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Preface

In the quest to develop new and better therapies to improve the quality of patients’
lives, the pharmaceutical industry has relied on a combination of internal innova-
tion and adaptation of external technologies to progress molecules to medicines.
Today, melt extrusion stands as one of the several significant adaptations that have
enabled therapies and produced novel drug products. The technology currently sup-
ports over a dozen commercial products and a range of novel compounds are currently
in development using extrusion.

Having a lineage dating back to Archimedes, the concept of extrusion has pro-
gressed significantly over the centuries. The first modern designs for the twin screw
extruder date back to the 1930s and with the development of the Erdmenger designs to
achieve intermeshing and self-wiping in the 1950s, the technology has demonstrated
utility and versatility. As an industrial process, the technology has supported a range
of products, covering everything from space shuttle components to trash bags and
wine corks. Serving as a low-cost production platform, the technology has penetrated
a number of fields. Most recently, the technology has gained significant traction in
the pharmaceutical space. Surprisingly to many, the technology traces its history
back more than 30 years to the approval of Lacrisert, the first melt-extruded pharma-
ceutical product launched by Merck in 1981. Other major milestone products in the
pharmaceutical space manufactured with hot-melt extrusion have included Rezulin,
Kaletra, Nuvaring, and Ozerdex. Today, the technology is poised for an explosion as
pharmaceutical applications extend into continuous processing, controlled release,
and advance drug delivery devices.

It is also not surprising that interest in melt extrusion and the continued interest
in solid dispersion technology has been supplemented by a wealth of publications.
Within this space, Melt Extrusion: Materials, Technology and Drug Product Design
has been developed to provide a definitive source on melt extrusion technology in
the pharmaceutical arena. This text covers the history of and current technology for
hot-melt extrusion. It also provides unique insight from excipient developers whose
materials provide the basis for the production of solid dispersion products prepared
using hot-melt extrusion. Fundamental overviews of formulation design and charac-
terization are also presented and supplemented with unique industrial perspectives on
modern applications of pharmaceutical hot-melt extrusion. The different viewpoints
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expressed by the authors and their respective organizations highlights the versatility
of extrusion technology and points to the future path of the technology within the
industry. As editors we wish to acknowledge and thank the authors, for without their
contributions and valuable insight this text could not have been possible. It is through
their collective efforts that such a comprehensive and valuable text was created and
it is hoped that this text will aid in the continued growth of pharmaceutical hot-melt
extrusion.

Dr. Michael A. Repka
Dr. Nigel Langley
Dr. James DiNunzio
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Chapter 1
Melt Extrusion in Drug Delivery: Three Decades
of Progress

Sejal Shah and Michael A. Repka

Abstract This chapter appraises the role of melt extrusion as a solubilization and
bioavailability enhancement technique. The introductory chapter highlights major
aspects of hot melt extrusion (HME) technology as applied in the pharmaceutical
industry, particularly processing techniques, material considerations, recent inno-
vative applications of melt extrusion in drug delivery system design, and a review
of current HME-based formulations (marketed or under commercial development).
The chapter also focuses on key development aspects of HME processes, such as ma-
terial sparing screening approaches, process formulation relationships, and stability
evaluation of prototype formulations, which emphasize the clinical and biological
significance of this technique. In addition, it displays the journey and evolution of
this important processing technology into an established pharmaceutical manufac-
turing platform. The chapter describes several case studies wherein melt extrusion
has been utilized to develop commercial drug products.

1.1 Introduction

Although hot melt extrusion (HME) has been a workhorse technology in the plastics
industry since the 1930s, research and development within the pharmaceutical man-
ufacturing industry over the past two decades has propelled HME as an alternative
“platform technology” for solid dosage form development. Over recent years, sev-
eral studies have been published describing the use of HME as a technique of choice
to address the formulation challenges of new drug molecules. Moreover, several
aspects of HME have been extensively reviewed time and again (Breitenbach 2002;
Crowley et al. 2007; Repka et al. 2007, 2008, 2012; Shah et al. 2013). Additionally,
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4 S. Shah and M. A. Repka

the total number of HME-based patents (in comparison to patents granted for other
formulation development techniques) has been on a steady rise worldwide.

This introductory chapter highlights major aspects of HME technology as applied
in the pharmaceutical industry, particularly HME processing techniques, material
considerations, recent innovative applications of HME in drug delivery system
design, and a review of current HME-based formulations (marketed or under com-
mercial development). Furthermore, the chapter introduces some of the important
topics discussed in the subsequent chapters in this textbook and provides a perspective
on the future of this important technique in the pharmaceutical scenario.

1.2 HME as a Drug Delivery Technology

In the HME process, the drug becomes embedded in a carrier system, usually con-
sisting of one or more thermoplastic polymers (Prodduturi et al. 2007; Ozgiiney et al.
2009; Ghalanbor et al. 2010; Schilling et al. 2010b), low-melting waxes (Liu et al.
2001), sugar alcohols (Ndindayino et al. 2002a), or starch (Bialleck and Rein 2011)
. Molten polymers or waxes function as thermal binders during the extrusion process
and upon cooling and solidification, act as drug depots and/or drug release retardants.
Additionally, functional excipients, such as plasticizers (Repka et al. 1999; Crow-
ley et al. 2002; Wu and McGinity 2003; Crowley et al. 2004; Verreck et al. 2006;
Schilling et al. 2007; Thumma et al. 2008a; Schilling et al. 2010a), diluents (De Bra-
bander et al. 2000; Ozgiiney et al. 2009), pH and release modifiers (Verhoeven et al.
2006; Schilling et al. 2008), stabilizers (Thumma et al. 2008b), surfactants (Ghe-
bremeskel et al. 2006; Thumma et al. 2008b), antioxidants (Crowley et al. 2002; Wu
and McGinity 2003), and processing aids (Zhou et al. 1996; Liu et al. 2001) can also
be incorporated in the HME process to enhance its efficiency and overcome process
limitations on a case-by-case basis.

HME offers some distinct advantages over traditional pharmaceutical formulation
techniques. Namely, it is a solvent-free technique, entails a continuous operation (ne-
cessitating fewer processing steps), does not require major downstream processing
such as compression, and is known to improve bioavailability due to molecular disper-
sion of the drug in the final dosage form (Forster et al. 2001; Ndindayino et al. 2002;
Breitenbach and Magerlein 2003). High processing temperatures, however, tend to
limit the applicability of HME in processing thermolabile compounds. However,
the combination of HME with other technologies, such as nanotechnology (Miller
et al. 2007), powder coating (Sauer et al. 2007) and complexation (e.g., cyclodex-
trins) (Fukuda et al. 2008; Upadhye et al. 2010) has demonstrated the versatility and
inclusiveness of HME.

The end result of HME technology has been a wide array of pharmaceutical dosage
forms, such as pellets (Bialleck and Rein 2011), granules (Liu et al. 2001), immediate
and modified release tablets (Crowley et al. 2002; Gryczke et al. 2011), oral fast
dissolving systems (Gryczke et al. 2011), transdermal (Repka et al. 1999; Repka
and McGinity 2001), transmucosal delivery systems, transungual delivery systems
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Table 1.1 Currently marketed and developed drug products produced utilizing hot melt extrusion
(HME) technology. (Adapted with permissions from DiNunzio (2012))

Product

Indication

HME purpose

Company

Lacrisert® (Opthalmic
Insert)

Zoladex™ (Goserelin
Acetate Injectable
Implant)

Implanon®
(Etonogestrel
Implant)

Gris-PEG
(Griseofulvin)

NuvaRing®
(Etonogestrel,
Ethinyl Estradiol
depot system)

Norvir® (Ritonavir)

Kaletra® (Riton-
avir/Lopinavir)

Eucreas®
(Vildagliptin/
Metformin HCI)

Zithromax®
(Azythromycin
enteric-coated
multiparticulates)

Orzurdex®
(Dexamethasone
Implantable
Device)

Fenoglide™
(Fenofibrate)

Anacetrapib (Under
Development)

Posaconazole (Under
Development)

Dry eye syndrome

Prostate cancer

Contraceptive

Antifungal

Contraceptive

Antiviral (HIV)
Antiviral (HIV)

Diabetes

Antibiotic

Macular edema

Dyslipidemia

Atherosclerosis

Antifungal

Shaped system

Shaped system

Shaped system

Crystalline dispersion

Shaped system

Amorphous dispersion
Amorphous dispersion

Melt granulation

Melt congeal

Shaped system

MeltDose® (Solid
dispersion)
Amorphous dispersion

Amorphous dispersion

Merck

AstraZeneca

Organon

Pedinol Pharmacal
Inc.
Merck

Abbott Laboratories
Abbott Laboratories

Novartis

Pfizer

Allergan

Life cycle Pharma

Merck

Merck

(Mididoddi et al. 2006; Mididoddi and Repka 2007), and implants (Ghalanbor et al.

2010).

In addition to the versatility (array of dosage forms), this technology offers sev-

eral advantages in terms of varied application, such as bioavailability enhancement,
controlled release, taste-masking, abuse deterrent (Bartholomaeus et al. 2012), and
shaped delivery (direct shaping, powder, granules, spheres, films, and patches).
Moreover, being a continuous process it has advantages of high throughput, online
monitoring, less processing, and minimal process variables.

