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Summary

Hot-melt extrusion (HME), originally coming from
plastic industry, becomes at present an interesting
technology also in the pharmaceutical field. The number
of drugs with poor solubility and also bioavailability is
increasing. In addition, most of the organic drugs are
exhibiting polymorphism. Together with the utilization
of appropriate carriers and other excipients, HME
introduces an interesting possibility how to increase the
solubility of poorly soluble drugs or protect unwanted
polymorphic changes and how to improve bioavailability
of problematic drugs. HME can also be used in the
formation of dosage forms with controlled drug release,
e.g. pellets or films. It is a relatively inexpensive,
efficient and reproducible technology, a solvent free and
drug-friendly process. This article is an overview of
possible utilization of this modern technology in the
pharmaceutical field.
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Souhrn

Extruze tavenin, metoda plivodem z priimyslu plastil, se
stava v soucasnosti velice zajimavou technologii také ve
farmacii. Pocet Spatné rozpustnych 1é¢iv s nizkou biolo-
gickou dostupnosti stile stoupd. VeétSina organickych
1é¢iv vykazuje polymorfii. Spolu s vyuZitim vhodnych
nosnych a dalSich farmaceutickych pomocnych litek
predstavuje extruze tavenin zajimavou moznost, jak zvy-
Sit rozpustnost Spatné rozpustnych 1é¢iv nebo zabrénit
vzniku neZddoucich polymorfi a jak zlepSit biologickou
dostupnost problematickych 1éc¢iv. Extruzi tavenin Ize
vyuZzit také pfi formovéini lékovych forem s fizenym
uvoliiovanim 1é¢iv, napf. pelet nebo filmu. Je to relativné
levnd, Gc¢inna a reprodukovatelnd technologie bez pouZi-
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ti rozpoustédel, kterd je Setrnd k 1é¢iviim. Clanek je pre-
hledem moZné vyuZitelnosti této moderni technologie ve
farmacii.
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Introduction

Hot-melt extrusion (HME) has become a very
interesting pharmaceutical technology during the recent
decade. The origin of this method comes from plastic
industry, but it is attractive in the pharmaceutical field
due to many advantages®. The formulation produced by
HME can contain a drug dispersed in a matrix at the
molecular level forming thus a solid dispersion, which is
very beneficial for poorly soluble drugs®. The number of
molecules included in the Biopharmaceutical
Classification System (BCS) class II is increasing — these
drugs are permeable, but not soluble®. For the drugs of
this class, the limiting-rate parameter for the absorption
is dissolution rate and thus improving of aqueous
solubility is challenging for the formulation”. HME is a
solvent free process, it does not produce residual
solvents and it is not a costly method®. Drug substance is
not treated by compression and during the process a
minimum amount of dust is formed®™ . The HME
process is shorter and more efficient than the
conventional extrusion. The process is reproducible, that
is why the scale-up procedure of the medicinal
preparation produced by HME is not a critical part of the
development!' 2. Another challenge for formulators is
developing stable solid solutions®. More than 80% of
organics show polymorphism, i.e. the ability to exist in
various crystalline solid forms. Polymorphs exhibit
different physical and chemical properties such as
morphology, melting point, density, and mainly
solubility. Thus they have an influence on the drug
stability and also its bioavailability. During
manufacturing of a dosage form or within stability
testing the polymorph can be changed, which is not
required and the final product can fail the specification
criteria. Development of quantitative and qualitative
solid-state analytic methods of active pharmaceutical
substances is very sophistical. Powder X-ray Diffraction
(PXRD), Differential Scanning Calorimetry/Modified
Temperature Differential Calorimetry (DSC/MTDSC),
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Fourier Transform Infrared Spectroscopy (FT-IR) and
Microscopy are the most commonly used methods '* 4.
HME is an attractive technology for producing stable
solid solutions and preventing polymorphism changes.

