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Interest in hot-melt extrusion techniques for pharmaceutical
applications is growing rapidly with well over 100 papers pub-
lished in the pharmaceutical scientific literature in the last 12
years. Hot-melt extrusion (HME) has been a widely applied tech-
nique in the plastics industry and has been demonstrated recently
to be a viable method to prepare several types of dosage forms
and drug delivery systems. Hot-melt extruded dosage forms are
complex mixtures of active medicaments, functional excipients,
and processing aids. HME also offers several advantages over tra-
ditional pharmaceutical processing techniques including the
absence of solvents, few processing steps, continuous operation,
and the possibility of the formation of solid dispersions and
improved bioavailability. This article, Part I, reviews the pharma-
ceutical applications of hot-melt extrusion, including equipment,
principles of operation, and process technology. The raw materi-
als processed using this technique are also detailed and the physi-
cochemical properties of the resultant dosage forms are
described. Part II of this review will focus on various applications
of HME in drug delivery such as granules, pellets, immediate and
modified release tablets, transmucosal and transdermal systems,
and implants.

Keywords melt extrusion; thermal processing; solid dispersion;
solid molecular dispersion; extruder; bioavailability;
sustained release; immediate release; drug delivery
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INTRODUCTION
Hot-melt extrusion (HME) is one of the most widely used

processing techniques within the plastics industry. Hot-melt
extrusion is the process of pumping raw materials with a rotat-
ing screw under elevated temperature through a die into a prod-
uct of uniform shape. Currently, more than half of all plastic
products, including plastic bags, sheets, and pipes, are manu-
factured by this process (Kaufman et al., 1977). HME was first
introduced in the plastics industry in the mid-nineteenth cen-
tury to prepare polymeric insulation coatings to wires. Today,
interest in HME techniques for pharmaceutical applications is
growing rapidly with well over 100 papers published in the sci-
entific literature in the last 12 years. The number of HME patents
issued for pharmaceutical systems has steadily increased since the
early 1980’s (Figure 1) with international scope (Figure 2).

Several research groups have demonstrated HME processes
as a viable method to prepare pharmaceutical drug delivery
systems, including granules (Follonier et al., 1995), pellets
(Follonier et al., 1994; Young et al., 2002), sustained release
tablets (Crowley et al., 2004b; Crowley et al., 2002; McGinity
et al., 1997; Zhang, 1999; Zhang et al., 2000), transdermal and
transmucosal drug delivery systems (Aitken-Nichol et al.,
1996; Munjal et al., 2006; Prodduturi et al., 2005; Repka et al.,
1999a, 2000b, 2001a, 2001b, 2002b, 2002d) and implants
(Bhardwaj et al., 1997, 1998; Rothen-Weinhold et al., 2000;
Sam, 1992). The HME technique is an attractive alternative to
traditional processing methods.

HME offers many advantages to other pharmaceutical pro-
cessing techniques. Molten polymers during the extrusion pro-
cess can function as thermal binders and act as drug depots
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and/or drug release retardants upon cooling and solidification.
Solvents and water are not necessary thereby reducing the
number of processing steps and eliminating time-consuming
drying steps. A matrix can be massed into a larger unit inde-
pendent of compression properties. The intense mixing and
agitation imposed by the rotating screw cause de-aggregation
of suspended particles in the molten polymer resulting in a
more uniform dispersion and the process is continuous and
efficient.

It has been estimated that as many as 40% of all new molec-
ular entities have poor bioavailability because of low aqueous

solubility. This percentage is likely increasing due to the
advent of combinatorial chemistry and the importance of lipo-
philic receptors (Kerns, 2001). Formulation of such com-
pounds for oral delivery presents one of the most frequent and
formidable challenges to formulation scientists. HME has been
used to improve the bioavailability of drug substances espe-
cially those having low water solubility by formation of molec-
ular dispersions (Breitenbach et al., 2003; Forster et al., 2001a;
Kinoshita et al., 2002; Ndindayino et al., 2002c).

HME requires a pharmaceutical grade polymer that can be
processed at relatively low temperatures due to the thermal
sensitivity of many drugs. All components must be thermally
stable at the processing temperature during the short duration
of the heating process. Although this requirement may some-
times limit a pharmaceutical compound from HME processing,
input of new techniques and equipment specifications over the
last decade have expanded the list of actives not previously
thought to be applicable for this emerging technology.

EQUIPMENT, PRINCIPLES OF EXTRUSION, AND 
PROCESS TECHNOLOGY

Hot-Melt Extrusion Equipment
Pharmaceutical-class extruders have evolved and adapted to

mix drugs with carriers for various solid dosage forms as well
as for the production of wet granulations. The major differences
between a plastics extruder and a pharmaceutical-class extruder
are the contact parts, which must meet regulatory requirements.
Typically, the metallurgy of the contact parts must not to be
reactive, additive or absorptive with the product. In addition,
the equipment is configured for the cleaning and validation
requirements associated with a pharmaceutical environment.
Otherwise, the unit operations performed for a pharmaceutical
product is virtually identical to a polymer extrusion process.

Extrusion processes can be categorized as either ram extru-
sion or screw extrusion. Screw extrusion consists of a rotating
screw inside a heated barrel, while ram extrusion operates with
a positive displacement ram capable of generating high pres-
sures to push materials through the die. During ram extrusion,
materials are introduced into a heated cylinder. After an induc-
tion period to soften the materials, a ram (or a piston) pressur-
izes the soft materials through the die and transforms them into
the desired shape (Perdikoulias et al., 2003). High-pressure is
the operating principle of ram extrusion. This technique is well
suited for the precision extrusion of highly valuable materials.
The ram exerts modest and repeatable pressure as well as a
very consistent extrudate diameter. The major drawback of ram
extrusion is limited melting capacity that causes poor tempera-
ture uniformity in the extrudate. Also, extrudates prepared by
ram extrusion have lower homogeneity, in comparison with
extrudates processed by screw extrusion.