To date, there are several commercial pharmaceutical products in development
using melt extrusion technology (Table 1.1; DiNunzio 2012) demonstrating the pro-
duction and scale-up feasibility of melt extrusion. In addition, melt extrusion is also
developing as an alternative formulation process for drugs in clinical trials.



6 S. Shah and M. A. Repka

1.3 Development of Hot Melt Extruded Products

Over the years, melt extrusion has seen a subtle transition from being a novel formu-
lation technique to an essential platform technology in the drug development process.
This paradigm shift is due to an overwhelming number of lipophilic drugs entering
the development cycle. Melt extrusion finds two distinct roles in the drug devel-
opment process. The first being solubility and bioavailability enhancement of new
molecular entities and risk mitigation strategies for BCS class II drugs and second
by life cycle management (LCM) of already commercialized drug products.

LCM s a successfully adopted, innovative, and preemptive strategy to help sustain
the market share against strong competition from generic manufacturers or superior
products in development. Most companies resort to reformulation or formulation
changes as an alternative LCM strategy for blockbuster molecules. LCM through
reformulation or by developing enhanced drug delivery systems encompasses a
spectrum of innovative delivery technologies, not limited to modified-release for
oral delivery, taste-masking, orally disintegrating tablets (ODTs), depot formula-
tions, high-strength parenteral, inhalation, emerging technologies for bioavailability
enhancement (melt extrusion, spray drying, and other solubilization techniques) as
well as others. An inherent advantage of this approach leads to improvement in
the product’s therapeutic benefits, and patient’s convenience, as well as compliance,
thereby extending a product’s profitable life. However, for the purpose of this chapter
we would discuss melt extrusion as an independent formulation development strategy
as applied in early- and late-stage pharmaceutical product development processes.

1.3.1 Early-stage Development

Early-stage development in melt extrusion encompasses various critically interde-
pendent areas involving process considerations, stability assessment of prototype
formulations, and performance evaluation (with respect to intended applications) of
prototype formulations.

1.3.1.1 Processing Considerations

Processing considerations is a rather broad terminology covering material properties,
instrument considerations, and process-formulation interplay. Systematic research
over the last couple of decades has revealed that critical product quality attributes are
directly dependent on both “formulation” and the “process” employed. It is important
to note that the interplay between these determines the finished product attributes.

Material Properties

All of the materials used in melt extrusion (drugs, carriers, processing aids, re-
lease modifiers, etc.) should meet certain minimal pharmaceutical criteria, which
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includes well-characterized safety, and toxicological properties. Thermal stability
of the individual components is a prerequisite for the extrusion process, although
the short processing times encountered in HME also permit its applicability to ther-
molabile compounds. The incorporation of plasticizers may lower the processing
temperatures encountered in HME, thus reducing the drug and carrier degradation.
Incorporating various release-modifying agents can also modulate drug release from
extruded systems.

Besides these, the active pharmaceutical ingredient (API) and carrier-related
physicochemical properties such as melting point (7},), glass transition temperature
(Ty), melt viscosity, molecular weight, ionic nature, partition coefficient, chemi-
cal structure, stability and solubility (pH dependent if any), solubility parameters,
number and type of hydrogen bond accepting or donating groups, physical state,
hygroscopicity, lipophilicity, and others are key preformulation parameters. The
API-related physicochemical properties as determined during preformulation stud-
ies guide the preliminary selection of carriers. Carriers are broadly classified as
polymeric or nonpolymeric and its selection is based on the intended application.
Table 1.2 provides a comprehensive list of carriers used in melt extrusion and its
corresponding 7, and T, values (Repka et al. 2012). The bottlenecks in employ-
ing melt extrusion as a processing technology are predominantly, very high-melting
temperature of the API, thermal instability of drug and polymer, and high melt vis-
cosity of the drug-polymer mixture. Hence, depending on the nature of the problem
encountered, the development strategy is appropriately modified to be amenable to
the melt extrusion process.

Screening Criteria and Selection

The pursuit to develop a melt extrusion-based prototype formulation, wherein the
intended application is solubilization of the already identified drug-polymer combi-
nations, can be further narrowed down by applying miniaturized (material sparing)
screening methods. Such methods determine the drug-polymer miscibility or solubil-
ity and stability and employ a screening method coupled with a medium throughput
analytical characterization tool. The screening method consists of films, quench
cooled melts, and drug-excipient blend whereas the analytical tools generally con-
sist of microscopy, spectroscopy, and calorimetric methods. A collective assessment
of these miniaturized-screening experiments would assist in selecting the prototype
drug-polymer combinations and drug loads at which the system is stable. Dai et al.
(2008) present a comprehensive overview of the screening assays to rapidly iden-
tify solubility-enhancing formulations (Dai et al. 2008). Their review addresses three
important facets of screening assays high-throughput nature (96 well formats), minia-
turization (material sparing; small sample size), and automation (minimal manual
intervention).

Barillaro et al. (2008) describe a high-throughput approach for evaluation
of phenytoin solid dispersion. Their approach utilized automated solvent cast-
ing and subsequent dissolution testing as a screening method (Barillaro et al.
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Table 1.2 Carriers used to prepare hot melt extruded dosage forms. (Adapted with permissions

from Repka et al. (2012))

Chemical name Trade name T, (°O) Tm (°O)
Ammonio methacrylate Eudragit® RS/RL 64 -
copolymer
Poly(dimethyl- Eudragit® E 50 -
aminoethylmethacrylate-co-
methacrylic
esters)
Poly(methacrylic Eudragit® S/L 160 -
acid-co-methyl
methacrylate) 1:2
Cellulose acetate phthalate - 165 192
Poly(vinyl pyrrolidone) Kollidon® 90-156 -
Poly(vinyl acetate) Sentry® plus 35-40 -
Hydroxypropyl methylcellulose — — 137 150
phthalate
Polyvinylpyrrolidone-co-vinyl ~ Kollidon® VA64 101 -
acetate
Polyvinyl Soluplus® 70 -
caprolactam-polyvinyl
acetate-polyethylene glycol
graft copolymer
Hydroxypropyl methylcellulose Methocel®, Benecel® 160-210 -
Hydroxypropyl methylcellulose Aqoat-AS® ~ 120 -
acetate succinate
Ethyl cellulose Ethocel® Aqualon® EC  130-133
Hydroxypropyl cellulose Klucel® Softens at 130°C ~ Chars at
260-275°C
Polyethylene glycol Carbowax® —17°C for MW 37-63°C
6000
Polyethylene oxide PolyOx® WSR 57 to -50°C 62-67°C
Polymethacrylates Eudragit ® RSPM 52,40°C -
Eudragit ® E
Carnuba wax - 81-86°C
Glyceryl palmitostearate Precirol ATO 5® - 52-55°C
Glyceryl trimyristate Dynasan 114® - 55-58°C
Triglyceride tripalmitin Dynasan 116® - 61-65°C

MW molecular weight

2008). Mansky et al. (2007) have extensively described screening methods address-
ing drug-polymer combinations particularly solubility-enhancing applications (Dai
et al. 2007; Shanbhag et al. 2008). Figure 1.1 illustrates the process flow of one
such screening method, describing the strategy to determine ideal drug-polymer
combinations displaying improved drug solubilization.

One of the major limitations of the above-mentioned screening methods is lack
of consistent predictability at a large scale, i.e., findings of such high-throughput
screening methods may not hold essentially true for large-scale processing methods
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20 pg of compound per well for measurement

Aqueous medium, e.  g. SIF

75 L filtrate 75 L propanol
(200 L) j
Incubate Filter Dilute
Dry Analyze
— > > > — :I'> by HELG

Compound & Dried Compound . _

excipients & excipients Dissolution

in n-propanol

Fig. 1.1 Schematic diagram illustrating formulation screening process workflow. (Adapted with
permission from Dai et al. (2007))

Fig. 1.2 Schematic -

illustration of the different '?E:!Vme's' ::n;r:actants :Il;'resp::ee:ur':rll::l'aglhnns by ks caali
stages of experimentation. At };mul'a'gﬁ:" Emary from propenol

each subsequent stage, fewer 60 + Automated sample preparation and
samples are examined; the 60 g compound per sample | ggsoigton testing n 96-well pates

samples are larger and more
compound is used per sample;
and the formulation

preparation and . 2. Confirmation
characterization methods - 13 temary formulations  Prepare films with melt press
become more relevant to 10 mg compound per sample | . Dissolution testing at 200 mi scale

traditional-scale formulation
development work. (Adapted
with permission from
reference Shanbhag et al.

(2008)) | 5 ternary formulati 3. In-vivo testing
BT IIVILEETaIS « Prepare with melt extruder or melt mixer
- 800 mg compound per - Confirm in-yitro dissolution
formulation « Encapsulate and administer orally to rats

such as spray drying or melt extrusion. Shanbhag et al. (2008) developed a modified
screening method for evaluating drug or polymer solid dispersion formulations. The
method employs melt press as an additional “confirmatory step” to identify “hits,”
which is amenable to melt extrusion as a scale-up processing method (Fig. 1.2).

The authors evaluate the predictive value of the solvent casting-based screening
method by selecting 13 hits from the screening stage, further processing them by
melt press and testing the dissolution in vitro. The screening method successfully
identified formulations, which upon melt processing (by melt press), demonstrated
better dissolution profiles (Fig. 1.3).