This review article summarizes the HME process,
brings information about suitable materials and makes an
overview of the large utilization of this modern
technology in the pharmaceutical field. The aim of this
article is to collect recent trials and experiments
connected with HME as well.

The equipment used in the hot melt extrusion
process

Hot-melt extruders used in pharmaceutical industry
have to be adapted to regulatory requirements, e.g.,
contact parts have to be inert to the medical product. The
extruder consists of a feed hopper, a rotating screw
inside a heated barrel, a die and heating and cooling
systems. In general, there are two types of hot-melt
extruders, which differ in transport mechanism and
mixing ability: a single-screw and a multi-screw
extruder. Screws are situated inside a stationary
cylindrical barrel and contain three main parts: feeding
zone, transition or melting zone and metering zone.
These parts of the extruder are described in Figure 1.
The single-screw extruder is simpler and cheaper, but

,| Hopper

Electrical heating
system

Table 1. Influence of parameters on the hot-melt process
(modified from 19)

Residence
time

Screw speed (rpm) * * *
Feed rate (kg/h) * * *

Temperature (°C) * ;

Parameters Torque

using conveying elements, kneading blocks and other
designs to achieve a particular mixing configuration'.

The size of extrusion screws is characterized by the
L/D ratio, which is the length divided by the diameter.
The equipment for the development has usually the size
of 18-30 mm, whereas production machines exceed
50 mm?.

The shape of an extrudate is given by the die at the end
of the barrel. The final step of the process-cooling-may
be in the form of nitrogen, air, in water or on a steel
conveyor, rolls by shaping devices, cyclic molding and
else!®.

The material for the extrusion is directly fed from the
hopper — gravimetrically or
volumetrically. The mass is
conveyed in the barrel and it is
mixed, compressed, melted
and plasticized.  Suitable

Die

homogenous plastic material

continues to the metering zone,
where it should achieve a

\ [ |
T

uniform delivery rate through

Feeding IOHE] Melting zone “ Metering zone |

Direction —_—

Fig. 1. Single screw extruder (modified from 17)

less advantageous. The hot-melt process in a twin-screw
extruder takes place due to agitation of two screw, which
cause high kneading potential, shorter residence time,
fewer tendencies to over-heat and large dispensing
capacities. Easier utilization of twin-screws extruders is
typical as well. The equipment can be adjusted to
different formulations®. Material is moved between two
screws to achieve a homogeneous mixture. Screws in
twin-screw extruders can be adjusted in different ways.
Most important for pharmaceutical industry is the co-
rotating extruder, where the screws rotate in the same
direction. They are required for high screw speed and
high output. Counter-rotating screws have to be
operated at a low screw speed, because high pressure
between the screws can occur and also low output is
expected.

The twin-screw extruder can be also divided as either
intermeshing or non-intermeshing. In addition, the
configuration of the screws themselves may be varied

the die cavity. The drug is
deaggregated and a uniform
dispersion, a solid solution or a
combination of both is produ-
ced'™. Screw rotation and the
electrical heating system are
the sources of the heat.
Conditions during the process have to be set up
accurately. The barrel temperature depends on glass
transition, the melting temperature and molecular weight
of the polymers. The combination of the optimal feed
rate, screw speed together with motor load and melt
pressure is required. The influence of each parameter is
displayed in Table 1.

Material for hot-melt extrusion

Drug

Extrudates contain drugs as undissolved particles
(solid suspension), dissolved molecules (solid solution)
or as a combination of both of them. Positive effects of
solid solutions on drug dissolution, absorption and
therapeutic effect were described in the past. Only after
some time, the technology of hot-melt extrusion is
considered as a very convenient method how to reach a
stable solid solution and incorporate it to a dosage form.
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Solid solution is thermo-

1 180

dynamically stable and the

Poloxamer 407 35

drug is below saturation PEG-VA 1200
solubility'®- . If the drug _ 200
reaches sat . s Povidone 90 BEG

uration solubility, | D Tdes 0 Te or T
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drug can precipitate out of the
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polymer or crystallize, which . | 250
causes a worse drug solubility Copovidone T101
profile '*. Amorphous form of 0 50 100 150 200 250 300

drugs produced by HME can
be 5-10 times more soluble in
comparison with crystalline
form'?.