Unlike ram extrusion, a screw extruder provides more shear
stress and intense mixing. At a minimum, a screw extruder

FIGURE 1. The number of hot-melt extrusion patents issued for
pharmaceutical applications from 1983 to 2006.
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FIGURE 2. The number and percentage of hot-melt extrusion patents issued
by country since 1983 for pharmaceutical applications.
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consists of three distinct parts: a conveying system for material
transport and mixing, a die system for forming, and down-
stream auxiliary equipment for cooling, cutting or collecting
the finished goods. Individual components within the extruder
are the feed hopper, a temperature controlled barrel, a rotating
screw, die and heating and cooling systems (Griff, 1968).
Additional systems include mass flow feeders to accurately
meter materials into the feed hopper, process analytical tech-
nology to measure extrudate properties (near infra red systems
and laser systems), liquid and solid side stuffers, vacuum
pumps to devolitize extrudates, pelletizers, and calendaring
equipment. Standard process control and monitoring devices
include zone temperature and screw speed with optional moni-
toring of torque, drive amperage, and pressure and melt viscos-
ity. Temperatures are normally controlled by electrical heating
bands and monitored by thermocouples.

Single Screw Extruder
The single screw extruder is the most widely used extrusion

system in the world. One screw rotates inside the barrel and is
used for feeding, melting, devolatilizing, and pumping. Mixing
is also accomplished for less demanding applications. Single
screw extruders can be either flood or starve fed, depending
upon the intended manufacturing process (Luker, 2003).

Single screw extruders are continuous, high-pressure pumps
for viscous materials that can generate thousands of pounds of
pressure while melting and mixing. Most extruder screws are
driven from the hopper end. However, once screws are reduced
to less than 18 mm, the screw becomes weak and solids trans-
portation is far less reliable. To overcome these shortcomings,
a vertical screw, driven from the discharge end, may be used.
The discharge of such screws is two to four times stronger
increasing solids transport (Luker, 2003).

Single screw extruders accept material into the feed section
and convey materials along a flighted screw enclosed in a bar-
rel. Single screws are typically flood fed, where the hopper sits
over the feed throat and the screw RPM determines the output
rate. Sometimes these devices are operated under starve fed
conditions, where a feed system sets the mass flow rate and is
independent of screw RPM. There are three basic functions of a
single screw extruder: solids conveying, melting and pumping.

The forwarding of the solid particles in the early portion of
the screw is a result of friction between the material and the
feed section’s bore. After solids conveying the flight depth
begins to taper down and the heated barrel causes a melt to
form. The energy from the heaters and shearing contribute to
melting. Ideally, the melt pool will increase as the solid bed
reduces in size until all is molten at the end of the compression
zone. Finally, the molten materials are pumped against the die
resistance to form the extrudate (Luker, 2003).

Twin-Screw Extruders
The first twin-screw extruders were developed in the late

1930’s in Italy, with the concept of combining the machine

actions of several available devices into a single unit. As the
name implies, twin-screw extruders utilize two screws usually
arranged side by side (Figure 3). The use of two screws allows
a number of different configurations to be obtained and
imposes different conditions on all zones of the extruder, from
the transfer of material from the hopper to the screw, all the
way to the metered pumping zone (Mollan, 2003).

In a twin-screw extruder, the screws can either rotate in the
same (co-rotating extruder) or the opposite (counter-rotating
extruder) direction. The counter-rotating designs are utilized
when very high shear regions are needed as they subject mate-
rials to very high shear forces as the material is squeezed
through the gap between the two screws as they come together.
Also, the extruder layout is good for dispersing particles in a

FIGURE 3. Twin screw prism USALAB digital 16 mm extruder (top),
twin screw extruder (Courtesy of American Leistritz Co., Somerville, NJ)
(bottom).
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blend. Generally, counter-rotating twin-screw extruders suffer
from disadvantages of potential air entrapment, high-pressure
generation, and low maximum screw speeds and output. Co-
rotating twin-screw extruders on the other hand are generally
of the intermeshing design, and are thus self-wiping (Breiten-
bach, 2002). They are industrially the most important type of
extruders and can be operated at high screw speeds and achieve
high outputs, while maintaining good mixing and conveying
characteristics. Unlike counter-rotating extruders, they gener-
ally experience lower screw and barrel wear as they do not
experience the outward “pushing” effect due to screw rotation.

These two primary types can be further classified as non-
intermeshing and fully intermeshing. The fully intermeshing
type of screw design is the most popular type used for twin-
screw extruders (Figure 4) (Thiele, 2003). This design itself is

self-wiping, where it minimizes the nonmotion and prevents
localized overheating of materials within the extruder. The
extruder operates by a first in/first out principle since the mate-
rial does not rotate along with the screw. Non-intermeshing
extruders, on the other hand, are often used for processing
when large amounts of volatiles need to be removed and when
processing highly viscous materials. Non-intermeshing extrud-
ers allow large volume de-volatization via a vent opening since
the screws are positioned apart from one another. Non-inter-
meshing extruders are not susceptible to high torques gener-
ated while processing highly viscous materials for the same
reasons (Mollan, 2003).

Twin-screw extruders have several advantages over single
screw extruders, such as easier material feeding, high knead-
ing, and dispersing capacities, less tendency to over-heat and

FIGURE 4. Twin screw design examples: intermeshing co-rotating twin-screw (top), and intermeshing counter-rotating twin-screw (Burns et al.). (Courtesy of
American Leistritz Co., Somerville, NJ) (bottom).
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shorter transit time. However, single-screw extruders do have
the advantage over twin-screw extruders in terms of their
mechanical simplicity and more reasonable cost (Repka et al.,
2002a).