Subsequently, five hits from the melt processing stage were selected for processing
at a larger scale by melt extrusion. The oral bioavailability of all five formulations
(hits) as evaluated in rats, exceeded that of the unformulated compound by a factor
of about 20 (Fig. 1.4).
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Surfactant

Poloxamer 407
Crodesta F110
Crodesta F160

Polymer

Fig. 1.3 Summary of the results of the screening experiments.The number in each cell is the average
value of % dissolved after 1h of incubation in SIF (n=3 or 6). The color of the cells indicates
whether % dissolved was< 25 % (orange), between 25 and 50 % (yellow), or > 50 % (green). The
top row contains the results for surfactant-only formulations; the left column contains the results for
polymer-only formulations; the upper left corner contains the results for the unformulated compound
(no excipients), which was processed by solvent casting in an otherwise identical manner to the
formulations; and the remaining cells contain the results for polymer or surfactant formulations.
The 13 formulations that were scaled up using the melt press method are identified by the use of
a bold or underlined font (e.g., 79) for % dissolved. (Adapted with permission from reference
Shanbhaget al. (2008))

35
5.4
2 251
S 20 -
§ 15 -
10 -
-
0-
Crystals in HPMCP/ PVPVA/ PVPVA/ PVPVA/ HPC-SL/
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Fig. 1.4 Oral bioavailability of different formulations in rats (n =6). (Adapted with permission
from reference Shanbhag et al. (2008))
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Fig. 1.5 Schematic representation of the experimental procedure of the different SPADS assays.
(Adapted with permission from reference Wyttenbach et al. (2013))

While the earlier-described approaches focus on the assessment of the supersatu-
ration potential of the polymer, there are some methods describing the evaluation of
amorphous drug stabilization in the solid state (van Eerdenbrugh and Taylor 2010;
Lauer et al. 2011; Weuts et al. 2011).

Wyttenbach et al. (2013) present an interesting strategy to identify amorphous
solid dispersions (ASD) with maximum supersaturation and solid-state stability.
The authors employed three different miniaturized assays (SPADS dissolution as-
say, FTIR microspectroscopy-based SPADS interaction assay, and atomic force
microscopy-based SPADS imaging assay), combined in a two-step experimental flow
to determine both the supersaturation potential and the stability of amorphous compo-
sitions thus formed with different drug-polymer combinations (Fig. 1.5; Wyttenbach
et al. 2013).

The next step in the early-stage development is to extrude different preselected
compositions by using scaled-down material-sparing extruders. This step would con-
firm its extrusion processability and determine the further need of processing aids,
etc, which ultimately leads to a prototype formulation.

Stability Evaluation of Prototype Formulation

Stability is assessed during screening, and it is imperative to evaluate physical and
chemical stability at all stages of development . The stability of developed melt
extruded prototype formulations is assessed by following standard protocols and
industry practice.

Stability evaluation is very critical particularly in the case of less stable ASD, at
times resulting in the recrystallization of drug from solid dispersions during the man-
ufacturing process, and subsequently during storage (Vasconcelos et al. 2007). The
solubility and miscibility of drug in the polymer is directly related to the stabilization
of an amorphous drug against crystallization (Qian et al. 2010).
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Physical stability of ASD could be improved by the antiplasticization effect of
polymers (increasing the viscosity of the binary system and decreasing the diffusion
of drug molecules) that would raise the glass transition temperature of the system (Van
den Mooter etal. 2001; Kakumanu and Bansal 2002; Sathigari etal. 2012). Hydrogen
bonding and hydrophobic interactions between the drug and polymer are the primary
driving forces for the formation of solid dispersions during melt extrusion, inhibition
of drug crystallization during subsequent storage of melt exudates, and achievement
and sustainment of supersaturation in the GI tract.

Storage temperature (Taylor and Zografi 1997; Matsumoto and Zografi 1999;
Khougaz and Clas 2000; Miyazaki et al. 2004; Konno and Taylor 2006) and presence
of moisture (inherent, during processing or storage) (Rumondor et al. 2009; Marsac
et al. 2010) is an important factor resulting in recrystallization and amorphous-
amorphous phase separation (Rumondor et al. 2011). The primary packaging
component also needs to be properly designed to minimize the water permeation.
Thorough characterization of the physicochemical properties of ASD and their cor-
responding in vivo behavior is required for the rational application of these systems
in the pharmaceutical industry.

1.3.1.2 Instrument Considerations

Pharmaceutical melt extruders are specifically configured to meet current regulatory
norms of manufacturing dosage forms. Extruders are available as single (smooth or
grooved barrel), twin (corotating or counter rotating with intermeshing or nonin-
termeshing types), or multiscrew extruders (static or rotating central shaft). Single
screw extruders (SSE) essentially consist of a one-piece screw, which continuously
rotates within a barrel developing a good quality melt and generates enough pres-
sures for extrusion. Relatively simple engineering design, combined with low cost
and maintenance, make it the machine of choice for the production of virtually all
extruded products. On the other hand, it faces limitations of high-pressure compres-
sion of dispersed particulates during melting, which leads to agglomerate formation
and then insufficient shear deformation further results in poor mixing characteristics.

However, recently, Costeux et al. (2011) proved in 2011 that the SSE could have
dominant elongational flow where melting occurred before compression by incorpo-
rating a series of spiral flow elongational mixers (SFEM) on to the screw. Due to its
elongationally dominant feature, it breaks down blends of high viscosity ratios that
cannot be dispersed by shear alone, hence, obviating the need to break the agglom-
erates. Unlike the twin-screw extruders (TSEs), all of the material can consistently
pass through the elongational mixers thereby embedding single heat history. Melt-
ing and mixing mostly occurs near the hopper so that a significant part of the total
length of the SSE plays a role of mixer. TSEs have overtaken SSEs in pharmaceutical
processing and have become the dominant continuous compounding mixer for drug-
polymer blends. The TSE works on a fundamentally different and superior principle
that is not shear dominated. It melts the blend prior to the final compression of the
melted blend, essentially preventing agglomeration of the ingredients.
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Fig. 1.6 Schematic representation of a typical pharmaceutical twin-screw extruder. (Adapted with
permission from Breitenbach (2002))

A majority of the extruders manufactured for pharmaceutical applications are of
twin-screw, corotating, and intermeshing types (Repka et al. 2012). As mentioned
earlier, TSE overcomes the agglomeration limitation of SSE, additionally, it also of-
fers better conveying, transport mechanisms of the feed, and provides intense mixing
of the components. The rotational motion of a twin screw creates an environment
of controlled temperature and pressure inside the barrel. High-capacity extruders
are designed with temperature sensors and independent heating or cooling units in
the barrel that efficiently maintain the individual zones at preset temperatures. The
pressure arising from the friction of the moving material against the barrel walls
eventually results in the ejection of material through the die cavity (Crowley et al.
2007).

The twin screws can orient in varying configurations depending on the desired
level of shear and the speed of mixing or operation (Mollan 2003). Due to their
efficient engineering design, adequate kneading, dispersion potential, and shorter
and constant residence time (important for heat-sensitive feed material), TSEs
with corotating intermeshing screws find widespread applications in pharmaceutical
processing.

Although melt extrusion is considered as a unit operation, it consists of series
of subprocesses as material feeding, powder conveying and degassing, melting and
mixing, melt conveying and venting, and pumping, shaping, and cooling (Fig. 1.6).

Material Feeding: Extruder feeding systems mostly control the homogeneity of
the product. Gravimetric (loss in weight) or volumetric feeders are generally used
for pharmaceutical extruders. A volumetric feeder that operates by the principle of
volume displaced by a pumping mechanism is most suited for preblends with good
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flow properties, while a gravimetric feeder employs transducers that measures loss
in weight and quite consistently generates constant flow rates (Rauwendaal 2001).
Feeding of extruders can be either in the “starve-fed” or the “flood-fed” mode. For
pharmaceutical processing, feeding is commonly conducted in a “starve-fed” mode,
which results in efficient mixing of the feed material as opposed to flood feeding.
Starve feeding uses gravimetric or volumetric feeders to dispense the material directly
into screws, that prevents the accumulation of the feed material at the feed zone
and thus the mass flow rate is independent of screw speed. At steady state, in a
starve-fed mode, the mass flow rate at the feed zone is equal to the mass exiting the
barrel and thus accumulation in the barrel is negligible. However, screw speed can
have a significant influence on the residence time distribution of the feed material
(Rauwendaal 2001). Feed rate, feed type (preblend or multiple), and pulsations in
feeding rate influence the degree of fill, which in turn affect the homogeneity, thermal
and mechanical energy input into the formulation. Additionally, the side-stuffing
option can be employed for predensification of a low-bulk density powder to achieve
better throughput. In case of liquid injection, a continuous stream could be achieved
by maintaining sufficient backpressure to prevent clogging and variability. Moreover,
feed locations on the length of barrel would influence the shear stress, temperature,
and mixing experiences of the feed material. For instance, a heat-sensitive material
can be added downstream to prevent thermal degradation or excessive shear stress;
however, this technique may compromise its mixing capability (Schenck 2010).

Conveying and Venting: As the name indicates, conveying elements move the mate-
rial from the feed section to further downstream regions in the forward flow direction.
Conveying efficiency can be improved by altering certain characteristic geometric
features of the conveying elements, such as flight width, pitch, and angle of helix.
In addition, the internal to external diameter (Di/Do) ratio, which determines the
extruder-free volume often limits the maximum feed rate, throughput, and torque
attained. Sufficient venting in the feed section is essential to limit the detrimental
effect on throughput due to entrained air and moisture from the feed material (Todd
1998).

