these limitations, several other routes of administra-
tion have been investigated to improve bioavailability of THC,
namely pulmonary, ophthalmic, sublingual, rectal, and trans-
dermal routes. The authors prepared THC transmucosal matrix
systems by hot-melt extrusion, utilizing various processing
aids (Munjal et al., 2006a, 2006b; Repka et al., 2006). The
chemical stability of the drug in the polymeric matrices was
investigated with respect to processing temperature, processing
time, formulation additives, and storage conditions. Their data
suggested that at processing temperatures of 160 and 200°C,
the degradation of the cannabinoid was linear as a function of
time. Weight loss could be controlled by blending the poly-
mers, polyethylene oxide, and hydroxypropyl cellulose, of

which polyethylene oxide was determined to be more effective.
Although higher temperatures reduced the polymer melt vis-
cosity, THC, and other materials were chemically unstable.
However, matrix stability was found to be improved at rela-
tively lower processing temperatures. The THC oxidative deg-
radation rate was investigated by drug-excipient compatibility,
use of antioxidants, cross-linking the polymeric matrices,
adjusting microenvironment pH, and the effect of moisture
content. THC instability in polyethylene oxide—vitamin E
succinate films was determined to be due to a chemical interac-
tion between the drug and the vitamin as well as with the atmo-
spheric oxygen. Oxygen quenching of oxygen by reducing
agents such as ascorbic acid was effective, with 5.8% THC
degraded in the ascorbic acid-containing films relative to the
control (31.6%) after 2 months of storage at 40°C. The authors
also report that incorporation of THC resulted in an increase in
the bioadhesive strength of polymer matrices.

Implants
Rothen-Weinhold et al. prepared long-acting poly(lactic acid)

implants containing vapreotide, a somatostatin analogue, by hot-
melt extrusion (Rothen-Weinhold et al., 2000). The authors
reported that the peptide degraded during processing with the
formation of a lactoyl lactyl-vapreotide conjugate. The authors
determined that residual lactide in the polylactic acid signifi-
cantly influenced the formation of the peptide impurity, illustrat-
ing that carrier purity impacts the quality of the dosage form.

Melanotan-I (MT-I) release rates from biodegradable
implants of poly(D,L lactide-co-glycolide) (PLGA) copolymer
prepared by melt extrusion have been reported (Bhardwaj
et al., 1997, 1998). The in-vitro release of MT-I exhibited a
triphasic profile with an initial rapid release followed by a sec-
ondary phase of slow release, then a tertiary phase of rapid
release due to erosion of the polymer. The initial rapid release
observed with PLGA (50:50 molar ratio of lactic/glycolic acid)
polymers were less than 5% of the drug load and the tertiary
phase commenced after about 3 weeks. The factors controlling
the drug release were polymer degradation and erosion, which
were controlled by the physical properties of the polymer such
as molecular weight and viscosity.

A contraceptive vaginal ring containing polyethylene viny-
lacetate copolymers, etonogestrel and ethinyl estradiol was pre-
pared by melt extrusion (Van Laarhoven et al., 2002). The
powders were compounded in a twin-screw extruder, granu-
lated and then spun into fibers. After leaving the extruder, the
strands were cooled to room temperature and granulated using a
strand granulator. The steroids were completely dissolved in the
polymer melt. A co-extrusion procedure was used to prepare the
coaxial fibers in which two single screw extruders were con-
nected to a spinning block. The molten polymers were delivered
to two gear pumps to provide precise flow control of both poly-
mers to the spinneret. Finally, the membrane and core polymers
were combined in the spinneret to form the coaxial fiber.

FIGURE 12. Influence of tartaric acid on (a) Tensile strength and (b) Percent
elongation of hot-melt extruded hydroxypropyl cellulose films.
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Implants composed of block copolymers have also been
studied. Witt et al. investigated the degradation of ABA
triblock copolymers, consisting of poly(lactide-coglycolide)
A-blocks and poly(oxyethylene) B-blocks, and PLG, poly(lac-
tide-co-glycolide), with respect to swelling behavior, molecu-
lar weight loss and polymer erosion (Witt et al., 2000).
Implants were prepared by either compression molding or
extrusion, using a laboratory ram extruder. Insertion of an elas-
tic B block did not lower the processing temperature, although
the entanglement of the polymer chains was significantly
reduced. In this report, the influence of implant geometry was
found to be insignificant.

QUALITY CONTROL AND REGULATORY 
CONSIDERATIONS

Pharmaceutical products prepared by hot-melt extrusion
have been approved in the United States, Europe, and Asia
(Breitenbach, 2002b). Comprehensive documentation of the
process monitoring and control devices must be accomplished.
These parameters include feed rate, temperature, screw speed,
pressure, melt viscosity, drive amperage, and torque. Cleaning
is accomplished by disassembly and removal of any excess
material from the screw, barrel, and die. These surfaces can
then be swabbed and analyzed to satisfy cleaning validation
requirements.

A VIEW TO THE FUTURE
Hot-melt extrusion technology is an increasingly attractive

process for the manufacture of drug delivery systems. A wide
range of dosage forms and applications from oral to topical and
parenteral can be prepared. Solid dispersions and/or solid solu-
tions of the drug embedded in the carrier matrices may allow
for sustained release application and dissolution rate improve-
ment. Solvents are not required and a broad selection of carri-
ers and functional excipients are available.

Drug and matrix degradation may result from high process
temperatures and shear forces. However, these challenges can
be overcome by formulation, equipment design, and engineer-
ing approaches. Selection of low melting carriers or the use of
compatible plasticizers can reduce process temperatures.
Extruder and screw design can also reduce shear forces and
residence time. Given these considerations, even drugs known
to be thermally labile have been processed.

Interest in hot-melt extrusion as a pharmaceutical process
continues to grow. The published literature discloses innova-
tive and promising new approaches for drug delivery systems,
such as effervescent granules, fast dissolving systems, complex
formation, and solid dispersions/solutions.
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