Most commercial extruders have a modular design to facili-
tate changing screws. The design of the screw has a significant
impact on the process and can be selected to meet particular
requirements such as high or low shear. Whelan and Dunning
have reviewed the various screw designs available (Whelan
et al., 1996). Specific screw features are displayed in Figure 5.
In an extrusion process, the dimensions of the screws are given
in terms of L/D ratio, which is the length of the screw divided
by the diameter (Steiner, 2003). For example, an extruder

screw that is 1000 mm long and has a 25 mm diameter exhibits
a 40:1 L/D. Typical extrusion process lengths are in the 20 to
40:1 L/D range, or longer. Extruder residence times are gener-
ally between 5 sec and 10 min, depending upon the L/D ratio,
type of extruder, screw design, and how it is operated. The size
of an extruder is generally described based on the diameter of
the screw used in the system, i.e., 18–27 mm extruder (pilot
scale) as compared with 60 mm extruder (production scale)
(Steiner, 2003). Although the screw size difference appears
small (∼2 fold) in the preceding example, the extruder output
that results from doubling the screw size may be 10-fold, i.e.,
from 10 to 100 kg/h. This is due to the much larger volume
available for processing as the screw size is increased.

Screws are designed with several sections, with the function
of each section ranging from feeding, mixing, compression,
and metering. Most screws are made from surface coated stain-
less steel to reduce friction and the possibility of chemical
reactions.

The screw is typically divided into three sections along the
length of the barrel: feeding, melting or compression, and
metering as shown in Figure 6. The purpose of the feeding sec-
tion is to transfer the materials from the hopper to the barrel.
The channel depth is usually widest in this section to facilitate
mass flow. A decrease in channel depth in the compression
zone increases the pressure, which removes entrapped air
(Chokshi et al., 2004). The polymer typically begins to soften
and melt in the compression zone. The melt moves by circula-
tion in a helical path by means of transverse flow, drag flow,
pressure flow, and leakage. Thermoplastic polymers primarily
exist in a molten state when entering the metering section. The
function of the metering zone is to reduce the pulsating flow
and ensure a uniform delivery rate through the die cavity. The
mass flow rate of the extrudate is highly dependent upon the
channel depth and the length of the metering section.

FIGURE 5. Diagram of an extruder screw (repka et al., 2002a). 1) the
channel depth is the distance from the screw roots to the inner barrel surface;
2) the flight clearance is the distance between the screw flight and the inner
barrel surface; 3) the channel width is the distance between two neighboring
flights; 4) the helix angle is the angle between the flight and the direction
perpendicular to the screw axis.

FIGURE 6. Schematic diagram of a single screw extruder.
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The die is attached at the end of the barrel. The shape of the
die dictates the physical form or shape of the extrudate. Gener-
ally, the cross section of the extrudate will increase upon leav-
ing the die, a phenomenon known as “die swell” depending on
the viscoelastic properties of the polymers. This entropy driven
event occurs when individual polymer chains recover from
deformation imposed by the rotating screw by “relaxing” and
increasing their radius of gyration.

Downstream Processing Equipment
Providing a usable melt to the die and downstream system is

only part of an extruded pharmaceutical product. A wide vari-
ety of downstream systems are available following the extru-
sion process. Cooling the extrudate may be in the form of air,
nitrogen, on stainless steel conveyors or rolls, or in water. Pel-
lets or shapes may be extruded and wound or cut-to-length
(Figure 7). Co-extrusion allows the possibility of complex
properties from a single structure, which can be beneficial for
time-release products (Ghebre-Sellassie et al., 2003). Film and
lamination systems are used to combine melt extrusion with
substrates for transmucosal and transdermal applications.
There have also been recent advances in cyclic molding, where a
continuous melt process fills an accumulator that intermittently

fills a complex mold. For film applications, chill rolls, and
torque winders are used to rapidly cool and collect the extru-
date (Figure 8). Film thickness can be adjusted by changing the
die opening, the mass flow rate introduced into the extruder,
screw speed, the rotation speed of the chill rolls, or the torque
winder. The chill roll temperature also influences the proper-
ties of the film and may be adjusted with appropriate down-
stream devices.

The Hot-Melt Extrusion Process
The different zones of the barrel are pre-set to specific tem-

peratures prior to the extrusion process. The feedstock must
have good flow properties. This requirement is usually met by
insuring that the angle of the feed hopper exceeds the angle of
repose of the feed materials. When this prerequisite is not met,
the feedstock tends to form a solid bridge at the throat of the
hopper resulting in erratic flow. In these situations, a force-
feeding device such as a mass flow feeder or side stuffer can be
used to direct the feedstock onto the rotating screw (Doetsch,
2003).

As the feedstock is moved along the length of the barrel,
thermal energy is generated by shearing, imposed by the rotat-
ing screw and from conduction from the barrel via electrical

FIGURE 7. Illustration of a pelletizer used to chop rod shaped extrudates into pellets or granules. (Courtesy of Randcastle extrusion systems Inc., NJ).
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heating bands. Pumping efficiency of the feeding section is
dependent upon the friction coefficient between the feed mate-
rials and the surface of the barrel and screw. The friction on the
inner surface of the barrel is the driving force for the material
feed, whereas the friction at the surface of the screw restricts
forward motion of the material (Luker, 2003). High friction
along the barrel and low friction at the screw interface contrib-
ute to efficient mass flow in the feed section. Clearly, the bulk
density, particle shape, and compression properties of the raw
materials impact the feeding efficiency.

Material transfer should be efficient in order to maintain an
increase in pressure in the compression zone and the metering
zone. The pressure rise in these zones insures efficient output
of the extrudate. It is also possible to fine-tune the barrel tem-
perature at the feeding section in order to optimize the friction
at the surface of the barrel. Inconsistent material feed may
result in a “surge” phenomenon that will cause cyclical varia-
tions in the output rate, head pressure, and product quality. The
temperature of the melting zone is normally set 15–60°C above
the melting point of semi-crystalline polymers or the glass

FIGURE 8. Illustration of a hot-melt extrusion film assembly (top) with chill roller flake unit (bottom). (Courtesy of Thermo Electron Corporation, MA).
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transition temperature of amorphous polymers (Griff, 1968;
Mccrum et al., 1997; Rauwendaal, 1994; Whelan et al., 1996).