Melting and Mixing: Melting of the feed material occurs by conductive thermal
energy input via the heated barrel surface and by mechanical energy input supplied
by the screws. The barrel heat melting process is likely to be influenced by factors
such as uniform product temperature, poor thermal conductivity of the polymers,
and volumetric scale-up. About 80-90 % of melting is achieved by viscous dissipa-
tion via frictional forces (including interparticle, material/wall, and material/screw
friction) (Tadmor and Klein 1970; Todd 1993). The mechanical energy is mainly dis-
sipated in three different ways: frictional energy dissipation (FED) from the frictional
movement of polymer solid particles, plastic energy dissipation (PED) from the ir-
reversible deformation of solid particulates, and viscous energy dissipation (VED)
from the irreversible deformation, i.e., flow of the polymer melt. PED is essentially
the energy dissipated during large and repeated plastic deformations of compacted
feed stock particulates while still in the solid state and is much higher than the VED
source of polymeric melts. The melting phenomenon is best described by following
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Fig. 1.7 Schematic representation of the evolution of melting of plastic pellets or powder in a
co-TSE. (Adapted with permissions from Gogos (1998))

three perspectives: degree of fill; mode of conveying; and structural states of the
change as it is being transformed from loose particulates to melt-rich suspensions or
fully melted streams as depicted in Fig. 1.7 (Gogos 1998).

Specific energy (ratio of mechanical energy-drive motor reading in kW to feed
rate, kg/h) describes the mechanical energy input to the material by the screws per
unit mass and plays an important role in scale-up and optimization of the formula-
tion. Various screw designs and configurations directly influence the specific energy,
residence time distribution, and maximum shear stress imparted among most process
responses. As the material transitions from solid to melt, a distinct change in flow
characteristics is observed as the result of the temperature attained, which is greater
than the glass transition temperature of the one or two components of the feed ma-
terial (e.g., mostly polymers). This point marks the beginning of the melt residence
time of the material in the barrel. While the fluidity of the polymers accelerates the
dissolution of high-melting drugs across the length, it may also affect the degradation
of some heat-sensitive compounds. Thus, controlled barrel temperature and effective
screw profile and screw speed may result in increased heat transfer from the system
and lower localized temperature ultimately leading to desired quality attributes of the
extrudates. Generally, high-pressure builds are observed at the melt/mixing sections
of the extruder due to the viscous nature of the melt and minimal conveyance afforded
by screw geometry that promotes back mixing and delineates other unit operations
along the process length (Todd 1998).

Melting and mixing of the feed stock is a result of the combination of material
characteristics (viscoelasticity), equipment parameters (screw design- pitch, num-
ber of flights, channel depth, flight width, barrel clearance, design and number of
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Fig. 1.8 Basic kneading
section for dispersive and
distributive mixing. (Adapted
with permissions from Thiele
(2003))
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kneading paddles, length and number of mixing sections), and operational param-
eters, such as screw speed, feed rate, barrel temperature, and temperature imparted
through viscous heat generation.

Corotating TSEs have the ability to mix the material longitudinally as well as
transversely. The self-wiping nature of the two screws during rotation ensures that
intermeshing TSE is self-cleaning. A screw configuration containing only conveying
screw elements would mostly move material through the extruder via drag flow with
minimal laminar mixing, hence, mixing or kneading elements become an essential
component of screw design to attain good content uniformity. Primary mixing for
melting and melt dispersion occurs in the kneading blocks or mixing elements, where
alternating cycles of constant compression and expansion of the material are very
conducive to supplying the forces required for rapid melting and for elongational flow
of melts for both dispersive and distributive mixing. Distributive mixing is a type of
mixing, wherein the material is divided and recombined in order to achieve better
compositional and thermal homogeneity without distorting the individual morpho-
logical components. Distributive mixing is achieved using interrupted screw mixing
elements (devices promoting division and reorientation of flow elements) and gear
mixers or by using paddles with a narrow axial width (Fig. 1.8). The intense shear
and shear stress facilitated by wider kneading elements mostly supports dispersive
mixing with reduction in the size of morphological components and ultimately leads
to molecular dispersion of the miscible components (Thiele 2003).

Melt Conveying and Venting: Residence time and residence time distribution (Di-
Nunzio 2012) are important parameters and have an influence on the quality of the
obtained extrudates. Residence time for a given process varies with change in screw
speed or feed rate. However, screw design, temperature, and melt viscosity of the
blend may also influence the residence time distribution, significantly influencing
product attributes such as homogeneity and degradation. Similarly, melt residence
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time, i.e., the time from which material exists in the molten state across the length
of the barrel, will have implications on product attributes during scale-up.

Venting is an essential step further downstream to the mixing section, to remove
residual moisture or gas formation occurred during intense melting or the mixing
process. Venting or degassing can be achieved by opening the top barrel section over
the conveying section often assisted by vacuum to prevent bubbling or foaming of
the extrudate.

Pumping, Shaping, and Cooling: The next stage in the extrusion process is to pump
the molten extrudate through a die and thereby impart a definite shape for further
downstream processing. Die geometry precision control may play a role in the final
product with intended applications (e.g., transdermal films), which would require
a slit die, annular dies for medical tubing formation. The molten extrudate may
also be processed downstream via conventional unit operations (i.e., milling and
compression) and in this case precise die geometry is not critical. Mostly circular
dies with multiple strands are employed for rapid quench cooling. Pellets can be
produced for multiparticulate dosage forms by passing the extrudate strand through
a die face-cut pelletizer (Young et al. 2002).

The extruder die is also one of the high-pressure build-up sections of the bar-
rel with nearly 100 % screw fill. Die geometry and the viscoelastic nature of the
melt determine the increase in pressure, resistance, and temperature due to vis-
cous heat dissipation resulting in maximum product temperature. Thus, changes
to die design are warranted to minimize the pressure build-up for heat-sensitive or
pressure-sensitive formulations.

The molten extrudates are often cooled using a conveyor belt with compressed
air, or feeding through chilled stainless steel rolls. Cooled extrudates can be further
milled into powder, which is either compressed into tablets or filled into capsules.
Alternatively, final shaped dosage forms can be obtained from calendaring or in-
jection molding of the melt. These molds yield the classic tablet, capsule shapes,
or custom-designed shapes to suit various applications such as denture adhesives,
vaginal rings, ear inserts, or pediatric friendly (enhance the esthetic appeal of the
product) designs. Some of the dosage forms (made with melt extruded material) that
have been previously characterized are films (Repka and McGinity 2001; Trey et al.
2007), pellets, spherical pellets (Young et al. 2002), punched tablets (Fukuda et al.
2006), injection-molded tablets (Quinten et al. 2009), rods, and granules (Robinson
and Mcginity 2000) .

1.3.2 Process-formulation Interplay

While continuous processing is a salient feature of the melt extrusion technology, it
is imperative to assess the influence of engineering aspects on the product quality.
Simply said, it is important to understand the complex interplay between formulation
and process during melt extrusion to obtain the desired product attributes. For melt
extrusion, processing conditions have a direct influence on the product quality and
performance for the intended application. Several aspects of the formulation, for
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instance, melt viscosity of the blend, solubility, heat and pressure sensitivity are
directly influenced by processing parameters such as residence time distribution, feed
rate, die design, screw configuration, and screw speed (Repka et al. 1999; Schilling
et al. 2007; DiNunzio et al. 2010a). A systematic development approach regulating
the key parameters that influences the critical quality attributes (CQAs) of the product
would further assist in late-stage development with full optimization and scale-up
using QbD principles. Hence, early development and later-stage optimization are
both governed by the complex formulation and process interplay.

Lowinger (2011) extensively describes the influence of various process or
engineering-related factors on the product quality. Modularity in extruder screws
enabling change in screw profile may affect factors such as mechanical shear and
residence time. Feed rate, type (preblend or multiple feeds), and pulsations in feed-
ing rate, influence the degree of fill, which in turn affects the homogeneity, thermal
and mechanical energy imparted into the formulation.