In solid dispersion, where
the drug is in a hydrophilic
carrier, aqueous solubility is improved. The drug can be
in a microcrystalline form as a part of a eutective drug-
polymer mixture or it can be located within an
amorphous or crystalline polymer®. Solid dispersion
should be stable during stability testing. It is suggested to
store solid dispersions at the temperature of 50 °C below
its glass transition temperature (Tg). Nevertheless, a
positive effect of short post-heating was described in the
study of nimodipine with Kollidone® VA64 (polyvinyl-
pyrrolidone/vinylacetate copolymer), where a short
action of high temperature inhibited recrystallization in
this solid dispersion®?.

Drug substance is exposed to high temperature during
HME. A heat sensitive drug can be degraded. A
plasticizer exerts an effect on decreasing T, of a polymer,
but it does not change the melting temperature of the
drug. One of the possibilities how to avoid thermal
degradation of a drug is cocrystals preparation. Co-
crystals are homogenous single crystalline phases
containing solid components. Components are interacted
to the drug via noncovalent interactions such as hydrogen
bonds or van der Waals interactions. Cocrystals can be
prepared first and then added to the polymer to produce a
solid dispersion. Another, simpler method of the
production of a cocrystals solid dispersion is melting the
mixture consisting of a drug, a conformer and a polymer
together. In one study, the preparation of carbamazepine-
nicotinamide cocrystal was investigated. An amorphous
solid dispersion of that cocrystal and the polymer was in-
situ produced by HME. Processing temperature was
decreased and dissolution rate was increased?.

In the study described by Ghosh et al.'”, another
temperature-sensitive and poorly water soluble drug
(Novartis compound NVS981) was tested in an HME
formulation based upon 3 different types of
hypromellose (HPMC), i.e. HPMC (3cps), HPMC
phthalate, HPMC acetyl succinate. The composition with
the latter carrier was the most chemically and physically
stable solid dispersion with a satisfied drug dissolution
profile.

Excipients for hot-melt extrusion

Polymers, plasticizers, antioxidants, lubricants and
colorants are the typical hot-melt extrusion excipients.

Temperature (°C)

Fig. 2. Differences of Tg (Tm) and Tdeg (modified from ®)

Polymers and plasticizers are the most indispensable.
Different excipients for the modification of the drug
release profile, which is common for the production of
solid dosage forms, can be also used.

The design of hot-melt process is mostly influenced
by the character of polymers. Their appropriate
thermoplastic characteristics are necessary for the hot-
melt process. High thermal conductivities and low melt
viscosities are beneficial. During the hot-melt process
polymers do not have to undergo the conditions like
chain scission, depolymerization or thermal degradation.
Polymers are defined by T, or melting temperature (T )
and melt viscosity. Bellow the glass transition
temperature the molecules of the polymer are without
any motility. Above T, the polymer becomes rubbery
due to weakening of the bonds between the polymer
chains. The polymer is capable of plastic or elastic
deformation?. The temperature for hot-melt extrusion is
usually 20-40 °C above the T ®. That is why polymers
with high T or T, are not suitable as carriers. In general,
typical extrusion temperature is 100-200 °C. Polymers
should be low-hydroscopic and non-toxic. Their
degradation temperature limit (T, ) should not be close
to the value of T or T, Thus for instance, Soluplus® —
polyvinyl caprolactam-polyvinyl acetate-polyethylene
glycol copolymer (PEG-VCap-VAc) - produced by the
BASF company shows a wide range between T, and T,
as shown in Figure 2 together with other commonly use
polymers'®.