The efficiency of the melting process depends on the poly-
mer properties and the extruder design. In general, polymers
with low melt viscosities and high thermal conductivities
exhibit a more efficient melting process. Changes in the screw
design are sometimes warranted to improve the melting process
and improve mass flow through the extruder. Solidified poly-
mer components can block the channel if melting is incomplete
and result in a surge of material around the blockage.

Processing conditions depend on the chemical stability and
physical properties of the thermal polymer. Melt viscosity,
molecular weight, glass transition temperature, and melting
point (in the case of a semicrystalline polymer) should be con-
sidered to establish appropriate processing parameters. Poly-
mers are subjected to a mechanical shear stress imposed by the
rotating screw, and thermal stress due to the relatively high
processing temperatures and pressures. Under these conditions,
polymers may undergo chain scission, depolymerization or
thermal degradation. Differential scanning calorimetry, ther-
mogravimetric analysis, and gel permeation chromatography
are often used to monitor polymer stability. Plasticizers, anti-
oxidants, thermal lubricants, and other additives are often
included in the formulation to address stability concerns
(McGinity et al., 2003).

Wet Extrusion Versus Dry Extrusion
Based on the properties of the feedstock, extrusion pro-

cesses can be classified as wet extrusion or dry extrusion. In
wet extrusion, the feed stock is conditioned and softened with
the addition of solvents prior to processing (Doetsch, 2003).
The primary reason for wet extrusion is that extrudates have a
superior finish due to the softening, plasticizing, and ripening
action of the solvents. In some cases, such as cellulose nitrate,
wet extrusion under low temperatures and pressures with mini-
mum friction is required because the polymer is explosive
when overheated using dry extrusion processes.

Compared to wet extrusion, dry extrusion is a solvent free
process. The feedstock is generally in solid form and heat is
required to soften or melt the materials. In the dry extrusion
process, materials are softened by the heated barrel, the shear-
ing effect of a rotating screw and friction during transit. The
extrudate solidifies after exiting the extruder. For obvious rea-
sons, most of the extrusion processes use the dry technique.

Mass Flow During Hot-Melt Extrusion
Many polymer melts behave as pseudoplastic fluids under

typical processing conditions. The viscosity of a pseudoplastic
fluid depends upon the shear rate and is described by the fol-
lowing power law equation (Eq. (1)) (Dreiblatt, 2003):

where η is the viscosity of the polymer melt, g is the shear rate,
K is an exponential function of the temperature and depends on
the properties of the polymer, and n is the power law constant
(typically in the range of 0.25 to 0.9 for the polymer melt).

Minimum temperatures are required for extrusion; other-
wise, the torque required to rotate the screw will overload the
drive unit. Torque is directly proportional to melt viscosity.
The dependence of polymer melt viscosity on the temperature
at a given shear rate follows the Arrhenius equation (Eq. (2))
(Repka et al., 2002a):

In Eq. (2), K′ is a constant depending on the structure and the
molecular weight of the polymer; Ea is the activation energy of
the polymer for the flow process, and it is a constant for the
same type of polymer; R is the gas constant; and T is the tem-
perature in degrees Kelvin.

Heat conduction from the electrical bands on the barrel con-
tributes to the melting process. However, heat is also generated
from shearing of the polymer melt. “Viscous heat generation”
is the process of transforming mechanical energy from shear-
ing into thermal energy. The rate of heat generation per unit
volume due to viscous heat dissipation follows Eq. (3) (Repka
et al., 2002a):

in which m is a constant, γ is the shear rate and n is the power
law constant.

MATERIALS USED IN HOT-MELT EXTRUSION
For a pharmaceutical material to be processed by HME, it

must be able to deform easily inside the extruder and solidify
upon its exit. The materials must meet the same levels of purity
and safety as those prepared by traditional techniques. Most of
the raw materials used in hot-melt extruded pharmaceuticals
have been used in the production of other solid dosage forms
such as tablets, pellets, granules, transdermal, and transmu-
cosal systems (Aitken-Nichol et al., 1996; Munjal et al., 2006;
Prodduturi et al., 2005; Repka et al., 1999a, 2000a, 2000b,
2001a, 2001b, 2002b, 2002c, 2005, 2006). Thermal stability of
the individual compounds is a prerequisite for the process,
although the short processing times encountered in this process
may not limit all thermolabile compounds.

Hot-melt extruded dosage forms are complex mixtures of
active medicaments and functional excipients. Functional excipi-
ents may be broadly classified as matrix carriers, release modify-
ing agents, bulking agents, antioxidants, thermal lubricants, and
miscellaneous additives. The selection and use of various excipi-
ents can impart specific properties to hot-melt extruded pharma-
ceuticals in a manner similar to those in traditional dosage forms.h g= × −K n 1 (1)

h = ×K eEa RT′ / (2)

E m n= × +g 1 (3)
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The incorporation of plasticizers may lower the processing
temperatures necessary for HME thus reducing drug and car-
rier degradation. Drug release from these systems can be mod-
ulated by the incorporation of various functional excipients.
The dissolution rate of the active compound can be increased
or decreased depending on the properties of the rate-modifying
agent. For systems that display oxidative or free radical degra-
dation during processing or storage, the addition of antioxi-
dants, acid acceptors, and/or light absorbers may be warranted.

Carriers
In hot-melt extruded drug delivery systems, the active com-

pound is embedded in a carrier formulation often comprised of
one or more “meltable” substances and other functional excipi-
ents. The meltable substance is generally a polymer or low
melting point wax. The selection of an appropriate carrier is
important in the formulation and design of a hot-melt extruded
dosage form. The properties of the carrier often dictate the pro-
cessing conditions. The physical and chemical properties of the
carrier can control the release of the active compound from the
final dosage form. Table 1 lists some of the carriers used to
prepare hot-melt extruded dosage forms.