In addition, there are several studies describing the effect of process variables
such as screw speed, barrel temperature, residence time on the product quality, and
performance (Nakamichi et al. 2002; Verreck et al. 2003; Lyons et al. 2008) of melt
extruded products. Liu et al. (2010) studied the dissolution behavior of indomethacin
(melting point 162 °C) in Eudragit® EPO (T, = 48 °C) matrices, processed using a
batch mixer. The investigator identified the barrel set temperature, counterrotating
twin-rotor screw speed, and residence time as important parameters that affected the
dissolution behavior of the indomethacin. In addition, the study also revealed that
for successful solubilization of the drug, the typical residence time for a particular
process should be greater than the time needed for the drug to dissolve in the polymer
melt. Both the barrel set temperature and screw speed increased the dissolution rate,
which can be explained by the Noyes—Whitney equation (Eq. 1.1).

dC/dt = DA/h*(Cs — C,) (1.1)

Their findings indicated that dissolution rates (dC/dt) of crystalline indomethacin in
the molten EPO matrix could be increased by raising the temperature of the sys-
tem (i.e., processing above the glass transition temperature of the carrier phase).
Therefore increased equilibrium solubility (C) and diffusivity (D) of the drug in the
molten carrier matrix was achieved due to reduced viscosity of the matrix at elevated
temperatures. In addition, increased screw speed enhanced the available particulate
surface area (A) of the API and decreased the boundary layer thickness (%), thereby
contributing to increased diffusivity (D) and dissolution rate (dC/dt). Thus, each of
the terms in the above equation (Eq. 1.1) can be altered to ultimately achieve high
dissolution rates (dM/dt). Surface area (A) of the drug can be increased by microniza-
tion (Hughey et al. 2010), while increased solubility (Cs) and diffusivity (D) could
be achieved by raising the processing temperature or by addition of cosolvents or
plasticizers. Applying more shear (suitable screw configuration and screw speed) to
the system would result in further reduction of the viscosity (decrease in boundary
thickness, /) and thereby enhance the diffusivity and dissolution rate of the drug in
the carrier phase. In addition, role of screw configuration in influencing the formation
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Fig. 1.9 The evolution of morphology along screw MO: polarized light micrographs (top row) and
scanning electron micrographs (bottom row): a 8th lobe, b 13th lobe, ¢ 19th lobe, d 24th lobe, and
e 28th lobe. (Adapted with permissions from Liu et al. (2012))

of cocrystals and for melt granulations (Dhumal et al. 2010; Mu and Thompson 2012)
has been reported. Additionally, Liu et al. (2012) evaluated the effect of four different
screw configurations on the extent of dissolution of indomethacin in Eudragit®EPO.
These researchers monitored the shifts of the indomethacin’s benzoyl C=0 stretch
peak (1,692 cm™! y-crystal form and 1,684 cm™! amorphous form) for the different
screw configurations. Their findings suggested that the first kneading or mixing zones
in the screw configurations promoted the transformation of crystalline indomethacin
to the amorphous form. Figure 1.9 indicates that the crystalline indomethacin did
not completely transform to the amorphous state until the 19th lobe when the screw
without the kneading or mixing zone was used.

However, for the other three screws, which have at least one kneading or mixing
zone, the transformation was complete at the 13th lobe (Fig. 1.10). FTIR analysis
indicated that the first kneading or mixing zone promoted the complete dissolu-
tion of indomethacin into the EPO melt. However, their study does not identify
the significance of the second kneading or mixing zone, which warrants further
investigation.

Subtle changes in the processing conditions can remarkably alter the physico-
chemical properties of the formulations. A recent invention by a Roche scientist
(Chatterji 2012) describes a novel bottom-up microcrystallization manufacturing
process utilizing HME. In this case the drug substance exhibits low solubility and
is also subject to extensive degradation and metabolism and hence not amenable to
formulation by ASD. The patent illustrates the formation of controlled crystalline
solid dispersion of API from its super cooled liquid state. The invention describes a
process, wherein the crystalline API is converted to noncrystalline form by applica-
tion of heat and shear up to one-fourth to three-fourth of the barrel length followed
by a recrystallization zone in the remaining barrel length, wherein cooling is applied.
The cooling of the barrel initiated API nucleation that promoted crystal growth while
the shearing action of the screws evenly distributes the nuclei and hence controls the
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Fig. 1.10 The evolution of morphology along screw M1S: polarized light micrographs (fop row)
and scanning electron micrographs (bottom row): a 8th lobe, b 13th lobe, ¢ 19th lobe, d 24th lobe,
and e 28th lobe. (Adapted with permissions from Liu et al. (2012))

mean particle diameter of the newly formed crystalline API. The particle size of newly
formed crystalline API is significantly less than the bulk API. Recrystallization of the
API s controlled by carrier formulation design and HME process parameters such as
barrel temperature and feed rate. The crystalline drug, dalcetrapib, is unstable in its
amorphous state; hence, the aforementioned processing technique was found to be
a rather suitable method of production. In addition, rapid dissolution was observed
as compared to its micronized form. However, this approach faces technical chal-
lenges such as maintaining consistent batch-to-batch crystallization (particle size of
crystals), and detection of residual amorphous drug content.

1.3.3 Late-stage Development: Scale-up Considerations and
QbD-based Approach

In addition to providing a set of potential screening hits, early-stage development in
HME also provides an insight into potential problems that may be encountered dur-
ing scale-up and subsequent commercial-scale processing. Late-stage development
of HME formulations particularly focuses on scale-up and adoption or optimization
of process with necessary modifications to suit commercial-scale processing. Cer-
tain important material characteristics like melt viscosity, thermal sensitivity, and
recrystallization potential as evaluated during early-stage development determine
the ultimate scale-up strategy adopted during late-stage development.

While several authors have described scale-up approaches for HME-based formu-
lations (Todd 1995; Dreiblatt 2003; Steiner 2003; McKelvey 2008; Schenck 2010;
Lowinger 2011; Markarian 2012; Dreiblatt 2012), the present section provides a
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review of available approaches and describes a few successful case studies employ-
ing the listed scale-up approaches (Readers are advised to seek the earlier cited
references for more detailed melt-extrusion optimization and scale-up procedures).
Additionally, this section discusses the significance of experimental design in scale-
up and highlights the importance of novel analytical methods as process analytical
technology (PAT) tools in HME processing.

Dreiblatt (2012) reviewed different scale-up strategies for the HME process as
listed below:

* Volumetric scale-up (length or diameter ratio, diameter ratio, and screw design)
* Power scale-up

* Heat transfer scale-up

¢ Die scale-up.

Based on the material properties and processing considerations or constrains any of
the earlier-mentioned strategies can be adopted for scale-up. However, power and
volumetric scale-up are considered popular scale-up approaches.

Schenck et al. (2008) discussed design space systematic development strategy
for the production of solid solutions. The authors describe extrusion as a series
of suboperations, material feeding, powder conveying and degassing, melting and
mixing, melt conveying and venting, pumping, shaping, and cooling. Further, the
authors describe extensive risk assessment on input parameters for each of the earlier-
mentioned suboperations that ultimately map a subset of potential critical process
parameters (CPPs).

These identified CPPs were expected to have a direct and measurable impact on
product quality as described by CQAs. CQAs were defined from an understanding
of solid solution product requirements relevant to the patient.

An energy input versus heat history plot for the HME process would result in
three distinct zones or areas (Fig. 1.11):

e The inhomogeneous region (operating limit is characterized by low specific
energy, short residence time, low product temperature, and/or limited mixing)

» Thermal degradation (upper end of HME processing conditions; can be avoided
by use of plasticizers to reduce melt viscosity and the use of antioxidants for
sensitive drugs)

* Acceptable extrudate quality (achievable by optimizing processing conditions,
identifying CPPs and their effect on CQAs).

Almeida et al. present a case study describing the scale-up and in-line process moni-
toring of ethylene vinyl acetate hot melt extruded formulations (Almeida et al. 2012).
Almeida et al. (2012) evaluated drug release and quality of EVA/drug matrices at
different ethylene-vinyl-acetate concentrations (5 and 15 %), manufactured using
two different hot melt extruders: a lab-scale mini extruder and a pilot-scale extruder.
The process parameters used on both extruders (temperature and screw speed) and
drug release from the matrices were compared.

The extrusion temperature for the pilot-scale extruder was modified such that con-
stant pressure was maintained at the extrusion die. In addition, the screw speed for
pilot-scale extruder was adjusted such that a balance was achieved between feeding
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Fig. 1.11 A schematic
showing the balance of
energy input and heat history,
with the extreme
combinations of these,
resulting in either degradation
or inhomogeneous material.
(Adapted with permission
from Schenck (2010))
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rate and screw speed. Despite the differences in extruder diameter, extrusion tem-
perature, and screw speed, the drug release per surface area was similar for material
extruded using the lab-scale extruder and pilot-scale extruder, respectively.

Furthermore, the scientists described the application of in-line monitoring tools
employing Raman and NIR spectroscopy to evaluate the material behavior at a
molecular level in the extrusion barrel as a function of the process settings.

Listro et al. (2012) describe the scale-up of a stable, solid dispersion of Eudragit®
E/nifedipine and Eudragit NE 30 D formulation from an 18-mm twin-screw extruder
to a 27-mm twin-screw extruder. Scale-up parameters were calculated with software,
wherein scale-up parameters on the 27-mm extruder were based on the process
parameters from the 18-mm extruder. The extrudates obtained from both extruders
were evaluated using PXRD. Crystallinity was not observed in either case, and thus
the researchers deduced that processing was comparable for both extruders.

Guns et al. (2012) discussed scale-up aspects of melt extrusion and made a com-
parative assessment of miconazole and Kollicoat® IR solid dispersion prepared by
laboratory scale and pilot-scale extrusion, respectively. The properties of the final
dosage forms were influenced by the processing parameters (screw speed, processing
temperature, and feed rate) of the melt extrusion process.

Some of the characteristic features essential for successful late-stage development
and scale-up include:

* Continuous nature of the process with limited or no manual intervention;

* Ability to characterize the process (online or inline process monitoring with state
of the art analytical instrumentation—PAT).

* Scalability—availability of large-scale equipment.