Soluplus® is one of the new substances which are
applied as polymer carriers. In a solid solution of a
poorly soluble drug, it plays the role of an active
solubilizer and also the role of a matrix. Several trials to
show the ability of this polymer to the improved
dissolution profile of drugs from BCS class II were
described. For example, amorphization of spironolactone
in the Soluplus matrix was achieved”.

Polyethylene oxide (PEO) and povidone (PVP) belong
to the group of water-soluble or water-miscible
materials. They can be used as carriers for insoluble
drugs to form solid dispersion. Thus for instance, HME
of the highly lipophilic drug bicalutamide with PEO was
tested to show the influence of the polymer on the
stability of a solid dispersion. The drug-polymer ratios
1:10and 2 : 10 showed the drug in the amorphous form
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Table 2. Polymers for hot-melt extrusion and their trade
name and utilization > 519

Chemical Name Trade Name Utilization
povidone (PVP) Kollidon® immediate release
orolonged release
polyethylene oxide ® immediate release
(PEO) Polyox orolonged release
polyethylene glycol ® immediate release
(PEG) Carbowax orolonged release
hypromellose (HPMC)  Methocel® orolonged release
?Ii([j,rg( ypropylcellulose Klucel® orolonged release
PVPvinyl acetate e immediate release
(PVP-VA) Kollidon®™ VA 64 orolonged release
. o - controlled release
polyacrylates Eudragit taste masking
polyvinyl caprolactam-
polyvinylacetate- Soluplus® immediate release
polyethylene glycol
(PEG-VCap-VAc)
ethylcellulose Ethocel® prolonged release
which significantly enhanced its dissolution rate.

However, in the formulation containing the drug-
polymer ratio 3 : 10, the recrystallization of bicalutamite
resulted®.

Polymers of pH-dependent solubility should be
chosen according to the required drug delivery system. A
mixture of polyvinyl acetate and povidone (brand name
Kollicoat® SR) is insoluble in water, which is the reason
for using it for a sustained release profile of a drug. The
anionic copolymer of methacrylic acid and ethyl acrylate
(Kollicoat® MAE 100P) is used as an enteric matrix.
Other examples of polymers intended for controlled and
immediate release are presented in Table 2. Some of
them are available in more grades for different
utilization.

A specific polymer for a particular drug has to be
identified according to its compatibility and efficacy. The
poorly water-soluble drug bifendate was hot-melt
extruded with several polymer carriers. Its dissolution
enhancement was achieved with Eudragit® EPO
(ethylacrylate, methyl methacrylate polymer), Plasdone®
360 and Kollidone® VA64 (polyvinylpyrrolidone/vinyl-
acetate copolymer) due to the creation of a homogenous
dispersion of bifendate. However, only a solid dispersion
with Kollidon® VA64 as the carrier showed the ability to
increase also drug relative bioavailability?.

Waxes, lipids and wax-based materials are also used as
carriers in HME especially for controlling the drug
release from the final product®®. Lipids have advantages
such as biodegradability, bitter taste of drugs masking
and protection for water-sensitive drugs, and they can
also improve drug absorption in the gastrointestinal tract.
In general, waxes have lower melting points compared to
polymers®». Carnauba wax and castor wax are
commonly used for HME”. However, drug release from
lipophilic carriers can be very slow. An addition of
hydrophilic excipients can tailor the required properties
for dissolution rate. Polyethylene glycol contributes to

the porous network of extrudates and drug diffusion is
after that faster. In one study, microcrystalline wax was
tested in HME with theophylline as a water-soluble drug.
The aim of the study was to speed up the diffusion of the
drug from the lipophilic inert matrix by another approach
— by modification of the shape of the extrudates. A higher
specific surface area is one of the other options how to
reach more rapid dissolution. In that study three different
helical shapes with 2, 3 and 4 blades and one classical
cylindrical shape were tested in vitro. The system having
helix shape with 3 blades and the composition of 70 : 30
theophylline:wax exhibited the desired in vitro
theophylline release'?.