For systems employing nonpolymeric carrier materials, the
compatibility between the drug substance and carrier should be
addressed. The incorporation of a low melting compound into a
low melting point wax may form a eutectic mixture or reduce
the melting point of the mixture preventing the formation of a
solid dosage form. The production of granules using carnauba
wax has been reported (Miyagawa et al., 1996, 1999; Sato et al.,
1997). The granules contained diclofenac sodium and could be
produced at temperatures less than the reported melting point of
the wax material. The use of waxes and other wax-based mate-
rials have the potential advantage of being relatively inert.

Drug release kinetics from hot-melt extruded dosage forms
is highly dependent upon the choice of the carrier material.
Carriers used in hot-melt extruded dosage forms have included
water insoluble polymers and waxes such as ethyl cellulose or
carnauba wax in which the rate of drug release are diffusion
controlled. Water soluble polymers have included hydroxypro-
pyl cellulose, polyethylene oxide, poly(vinyl pyrrolidone) in
which the drug is released by a diffusion and erosion mecha-
nism (Keleb et al., 2001; Repka et al., 2000a, 2001a). Func-
tional excipients have also been used to modify drug release
rates in these systems. Depending upon the physical and chem-
ical properties of these additional excipients, various release
profiles may be achieved. Functional excipients have been for-
mulated into hot-melt extruded dosage forms to modify the
drug release rate by altering the porosity or tortuosity of the
dosage form. Viscosity increasing agents have been incorpo-
rated into polymeric matrices to limit and reduce the initial
burst often observed with these systems.

The use of ionic and/or pH dependent polymers as the car-
rier matrix may achieve zero-order drug release or site specific

drug delivery along the gastrointestinal tract. Swelling agents
and super disintegrants such as AcDiSol® and Explotab® have
been investigated as a method to modulate drug release. It has
been reported that Explotab® could be used as a “super-absor-
bent” in hydroxypropylcellulose hot-melt extruded transdermal
films to facilitate moisture uptake in wound care applications
(Repka et al., 2000b). A similar approach of drug release mod-
ification was applied to wax-containing systems (Miyagawa
et al., 1996, 1999; Sato et al., 1997). Hydroxypropylcellulose,
Eudragit® L, and sodium chloride were incorporated into
diclofenac sodium/carnauba wax matrices. Increasing the cel-
lulose derivative or methacrylic acid copolymer concentration
in the system resulted in a substantial increase in the release of
diclofenac sodium. The release of diclofenac sodium from
hydroxypropylcellulose/wax matrices was less pH dependent
than the system containing wax/Eudragit® L since the meth-
acrylic acid copolymer is insoluble in water or in solutions
with pH < 6. The effect of sodium chloride was less pro-
nounced and was attributed to the negligible swelling effect of
this material.

Plasticizers
Plasticizers are typically low molecular weight compounds

capable of softening polymers to make them more flexible.
The use of polymeric carriers in HME often requires the incor-
poration of a plasticizer into the formulation to improve the
processing conditions during the manufacturing of the
extruded dosage form or to improve the physical and mechani-
cal properties of the final product.

Plasticization of the polymer is generally attributed to the
inter-molecular secondary valence forces between the plasti-
cizer and the polymer. Plasticizers are able to decrease the glass
transition temperature and the melt viscosity of a polymer by
increasing the free volume between polymer chains (Aharoni,
1998). In doing so, the ease of movement of polymer chains
with respect to each other is dramatically reduced. Plasticizers
were also found to facilitate the fusion process of semi-
crystalline polymers (Fried, 1995; Strobl, 1997). Less energy is
usually required to melt semi-crystalline polymers following
the addition of one or more plasticizers. With the addition of a
plasticizer, a HME process can be conducted at lower tempera-
tures and with less torque. Generally, both the active ingredient
and the polymer will be more stable during the extrusion pro-
cess due to these improved processing conditions. Materials
commonly used as plasticizers that are approved by the Food
and Drug Administration for use in pharmaceutical dosage
forms are listed in Table 2 according to their chemical structure.

Plasticizers used for the preparation of pharmaceutical dos-
age forms must have good efficiency, stability, polymer-
plasticizer compatibility, and permanence. Triacetin, citrate
esters, and low molecular weight polyethylene glycols have
been investigated as plasticizers in hot-melt extruded systems.
Recently, surfactants have also been shown to be promising
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plasticizers in producing solid dispersions by HME in addition
to acting as solubilizers (Ghebremeskel et al., 2006). Addition-
ally, several drug substances have been reported to function as
plasticizers in hot-melt extruded dosage forms (Aitken-Nichol
et al., 1996; Crowley et al., 2002, 2004a; Repka et al., 1999b;
Zhang et al., 1999).

The physical and mechanical properties and drug release
rate of pharmaceutical dosage forms is dependent on the per-
manence of the plasticizers. Permanence of a plasticizer during
processing and storage is very important and the evaporation of
highly volatile plasticizers from the dosage form during stor-
age has been reported. Arwidsson et al. (1991) reported a dra-
matic change in drug release properties of coated tablets due to
volatilization of the plasticizer during curing and storage.
Repka and McGinity (1999a) demonstrated that the amount of
plasticizer remaining in hot-melt extruded films over time was
a function of the plasticizer type and storage conditions. Plasti-
cizers may also improve the physical-mechanical properties of
hot-melt extruded dosage forms. In transdermal films, the addi-
tion of a plasticizer to the polymer matrix can improve the
film’s flexibility (Aitken-Nichol et al., 1996; Repka et al.,
1999a). Plasticizers often influence the product’s tensile
strength and elastic modulus.