Because of its inherently continuous nature, melt-extrusion-based processes can be
successfully scaled up, characterized, and developed into full-scale manufacturing
processes employing currently available methodologies (manufacturing equipment
scale, process analytical characterization, etc.).
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The complexity of analytical testing varies significantly depending on the de-
velopmental stage, from simple qualitative testing at an initial developmental
stage to comprehensive and quantitative testing at the clinical manufacturing stage.
Hence orthogonal testing methods are highly recommended for successful material
characterization (Shah et al. 2013).

PAT has gained much attention and application in the pharmaceutical industry
(Gupta et al. 2004; Rodrigues et al. 2006; Scott and Wilcock 2006; Gnoth et al.
2007; Qi et al. 2010; Rathore et al. 2010; De Beer et al. 2011; Dierickx et al.
2012a) and has been encouraged by FDA over the last decade (Administration 2004).
PAT can be used as a tool to monitor, analyze, and characterize melt extrusion and
chemical composition of the products in line to ensure final desired product attributes.
Using PAT as an analytical tool, flow properties, polymer structures, polymer-drug
interactions as well as concentrations of drugs and additives can be determined
immediately downstream of the extrusion process.

Several spectroscopy-based analytical techniques (Raman and Near-infrared
(NIR) spectroscopy) have been successfully employed for inline or online analytical
monitoring of the melt-extrusion process (Tumuluri et al. 2008; Almeida et al. 2012).

1.4 HME: Applications in Therapeutics

Melt Extrusion (ME) over recent years has found widespread application as a viable
drug delivery option in the drug development process. ME applications include trans-
drug delivery, medical devices, taste-masking, solid-state stability enhancement,
sustained drug release, and solubility enhancement.

1.4.1 Bioavailability Enhancement

With the advancement in molecular modeling and high throughput, drug innova-
tion has led to discovery of numerous new chemical entities as potential therapeutic
agents. However, obstacles associated with solubility, bioavailability, and toxic-
ity undermine their development and commercialization. The enhancement of oral
bioavailability of poorly water-soluble drugs remains one of the most challenging
aspects of the drug development process. ASD containing drug molecules is a proven
formulation strategy to improve the bioavailability of BCS class [ and IV compounds.
Melt extrusion has been successfully applied to enhance solubility of poorly soluble
drugs (Lakshman etal. 2008; Tho etal. 2010; Feng et al. 2008b; Liu et al. 2012; Saku-
raietal. 2012). Solubilization in the melt-extrusion process occurs through dispersion
of a poorly soluble drug(s) in a polymeric (or lipid) carrier matrix. Hydrophilic
carriers, including polyvinylpyrrolidone and polyvinylpyrrolidone-co-vinyl acetate,
polyethylene glycols, polyethylene oxides, cellulose and derivatives, polymethacry-
late derivatives, and a polyvinyl caprolactam-polyvinyl acetate polyethylene glycol
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graft copolymer have been successfully used to improve the solubility and hence
bioavailability of water insoluble compounds using melt-extrusion techniques by
the solid dispersion mechanism. The selection of a suitable carrier mainly depends
on the following factors: the solubility/miscibility of drug-polymer systems, the poly-
mer physicochemical properties, hydrogen bond interaction between the drug and
polymer as well as hydrophobic drug-polymer interaction, stability, as well as the
prerequisites of the final dosage forms. Successful solubilization in melt extrusion
is determined by several factors, which are material (drug and carrier properties),
process (processing temperature, shear, etc.), and equipment (design and operating
conditions) related.

During melt extrusion of a drug within a polymer binary mixture, the drug could
remain molecularly dispersed within the polymer or exist as an amorphous or crys-
talline phase. Melt-extrusion processing for solubility enhancement specifically aims
towards generation of ASD. ASD not only provide the free energy benefits of an amor-
phous system, but also offer the maximum specific surface area at the molecular level
thereby improving dissolution rates and increasing the apparent drug solubility.

It is essential for many delivery systems to demonstrate a rapid drug release
profile and hence potentiate pharmacological activity. Numerous studies have been
conducted on the solubility enhancement of water insoluble compounds using
polyvinylpyrrolidone (PVP) or its derivatives as a carrier. Fu et al. prepared a
nimodipine-PVP VA solid dispersion tablet using HME technology. The dissolu-
tion profile of ME tablets was compared with the commercial product Nimotop®
(Fu et al. 2010). The melt-extruded tablets exhibited a faster release over Nimotop®,
however, the ME tablets demonstrated a reduced dissolution profile after 20-30 min,
indicating a recrystallization behavior due to supersaturated nimodipine in the disso-
lution medium. The bioavailability of ME tablets was further investigated in beagle
dogs and the solid dispersion tablets illustrated a similar Cp,, and AUC as Nimotop®.
A physically and chemically stable solid dispersion of a new chemical entity man-
ufactured by Novartis Pharmaceuticals Corp. was developed by Lakshaman et al.
(2008) using polyvinylpyrrolidone K30 (PVP-K30) as a carrier. The water insol-
uble API was converted to an amorphous state and the formulation demonstrated
a more rapid release compared with the control formulation under nonsink condi-
tions. Furthermore, both of the melt-extruded solid dispersions containing 20 and
30 % drug loading demonstrated a significantly higher bioavailability compared with
the control formulation containing 20 % crystalline drug triturated with poloxamer
in the dog model. The 20 % drug loading solid dispersion was selected for further
studies and was proven as physically and chemically stable at controlled room tem-
perature. A comparative study described the use of three HPMC-based polymers:
HPMC 3cps, HPMC phthalate (HPMCP), and HPMC acetyl succinate (HPMCAS)
as carriers in ME-based solid dispersions. Solid dispersions of a water insoluble
drug, NVS981 were prepared using the HPMC based polymers at drug loadings
of 20 and 50 %, respectively. The HPMC 3cps and HPMCAS demonstrated better
extrudability compared with HPMCP (partially due to the lower T, and viscosity).
However, the NVS981-HPMCP exhibited a considerably higher release rate, even
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under nonsink conditions, which was attributed to the possible strong interactions
between the polymer and the drug (Ghosh et al. 2011).

Soluplus®, a polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer, was specifically designed and developed for melt extrusion. This poly-
mer has both hydrophilic and hydrophobic elements, which therefore enhances the
ability of forming a solid solution as well as increasing solubilization. Therefore,
Soluplus® performs very well as a solubilizing carrier for HME technology. In ad-
dition, Soluplus® provides a wide range for potential candidates, from low-melting
to high-melting drugs, including heat-sensitive APIs, due to its comparatively low
T, (70°C). Linn and coresearchers studied the capacity of Soluplus® to increase
intestinal absorption of three BCS II drugs, danazol, fenofibrate, and itraconazole
(Linn et al. 2012). All of the extrudates containing the three drugs demonstrated
significant increases in the plasma AUC compared with the crystalline pure drug or
the physical mixture. In addition, the results of in vitro Caco-2 transport experiments
confirmed the strong effect of Soluplus® on the enhancement of absorption behaviors
of the model drugs. These data demonstrated the much-needed addition of an effec-
tive, extrudable polymer in the pharmaceutical formulators’ toolbox. Amorphous
itraconazole melt-extruded solid dispersion of HPMC increased drug release up to
90 % in 2h as compared with 2 % release by powder blend containing crystalline
itraconazole. No chemical degradation and no crystallization were observed when
the solid dispersion packaged in an aluminum-polyethylene laminated pouch was
placed at 25 °C/60 %RH and 40 °C/75 % RH for 6 months.

The drug molecules released from the amorphous dispersion exist as free drug
or amorphous drug-polymer nanostructures or aggregates, precipitates, dissolving
solid dispersions or bile salt micelles. Each of these forms attains pseudoequilibrium
with free drug in solution, with free drug being absorbed as the system approaches
thermodynamic equilibrium. Thus, maximizing free drug concentration and sus-
taining the elevated concentration through solid dispersion contribute to increased
bioavailability of the amorphous drug.

1.4.2 Taste-masking

Development of palatable taste-masked formulations remains a challenging task in
cases of pediatric and geriatric oral formulations. A significant challenge in pediatrics
is the lack of appropriate formulations that have been designed to enhance compli-
ance and ensure accurate dosing. As highlighted in the Best Pharmaceuticals for
Children Act (BPCA), there is a need in the pediatric sector to develop technologies
for the production of solid oral dosage forms that enable accurate dosages of critical
medicines to be administered and are orally dissolvable. Several taste-masking ap-
proaches have been reported in the literature including dosage forms such as ODTs,
quick dissolving films/strips, or pellets. Melt extrusion has been successfully em-
ployed in taste-masking applications by efficient entrapment of the bitter tasting
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API in nanopolymeric matrices or through molecular interactions of bitter functional
groups with the polymeric subgroups.