Amorphous acidic drugs can be stabilized also by
inorganic silicates instead of organic polymers. A blend
of inorganic magnesium aluminometasilicate (Neusilin®)
and the anti-inflammatory drug sulindac was extruded.
The material had similar physical stability compared to
previous samples produced by ball milling. However, the
extrudate had a better dissolution profile?®.

Plasticizers are additives to polymers due their
capability of lowering glass transition temperature. They
cause a weakness of cohesive intermolecular forces
along the chains in a polymer. In general, plasticizers
have an effect of easy workability because of increasing
elongation and flexibility of polymers. The addition of
plasticizers causes polymers chains movement and that
is why the toughness of a polymer is reduced.
Plasticizers decrease the value of T, by the location
between the chains of polymers, therefore polymers are
softer and their structure is more flexible?". Usually 10%
(w/w) of the plasticizers are sufficient. Some drugs can
also function as plasticizers®* 9. For instance, the
antiretrovital drugs zidovudine and lamivudine were
found to decrease T, of ethylcellulose®.

Another example of a positive role of plasticizers was
described by Kanaujia et al.'? The dissolution of a
ketoconazole solid dispersion prepared by HME was
examined. During dissolution, particles can grow from
the molecular form followed by the formation of
nanoparticles and subsequently microparticles and the
rate of drug release can be slower. Positive effects of
plasticizers on the inhibition of particles growth were
confirmed in the study.

Most common plasticizers for HME are polyethylene
glycols, citrate esters and triacetin® 3 10,

The utilization of hot-melt extrusion process

During recent years, the interest in hot-melt extrusion
process has been increasing because of many advantages
mentioned above. Hot-melt extrusion also offers various
possibilities of applications in drug delivery. It can be
used for developing different kinds of dosage forms such
as pellets, granules, immediate or modified release
tablets, transdermal, transmucosal films and implants'>:
18,260 Many innovative approaches for drug delivery
systems have been published. Nanoparticle engineering
has several limitations such as poor wetability or particle
aggregation. Hot-melt extrusion of itraconazole-
polyvinylpyrrolidone and itraconazole-hypromellose
microparticles dispersed subsequently in mixtures of
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Poloxamer and polyethylene oxide has been evaluated.
In this study, the above-mentioned problems of
nanoparticles were overcome, particles were
disaggregated and wetting was enhanced. Homogenous
dispersion of polymers and particles was achieved®.

In another experimental work, lamivudine and
zidovudine were studied. Lamivudin and zidovudine
used in the treatment of the human immune-deficiency
virus are appropriate drugs for sustained release
formulation. Prolonged release of these drugs decreases
their plasma fluctuation. Drug side effects are reduced
and dosage regimen is simplified improving thus the
patients” compliance. For this reason, HME of the
formulations based on ethylcellulose together with
plasticizers, i.e. triethylcitrate (TEC) and polyethylene
glycol (PEG 6000) was studied. Thermal analysis
(differential scanning calorimetry) showed that
zidovudine forms an amorphous solid solution with
ethylcellulose at studied concentrations up to 40% by
weight and had a plasticizing effect on the flow
properties of ethylcellulose. Lamivudine appeared to
become saturated within the polymer at drug loadings
above 30% by weight, forming a solid dispersion with
evidence of partial crystallinity. TEC appeared to be a
more suitable plasticizer to aid processing during HME
than PEG 6000, especially at concentrations of 5-10%
by weight. PEG 6000 was found to recrystallize upon
cooling and thereby may render the formulation unstable
during storage?.