Other Processing Aids
The excessive temperatures needed to process unplasticized

or under plasticized polymers may lead to polymer degrada-
tion. The stability of polymers that are susceptible to degrada-
tion can be improved with the addition of antioxidants, acid
receptors and or light absorbers during HME. One manufac-
turer of these materials recommends the incorporation of an
antioxidant into formulations containing low molecular weight
hydroxypropylcellulose (“Physical and chemical properties,
klucel®, hydroxypropylcellulose,” 1997). Similarly, polyeth-
ylene oxide has been reported to be protected from free radical

and oxidative degradation by the incorporation of an antioxi-
dant (Crowley et al., 2002).

Antioxidants are classified as preventive antioxidants or
chain-breaking antioxidants based upon their mechanism. Pre-
ventive antioxidants include materials that act to prevent initia-
tion of free radical chain reactions. Reducing agents, such as
ascorbic acid, are able to interfere with autoxidation in a pre-
ventive manner since they preferentially undergo oxidation.
The preferential oxidation of reducing agents protects drugs,
polymers, and other excipients from attack by oxygen mole-
cules. These antioxidants are sometimes referred to as oxygen
scavengers. They are most effective when used in a closed sys-
tem where oxygen cannot be replaced once it is consumed.
Chelating agents such as edetate disodium (EDTA) and citric
acid are another type of preventive antioxidant that decrease
the rate of free radical formation by forming a stable complex
with metal ions that catalyze these reduction reactions.

Hindered phenols and aromatic amines are the two major
groups of chain breaking antioxidants that inhibit free radical
chain reactions. Commonly used antioxidants such as butylated
hydroxyanisole, butylated hydroxytoluene and vitamin E are
hindered phenols. Because the O-H bonds of phenols and the
N-H bonds of aromatic amines are very weak, the rate of oxi-
dation is generally higher with the antioxidant than with the
polymer.

Other materials have been used to facilitate HME process-
ing. Waxy materials like glyceryl monostearate have been
reported to function as a thermal lubricant during hot-melt pro-
cessing. Vitamin E TPGS has been reported to plasticize poly-
mers and enhance drug absorption (Table 3) (Crowley et al.,
2002; Repka et al., 2000a).

Active Pharmaceutical Ingredients (APIs)
The properties of the active drug substance often limit the

formulation and processing choices available to the pharma-
ceutical scientist in the development of dosage forms. HME is
an anhydrous process, which avoids potential hydrolytic degra-
dation pathways. In addition, poorly compactable materials can
be prepared as tablets without a compression process by cut-
ting an extruded rod to the desired dimensions.

As an initial assessment, the thermal, chemical, and physi-
cal properties of the drug substance must be characterized.
Depending on the unique properties of the drug substance and
the other materials in the formulation, the drug may be present
as undissolved particles, a solid solution, or a combination in
the final dosage form. The state of the drug in the dosage form
may have a profound impact on the processability and stability
of the product. The advantages and disadvantages of each form
have been discussed in both injection molding (Cuff et al.,
1998) and melt extrusion (Grunhagen et al., 1995) systems.
Solid dispersion systems may be more stable and more easily
processed than solid solution systems, but solid solution sys-
tems may be produced that are transparent and may have

TABLE 2 
Common Plasticizers Used in Pharmaceutical Dosage Forms

Type Examples

Citrate esters triethyl citrate, tributyl citrate, acetyl 
triethyl citrate, acetyl tributyl citrate

Fatty acid esters butyl stearate, glycerol monostearate, 
stearyl alcohol

Sebacate esters dibutyl sebacate
Phthalate esters diethyl phthalate, dibutyl phthalate, 

dioctyl phosphate
Glycol derivatives Polyethylene glycol, propylene glycol
Others triacetin, mineral oil, castor oil
Vitamin E TPGS D-α-tocopheryl polyethylene glycol 

1000 succinate
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increased bioavailability of poorly soluble compounds. Table 4
provides a partial listing of some of the drug substances that
have been formulated and processed by HME.

The active compound may help or hinder the functionality
of the other components in the formulation. Oxprenolol hydro-
chloride was shown to melt under the HME processing condi-
tions thus decreasing the viscosity of the extrudate to yield a
material with poor handling properties (Follonier et al., 1994).
In similar work preparing dosage forms by injection molding,
Cuff and Raouf reported that fenoprofen calcium inhibited the
hardening of a PEG-MCC matrix, resulting in an unusable
product (Cuff et al., 1998). In contrast, Lidocaine was shown to
lower the glass transition temperature of Eudragit? E/HDPE
films (Aitken-Nichol et al., 1996), and hydrocortisone demon-
strated a time dependent lowering of the glass transition tem-
perature of HPC films (Repka et al., 1999b). Thus, the drug
substance can be either beneficial or detrimental to properties
of hot-melt extruded dosage forms.

PROPERTIES OF HOT-MELT EXTRUDED DOSAGE 
FORMS

Chemical Stability of Drug Substances During Hot-Melt 
Extrusion

The stability of the active ingredients during HME should
be closely monitored since it is conducted at elevated tempera-
tures. Hydrolysis, solvolysis, and oxidation are three primary
mechanisms of drug degradation. Drugs containing carboxylic
acids, phosphoric acids or carbonyl functional groups are vul-
nerable to hydrolysis (Conors et al., 1986). Water or a solvent
must be present for hydrolysis or solvolysis to occur. Since
HME is a solvent free process, hydrolysis and solvolysis are
often not a concern. Oxidation is also a free-radical chain reac-
tion with three distinctive stages: initiation, propagation and
termination. Oxidative drug degradation during HME has been
reported by Aitken-Nicol et al. (1996) and Repka et al.

(1999b). Peroxides formed due to the oxidation of polymeric
carrier were shown to induce the oxidation of the active ingre-
dient. Since the drug and polymer share the same oxidation
mechanisms, antioxidants for polymers discussed in the previ-
ous chapter are also applicable for active ingredients.