Gryczke et al. (2011) demonstrated the use of HME as an effective tool to mask
the bitter taste of verapamil hydrochloride and Ibuprofen by forming drug-polymer
complexes utilizing different grades of Eudragit® polymers. Gryczke etal. (2011) uti-
lized Eudragit® EPO to design fast disintegrating taste-masked tablets with improved
palatability and superior patient compliance utilizing HME techniques. Ibuprofen (a
bitter drug) and Eudragit® EPO were coprocessed by HME to produce a solid disper-
sion and subsequently formulated as ODTs, which had physical properties similar
to the marketed Nurofen® Meltlet fast disintegrating tablets (FDTs). The formula-
tion demonstrated superior taste-masking ability with zero degree of bitterness and
smoother mouth feel compared with the moderate roughness levels post administra-
tion of Nurofen®FDTs. Overall, the HME formulations, with similar disintegration
properties and crushing strengths as that of the marketed formulation, had faster drug
release rates and could mask the bitter taste effectively. In a US patent application
by Sherry et al. (2007) ODTs of a nonsteroidal antiinflammatory drug (NSAID),
paracetamol, were prepared by dry blending the drugs with sugar alcohols (xylitol,
mannitol, and sorbitol) and subsequently melt extruding the mixture by heating to
a temperature above the melting point of the sugars.The extrudates obtained after
cooling and solidification were milled utilizing a cone mill. The milled extrudates or
granules were mixed with other formulation components and compressed into tablets.
The ODTs obtained by complete melting of xylitol (low-melting sugar alcohol) in
the physical mixture were reported to be more robust compared with those produced
by conventional dry blending processes (Sherry 2007). Recently, Maniruzzaman
et al. (2011) processed four different bitter cationic APIs (propranolol HCI-PRP,
diphenhydramine HCI-DPD, cetirizine HCI-CTZ and verapamil HCL-VRP) with
two different grades of anionic polymers (Eudragit® L100 and Eudragit® L100-55)
(Acryl EZE®). In addition, a comparative taste-masking study of extruded paraceta-
mol with Eudragit® EPO and cross-linked polyvinylpyrrolidone (Kollidon® VA64)
at different drug loadings (ranging from 30 to 60 %) was also conducted by the same
group. The taste evaluation of the developed formulations was carried out by using
an Astree e-tongue equipped with seven sensor tests and the generated data were
analyzed using multidimensional statistics. Analysis of the data showed significant
suppression of the bitter taste of all of the APIs with all of the polymers included in
the study.

1.4.3 Enteric Release Systems

Employing HME technology, Andrews et al. (2008) designed enteric matrix tablets as
an alternative to the traditional enteric coating process. Using 5-amino salicylic acid
as a model drug, the enteric matrix tablets were produced using triethyl citrate (TEC)
preplasticized Eudragit® L100-55 (enteric polymer) and citric acid (at 17 %w/w)
(solid-state plasticizer). Polyvinyl pyrrolidone K30/Carbopol® 971P were employed
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as optional gelling agents. The extrudates, produced as cylinders were cut into tablets,
referred to as “enteric tablets.” The drug release from these enteric tablets depended
upon the concentration of plasticizer, inclusion of citric acid or the gelling agent in
the formulation, and the pH of the dissolution medium. The tablets showed excellent
resistance to the acidic environment, releasing less than 10 % of the drug.

Schilling et al. (2010a) developed enteric matrix pellets utilizing a single-step
HME-based method. Eudragit® grades L100-55, L100, and S100, and hydroxyl
propyl methylcellulose acetate succinate (Aqoat) grades-LF and HF were employed
as possible enteric carriers. Theophylline (model drug) pellets containing Eudragit®
S100 as the enteric polymer were successfully extruded; these pellets released less
than 10 % of the drug in the acidic medium. The researchers evaluated five different
plasticizers as extrusion processing aids. PEG 8000 and citric acid, due to their inher-
ent hydrophilic nature, did not promote retention of the enteric properties of polymers
and resulted in drug leaching from the porous matrix. Presence of acetyl tributyl cit-
rate (ATBC) and citric acid in formulations promoted partial drug solubilization but
required higher extrusion temperatures and ultimately led to drug recrystallization.
Triethyl citrate and methyl paraben identified as efficient plasticizers, had a signifi-
cant impact on the microstructures of the extruded pellets as evaluated by SEM and
PXRD studies. Both of these plasticizers produced dense pellets with the drug being
homogeneously distributed in its original polymorphic form. The plasticized en-
teric matrix pellets containing 30 % drug and Eudragit® S100 demonstrated superior
gastric protection of the drug and an acceptable extrudability.

Schilling and McGinity (2010c) identified a potential advantage of using HME
in processing polymer-coated soft drug granules. Their study highlighted the appli-
cability of HME in development of monolithic matrices containing enteric-coated
particles. Spheronized pellets of Theophylline (model drug) obtained by wet extru-
sion, were enteric coated with Eudragit® L30D-55. The coated drug particles were
further extruded with six different hydrophilic matrices. In vitro studies revealed
that the release properties of the drug-incorporated particles were independent of
their tensile strength (mechanical) and rather dependent on the type of polymeric
matrix (chemical nature). A good correlation was observed between miscibility of
the carrier, the coating polymers, and the drug release in acidic media. Among all
the matrices investigated, poloxamer 407 incorporated about 40 % of enteric-coated
pellets. The poloxamer 407-based matrices meet USP dissolution requirements for
delayed-release dosage forms. Poloxamer 407 was least miscible with Eudragit®
L30D-55.

1.4.4 Targeted Release Systems

The primary advantage of a targeted drug delivery system is the reduction of a
drug’s dosage (minimal amount required to elicit a pharmacological response) and
thereby minimize or prevent the side effects associated with a high drug dose. Miller
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et al. (2008) demonstrated a marked improvement in the oral absorption of Itra-
conazole by the targeted intestinal delivery of supersaturated drug utilizing HME.
ASD of Itraconazole were prepared using HME with Eudragit® L.100-55 as a carrier
matrix, and Carbopol® 974P, at 20 and 40 % of polymer weight, as a stabilizing
agent. Carbopol® prolonged the release of the drug from the drug-polymer matrix in
vitro. While the in vivo evaluation in Sprague-Dawley rats revealed that Carbopol®
considerably decreased the intestinal absorption variability otherwise seen with the
Eudragit® L100-55 based delivery system. In addition, a five-fold improvement in
the intestinal absorption was observed with dispersion containing 20 % Carbopol®
in comparison to the supersaturated drug dispersion compositions, which limited
absorption mainly from the stomach.

HME-based techniques have identified newer applications of colon-specific tar-
geting. An Eudragit®-based HME delivery system based on a photosensitizer was
developed as a novel treatment option for curing serious infections of clinical signif-
icance caused by multidrug-resistant organisms such as Enterococcus faecalis and
Bacteroides fragilis (Cassidy et al. 2011).

1.4.5 Innovative Techniques

1.4.5.1 Coextrusion

Coextrusion is the process of extruding two or more materials through a single die
with two or more orifices arranged in a manner such that the extrudates merge and
coalesce together into a laminar-layered structure before cooling and solidification.
Each material is fed to the die from a separate extruder, but the orifices can be
arranged so that each extruder supplies two or more layers of the same material.
The final product obtained is in the form of a laminar structure with multiple layers,
which may offer several advantages due to material and composition characteristics
imparted by the individual extruded polymer. The die-design plays an important
role in the shaping of the coextrudates. Multiple manifold dies are mostly used
for flat-die extrusion, whereby both the layers are separately extruded and then
combined inside the extruder to facilitate adhesion between the two layers with
uniform distribution and minimal migration of the components of both the layers.
While multilayer coextrusion is also possible using single manifold dies with the
help of a feed-block (Toensmeier 2000; Giles 2005). In addition, various shaped dies
such as flat dies, split dies, annular dies, side fed, and spiral mandrel dies can be
used depending on the desired final application (Perdikoulias 2003; Han 2012).

An example of the coextrusion technology is the production of an intravaginal
contraceptive thermoplastic ring currently on the market—NuvaRing®. This product
contains the drug within a poly (ethylene vinyl acetate), pEVA reservoir, which forms
the core while the crystalline pEVA (i.e., lower vinyl acetate fraction) on the exterior
serves as a rate-limiting membrane to control drug release (van Laarhoven et al.
2002a, b).
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The vaginal ring comprising two steroidal contraceptives (etonogestrel and ethinyl
estradiol) is present in the molecularly dissolved state in a coaxial fiber consisting of
two types of polyethylene vinyl acetate (EVA) copolymers. The coaxial fiber com-
prised a core polymer (EVA 28; 28 % vinyl acetate; high solubility and permeability
of steroids) with the two steroids incorporated and enveloped within a thin poly-
mer membrane (EVA 9; 9 % vinyl acetate; lower solubility and permeability of the
steroids). This study demonstrated the application of HME in manufacturing struc-
turally and functionally intricate dosage forms such as this vaginal ring, incorporated
with more than one drug.

Intravaginal rings (IVRs) also find application in prevention of sexual trans-
mission of the human immunodeficiency virus. Sustained release, dual segmented
polyurethane intravaginal rings have been fabricated for two antiretroviral drugs with
disparate hydrophilicity, dapivirine, and tenofovir (Johnsonet al. 2010). Drugs were
individually formulated using appropriate polymers with due consideration of both
drug and polymer hydrophilicities using a solvent-casting methodology followed
by HME. The resulting drug-loaded rods were butt-welded to form dual-segment
IVRs that were mechanically comparable to NuvaRing® IVR that were already in
widespread therapeutic use. In addition, the formulated ring exhibited sustained re-
lease of medicament for a period of 30 days while it was found to be chemically and
physically stable under accelerated stability conditions for a period of 90 days.

Coextrusion also finds application in design of combination dosage forms wherein
two or more drugs are administered as a single dosage form to treat various illnesses
such as infectious diseases, HIV, and cancer. The combination therapy may result
in lower treatment failure rates and slower development of resistance. However, this
methodology can have several limitations, such as physical/chemical incompatibility
among excipients and/or drugs, inconsistent release rates, as well as inadequate or
nonreproducible pharmacokinetic profiles.