Pellets

Multi-unit dosage forms such as pellets are able to be
easily produced by HME. Dissolution rate can be
controlled by particle size of pellets and by the type of
excipients used. To produce pellets, pelletization of an
extrudate formed from HME is necessary. For this
purpose, two major pelletization techniques can be used:
strand pelletization and die-face pelletization®”. In strand
pelletization, the melt strand produced by an extruder is
drawn either via a conveyor belt or feed rolls through a
cooling medium, such as water or air to the cutting
knives or breaking device of the equipment. The
solidified polymer melt is then cut or broken into
cylindrical pieces and spheronized discontinuously. This
step may involve using a heated spheronizer. In die-face
pelletization, the molten extrudate is cut at the die-face
and transported to the next processing stage by, for
example, vacuum. Die-face pelletization offers an
opportunity to produce pellets without contact to a
cooling medium and the risk of strand breakage during
the cooling phase. The largest advantage of die-face
pelletization though is the fact that the particle swells to
an almost spherical shape as a result of the
viscoelasticity of the polymer melt. Further spheronizing
steps become unnecessary, and a continuous production
of spherical pellets is possible. However, the spectrum of
polymer melts (e.g. starches) that can be processed with
die-face pelletization is smaller compared with classical
strand pelletizers®®. In the study of Bialleck and Rein®®,
four different types of starches (corn starch, pea starch,
potato starch and waxy corn starch — Waxylis 200®
Roquette) and four different active ingredients

(ibuprofen, paracetamol, phenazone and tramadol
hydrochloride) were tested using die-face pelletization.
The resulting pellets exhibited narrow size distribution
and good mechanical properties. The particle size was
determined by the used starch (starch swellability) and
the die plate. Hydrophilic drugs were dissolved within
the polymer during the extrusion, while the lipophilic
ones were dispersed in an amorphous starch matrix. The
mechanism of drug release for waxy corn starch pellets
was erosion independently of the chemical properties of
drugs. For the remaining starch pellet samples, the
release mechanism was more complex and based on
diffusion as well as relaxation of the matrix.

Pellets with prolonged release of water-soluble
paracetamol were produced by HME with a hot-strand
cutter as one of the kind of the down-streaming system.
In this system, the mixture is deformed inside the
extruder and solidified at the outlet. Calcium stearate
was used in this trial as a thermoplastic carrier.
Prolonged drug release was successfully achieved by
HME. Solid suspension of paracetamol was prepared.
Plasticizers were after that added to improve the process
of extrusion and achieve a faster drug release profile.
Glyceryl monostearate was found to form pores at the
surface of the pellets and that is why the drug dissolution
improves, but it does not have any influence on the
production process itself. Tributyl citrate as a plasticizer
increased drug release more significantly. Finally, both
of the plasticizers contribute to tailor in-vitro release
rate®.

Pellets are usually filled into hard capsules or can be
also compressed to tablets. Compression of particles is
quite challenging. During the compression process,
pellets could not be damaged and especially specific
functional coating has to be retained. HME is a
possibility how to avoid these problems. Coated pellets
can be incorporated into the matrix for HME?- 39,

Films, implants

In the development of transmucosal, transdermal and
transungual delivery systems, the casting method is the
leading method for production, where aqueous and organic
solvents are used. Casting takes a long time, environmental
toxic organic solvents from the film have to be removed
and production based on aqueous solvents is not possible
for all of the drug molecules. Hot-melt extrusion can
overcome these disadvantages'®. Additionally, in the case
of transdermal application, the drug must be dissolved.
Only a dissolved drug is able to diffuse from the polymeric
patch and be absorbed. Thus, the hot-melt extrusion
process can be used to produce a solid solution and from
this solution in a polymeric patch the drug is able to diffuse
and be absorbed. Films containing clotrimazol and
different proportions of polymers such as hydroxypropyl
cellulose (HPC) and polyethylenoxide (PEO) produced by
hot-melt extrusion were tested. In all of the prototypes,
clotrimazol stayed in the form of a solid solution for 12
month of long-term stability (25 °C, 60% RH). Increasing
concentration of HPC had positive effect on physical
stability of the drug and PEO in the HME films, but
negative influence on their flexibility and bioadhesivity. On
the other hand, films with PEO exhibited better mechanical
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