High-pressure liquid chromatography is the most com-
monly used technique to investigate the stability of drug sub-
stances. Stability indicating methods should be developed so
that the active ingredient is separated from the degradants. The
purity of drug peak can be studied using a photo diode-array
detector to confirm the reliability of the assay.

Thermal and Crystalline Properties of Hot-Melt Extruded 
Dosage Forms

Drug and polymers are subjected to elevated temperatures,
high pressure, and intense mixing during the HME process. At
these elevated temperatures, the solubility of the drug in the
polymer carrier is increased. Depending upon the processing
conditions, some crystalline drugs either melt or become solu-
bilized in the polymer matrix during the process. Recrystalliza-
tion and nucleation of drug molecules from the polymer melt is
retarded during the cooling of the extrudate due to reduced sol-
ute migration and the difficulty in nucleation in a highly vis-
cous polymer medium. Furthermore, polymer viscosity
increases dramatically with the decrease in the temperature.

Miscibility of the active forms with the excipients is an
important factor to be considered for a successful hot-melt
extrudate. Miscibility can experimentally be determined with
differential scanning calorimetry, hot stage microscopy and
theoretically utilizing solubility parameter calculations. Forster
et al. demonstrated that melt extrusion of miscible components
resulted in solid solution formation, whereas extrusion of an
‘immiscible’ component led to an amorphous drug dispersed in
crystalline excipients (Forster et al., 2001c). Following HME,
the active ingredient can be present in one of two forms: as a

TABLE 3 
Common Processing Aids Used in Hot-melt Extruded Dosage Forms

Chemical Name Trade Name Reference(s)

Saccharose monopalmitate Sucroester (Hulsmann et al., 2001; Hulsmann, S. et al., 2000)
Glycerolester and PEG esters Gelucire 44/14 (Hulsmann, S. et al., 2000)
Glyceryl monostearate Imwitor (Henrist, D. et al., 1999; Henrist, D. et al., 1999a; Henrist, D. et al., 1999b)
d-α-tocopherol(Vitamin E) – (Crowley et al., 2002)
Vitamin E Succinate – (Crowley et al., 2002)
Vitamin E TPGS – (Crowley et al., 2002; Repka et al., 2000a; Repka et al., 2001a)
Butylated Hydroxy Anisole – (Crowley et al., 2002)
Methyl Paraben – (Wu, 2003)
Mixture of hydrogenated 

castor oil and soybean oil
Sterotek® K (Liu et al., 2001)

Glyceryl palmitostearate Precirol® ATO 5 (Liu et al., 2001)
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crystal embedded in the hardened polymer phase, or as individ-
ual molecules dissolved in the polymer matrix. Formation of a
drug-polymer solid dispersion in hot-melt extruded dosage
forms has been reported (Aitken-Nichol et al., 1996; Zhang
et al., 2000). Complexation between drug and polymer may
also contribute to the formation of a solid solution (Chang et al.,
1975). Solid solutions containing the drug and an amorphous
polymer are generally regarded as interstitial solid solutions
where drug molecules occupy the interstitial space between the
polymer chains. For a semi-crystalline polymer, some drugs
were reported to be concentrated in the amorphous regions of
the polymer (Delahaye et al., 1997), and some drugs were
reported to be solubilized in the crystalline matrix of the poly-
mer (Chiou et al., 1971). Because the drug is dispersed at a
molecular level, a solid dispersion is a metastable form. It is

susceptible to aging effects and the drug may recrystallize from
the matrix during the storage. Crystallization of chlorampheni-
col palmitate from a solid dispersion in PVP was reported
(Chiou et al., 1971).

The methods that have been used to characterize hot-melt
extrudates are summarized in Table 5. In addition to character-
izing the hot-melt extrudate, these methods can be used to dif-
ferentiate between solid solutions (molecularly dispersed
drug), solid dispersions in which drug is only partly molecu-
larly dispersed and physical mixture of drug and carrier. It is
challenging to precisely characterize systems, which are
molecularly dispersed from those that are not due to the com-
plexity of the systems, and different analytical methods may
yield contrasting results. In general, dispersions in which no
crystallinity can be detected are molecularly dispersed and the

TABLE 4 
Drug Substances Processed by Hot-melt Extrusion Techniques

Drug Tm (°C) Reference(s)

Nifedipine 175 (Forster et al., 2001a, 2001c; Nakamichi et al., 2002)
Indomethacin 162.7 (Forster et al., 2001a, 2001b; Forster et al., 2001c)
Piroxicam 204.9 (Forster et al., 2001b)
Tolbutamide 128.4 (Forster et al., 2001a, 2001b)
Lacidipine 184.8 (Forster et al., 2001a, 2001b, 2001c)
Chlorpheniramine Maleate 135 (Crowley et al., 2002; Fukuda et al., 2006a; Repka et al., 

1999a, 2001c; Zhang, 1999; Zhu et al., 2002)
Theophylline 255 (Henrist, D. et al., 1999, 1999a 1999b; Sprockel et al., 1997; 

Young Cr, 2005; Young et al., 2002; Zhang et al., 2000)
17β-estradiol hemihydrate – (Hulsmann, S. et al., 2000; Hulsmann et al., 2001)
Oxprenolol hydrochloride 108 (Follonier, N. et al., 1994)
Fenoprofen calcium – (Cuff et al., 1998)
Lidocaine 68.5 (Aitken-Nichol et al., 1996; Repka et al., 2005)
Hydrocortisone 220 (Repka et al., 1999a)
Phenylpropanolamine Hydrochloride 192 (Liu et al., 2001)
Hydrochlorothiazide 274 (Keleb et al., 2001; Ndindayino et al., 2002b, 2002c)
Carbamazepine 192 (Perissutti et al., 2002)
Ibuprofen 76 (De Brabander et al., 2002, 2000; Kidokoro et al., 2001)
Melanotan-1 – (Bhardwaj et al., 1997, 1998)
Diclofenac Sodium 284 (Lyons. J.G., 2006; Sato et al., 1997)
Acetaminophen 170 (Ndindayino et al., 2002a)
Nicardipine Hydrochloride 180 (Nakamichi et al., 2001)
Etonogestrel 200 (Van Laarhoven, J. A. H. et al., 2002; Van Laarhoven, 

J.A.H. et al., 2002)
Ethinyl estradiol 144 (Van Laarhoven, J.A.H. et al., 2002)
Acetylsalicylic Acid 135 (Stepto, 1997; Stepto, 2000)
Diltiazem Hydrochloride 210 (Follonier, N. et al., 1994; Zhu Y, 2006)
5-Aminosalicylic acid 280 (L. Diane Bruce, 2005)
Itraconazole 166 (Miller. D.A, 2006)
Ketoconazole 148–152 (Mididoddi et al., 2006)
Guaifenesin 78.5 (Crowley et al., 2004a)
Ketoprofen 94 (Crowley et al., 2004a)
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absence of crystallinity is used as a criterion to differentiate
between solid solutions and solid dispersions.

Thermoanalytical methods include those that examine the
system as a function of temperature. Differential scanning cal-
orimetry (DSC) has been widely used to study the thermal
properties of materials used in HME. DSC can be used for the
quantitative detection of transitions (melting point, glass transi-
tion) in which energy is required or liberated (i.e., endothermic
and exothermic phase transformations). Generally, the hot-
melt extrudate is scanned and compared to a physical mixture
of the drug, polymeric carrier and other excipients. The lack of
a melting transition in the DSC scan of the hot-melt extrudate
indicates that the drug is present in an amorphous rather than
crystalline form. Thermogravimetric analysis (TGA) is a mea-
sure of thermally induced weight loss of a material as a func-
tion of applied temperature. TGA is limited to studies
involving either a weight gain or loss, and is commonly used to
study desolvation and decomposition. TGA can be used as a
screening tool for the thermal stability of materials used in
HME. Microthermal analysis has been used to identify phase
separation in hot-melt extrudates containing itraconazole and
Eudragit E100 (Six et al., 2003). In this approach, differ-
ences in the thermal topography of hot-melt extrudates can
be discerned.

Wide angle X-ray diffraction (XRD) is also used to charac-
terize the crystalline properties of hot-melt extruded dosage
forms. The principle of XRD is based on Bragg’s law, in which
parallel incident X-rays strike the crystal planes and are then
diffracted at angles related to the spacing between the planes of
molecules in the lattice. Crystallinity is reflected by a charac-
teristic fingerprint region in the diffraction pattern. If the

fingerprints of the drug and carrier do not overlay one another,
the crystallinity of the drug and polymer following HME can
be determined. Thus, X-ray diffraction can be used to differen-
tiate between solid solutions, in which the drug is amorphous,
and solid dispersions, in which it is at least partly present in the
crystalline form, regardless of whether the carrier is amorphous
or crystalline. However, the sensitivity of the XRD technique
is limited and cannot generally detect crystallinity of less than
10% (Brittain, 1995).

Additional techniques to detect crystalinity include infrared
spectroscopy, solid-state nuclear magnetic resonance, light
microscopy, and scanning electron microscopy. Infrared spec-
troscopy can be used to detect changes in bonding between
functional groups due to structural changes or a lack of crystal
structure. IR can be used to differentiate between peaks that are
sensitive to changes in crystallinity from those that are not
(Taylor et al., 1997). Solid-state nuclear magnetic resonance
(NMR) has been used to probe the crystallinity of materials.
Although any NMR-active nucleus can be studied, most efforts
have focused on 13C investigations. Microscopy is one of the
best methods to study the crystalline properties of hot-melt
extrudates. Both optical and electron methods are suitable to
examine the surface morphology of samples to probe for the
presence of crystalline particles or amorphous domains. It is
also possible to obtain reliable particle size information using
these techniques.

CONCLUSION
Although a relatively new technology in the pharmaceutical

industry, HME has emerged as a viable approach for the devel-
opment of drug delivery systems. Single and twin-screw
extruders are replacing traditional batch processes because of
the consistent and repeatable nature of continuous extrusion.
The more recent introduction of twin-screw extruders with dif-
ferent screw designs allows them to be used to perform a large
number of previously separate functions. Compared to solvent
processes aiming at solid molecular dispersions melt extrusion
technology offers a promising alternative. This technology is
suitable for both high dose and potent compounds. The mixing
that occurs in the barrel of the extruder during processing
ensures good content uniformity of the active material in the
finished product. Furthermore, the availability of a wide range
of thermoanalytical and microscopic techniques allows for the
characterization of physical and chemical stability of actives
and/or excipients used in the melt extrudate with good predict-
ability. The potential of automation and reduction of capital
investment and labor costs have made HME worthy of consid-
eration. High-energy input mainly related to shear forces and
temperature pose problems in manufacturing of heat labile
actives by HME. This can be overcome in most cases, how-
ever, by proper selection of screw assemblies, side stuffing
techniques and extruder die designs to minimize the residence
time in the extruder. The possible use of a broad selection of

TABLE 5 
Common Methods Used for the Characterization

of Hot-melt Extrudates

Thermoanalytical 
Methods

Differential Scanning Calorimetry
Thermogravimetric Analysis
Hot Stage Microscopy
Microthermal Analysis

Dissolution Testing
X-Ray Diffraction Wide Angle X-Ray Diffraction
Spectroscopic Methods IR
Microscopic Methods Polarized Light Microscopy

Scanning Electron Microscopy
Transmission Electron Microscopy
Atomic Force Microscopy

Nuclear Magnetic 
Resonance

Magic Angle Spinning Techniques
Cross-Polarization Techniques

Mechanical Analysis Tensile Strength
Elongation
Young’s Modulus
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polymers, plasticizers and/or processing aids has opened an
arena for continued research, processing and manufacture of
various dosage forms in the field of formulation that will be
discussed in Part II of this review.
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