Coextrusion has been used to develop a multilayer (core or coat) dosage form
(Dierickx et al. 2012a). In this case, the core provides sustained drug release and
the coat imparts an immediate API release. Dierickx et al. (2012a) carefully selected
such polymers, which could be combined in a coextruded dosage form. A com-
bination of polycaprolactone (core) and polyethylene oxide (coat) was selected for
coextrusion trials, after consideration of their drug release profiles and extrusion tem-
perature. Metoprolol tartrate (MPT) and hydrochlorothiazide (HCT) were used as
sustained and immediate release model drugs, respectively. Fixed-dose combination
minitablets with good in vitro and in vivo performance were successfully developed
by means of coextrusion, using a combination of polycaprolactone and polyethy-
lene oxide. The concept of coextrusion is promising for many novel dosage forms,
including oral, transdermal, and implant applications.

1.4.5.2 Twin-screw Melt Granulation

Melt granulation is a thermal agglomeration process of powder blends containing
binders, which softens/melts at an elevated temperature producing granules and so-
lidifies when cooled to room temperature. Traditionally, melt granulation is carried
out in a heat jacketed high-shear granulator or fluidized bed granulator. Recently,
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twin-screw extrusion has emerged as a platform for granulation, due to its favorable
attributes of continuous manufacturing, modular configuration, energy efficient pro-
cess, and yielding consistent product quality. The flow mechanics and heat transfer
within an extruder are significantly different from a high shear mixer or fluidized
bed in that it provides much more localized and controlled, scalable, efficient and
uniform heat transfer. Moreover, the mechanism of granule formation is different
for individual processes, including either or both as immersion or distribution and
coalescence mechanisms, based on the binder droplet size and its method of addi-
tion (Abberger et al. 2002; Vilhelmsen and Schaefer 2005). However, if the binder
droplet size is larger than the powder size, the immersion mechanism will be dom-
inant and would result in denser granules and thereby influencing the drug release.
Melt granulation using TSE utilizes hydrophilic or hydrophobic binders (5-30 %)
with relatively low-melting temperatures in the range of 40—70 °C. Selection of the
binders is based on drug-excipient compatibility and desired drug-release profiles.

Melkebebeet al. (2006) demonstrated the utility of twin-screw granulation for
increasing the wetting and dissolution of a BCS class II compound, employing
polyethylene glycols (PEG 400 and 4000) as binders. The veterinary drinking wa-
ter formulation thus developed, had immediate drug release profile. Formulation
and processing variables such as drug content, PEG 400/4000-ratio, surfactant (type
and concentration) and granulation temperature had a profound influence on granule
properties and dissolution characteristics. TSE granulation ensured the fine disper-
sion of drug into the PEGs, creating a microenvironment around the drug particles
enhancing the dissolution rate. Complete drug release was obtained within 10 min
for a formulation containing 10 % drug and 2 % (w/w) of surfactant (polysorbate 80
or Cremophor® RH40).

Lakshman et al. (2008) demonstrated the utility of the twin-screw extruder in a
melt granulation process to enhance the compactibility of Metformin HCI, a poorly
compactible high-dose drug. Tablets produced through melt granulation were com-
pared with modified wet granulation and solvent granulation processes. Extruder
processing parameters, such as barrel temperature, was above the glass transition
temperature of the binder, HPC (130 °C), and well below the melting temperature of
Metformin HCI (224 °C). In addition, high feed rate, and low screw speed were op-
timized to yield desired granules attributes. Thus, process optimization assisted the
uniform and intimate mixing of the binder with the API leading to better compress-
ible granules. The tablets prepared using melt granulation exhibited superior hardness
and friability properties; moreover, the tablets were not sensitive to changes in atmo-
spheric moisture levels. The process of melt granulation can successfully reduce the
tablet sizes of high-dose medications (Metformin HCI) in this case and combination
products by eliminating the need to add relatively large amount of excipients.

Similarly, Vasanthavada et al. (2011) applied melt extrusion in developing a
modified-release tablet of a high-dose drug, imatinib mesylate. Tablets demon-
strated excellent physical attributes and remained stable after six-month storage under
stressed conditions. Recently, Mu and Thompson (2002) studied the mechanism of
melt granulation inside the twin-screw extruder. The influence of process and formu-
lation parameters, screw configuration, binder viscosity, particle size, and process
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temperature on granule development was studied. The study concluded that the im-
mersion nucleation mechanism was dominant as construed from the characterization
of granule size, granule strength, and binder concentration in the final product.

1.4.5.3 Cocrystal Formation using Melt Extrusion

The formation of cocrystals is considered as one of the potential techniques that can
achieve the desired API properties of interest, such as improved dissolution rate,
stability, and bioavailability (Smith et al. 2011). Cocrystals are defined as nonionic,
multimolecular crystalline complexes. The crystal lattice of cocrystals is mainly com-
posed of an active component and cocrystal former in a stoichiometric ratio, which
is bound together through noncovalent interactions, primarily hydrogen bonding.
The cocrystals formed might exhibit entirely different physical properties than the
pure components. Many studies have proved that cocrystals are beneficial in improv-
ing the solubility, stability, bioavailability, and mechanical properties of the active
drug. Cocrystals are mainly formed by solvent-based crystallization such as slurry,
conversion, evaporation, antisolvent addition, and solid-based techniques such as
cogrinding and melt extrusion. Of all the above-mentioned techniques, slow evapo-
ration and cogrinding are the most widely used; however, both of these techniques
possess scale-up limitations. Therefore, in recent years, significant progress has been
made to use HME technology to produce pharmaceutical scalable, solvent-free and
cost-effective cocrystals.

Dhumal et al. (2010) have successfully prepared cocrystals of Ibuprofen and
Nicotinamide (1:1) utilizing melt-extrusion technology. In addition, these researchers
have studied the effect of different process parameters such as screw configuration
(low shear, medium shear, and high shear), screw speed (20, 30, and 40 rpm), and
extrusion temperature (70, 80, and 90 °C) on formation of cocrystals and their purity.
Preliminary DSC studies have reported that the eutectic temperature for Ibuprofen
and Nicotinamide was 74 °C, therefore extrusion temperatures above and below the
eutectic temperature were selected to study their effect on cocrystallization. PXRD
and DSC studies were performed to characterize the crystallinity of the final products
produced from ME. The formulations extruded at temperatures above the eutectic
temperature (80 and 90 °C) were found to have high cocrystal purity. In addition, at
the studied temperatures above the eutectic temperature, screw configuration exhib-
ited a major role in the cocrystal formation and its purity. Residence time decreases as
the screw speed increases, therefore the cocrystals produced at slower speed demon-
strated higher cocrystal purity than those produced at higher screw speeds. Even
though both the batches of cocrystals produced at 80 and 90 °C were above the eu-
tectic temperature, the cocrystal produced at 90 °C showed higher purity than that
at 80 °C. Of all the formulations, the cocrystals produced at high shear, higher tem-
perature (90 °C), and lower screw speed demonstrated pure cocrystals with no traces
of unreacted components. Thus, the authors further studied dissolution and stability
on the cocrystals with high purity. The dissolution studies indicated that the cocrys-
tals showed improved release profiles compared with pure Ibuprofen, micronized
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Ibuprofen, and the physical mixture of Ibuprofen with Nicotinamide. In addition,
these cocrystals were found to be physically stable for up to 6 months when stored
at ambient conditions.

In another study, Liu et al. (2012) investigated the in sifu formation of cocrys-
tals in a single-step, utilizing ME technology, in order to achieve minimal thermal
degradation of the active by extruding the heat-sensitive drugs at lower process-
ing temperatures. In this study, Carbamazepine (CBZ) and Nicotinamide were
used as a model drug and cocrystal former, respectively, while polyvinylpyroli-
done/vinylacetate (PVP/VA 64), Soluplus® and HPMC were used as different carrier
matrices. The active, coformer and the polymeric matrix were blended and fed
through the extruder to obtain a solid dispersion with in sifu cocrystallization of
API during the process (Liu et al. 2012).

The authors noticed the possibility of the drug cocrystallization with Nicotinamide
in PVP/VA 64 matrices during DSC characterization of the drug-polymer physical
mixtures. Hot-stage microscopy studies revealed that the cocrystals were formed
completely in situ during the extrusion process, in both Soluplus® and PVP/VA 64
matrices (a single melting point lower than the API); however, only partial cocrys-
tallization occurred in HPMC matrices which was evident with melting of crystals
at both 165 °C (melting temperature of the cocrystal) and 190 °C (melting tempera-
ture of Carbamazepine). These results were also confirmatory with FTIR and XRD
data, which further demonstrated that cocrystal formation is instantaneous during
melt-extrusion processing in PVP/VA 64 matrices. In addition, dissolution data in
PVP/VA 64 matrices revealed that the release from cocrystals was relatively faster
than compared with the pure API. The drug release from the physical mixtures and
the drug-polymer melt extrudates was less than 80 % in 2 h, and about 100 % in 1h,
respectively, while the solid dispersion containing API-Nicotinamide-PVP/VA64
released 100 % API in just 20 min. These data demonstrated the influence of Nicoti-
namide as a hydrotropic agent and its formation of cocrystals simultaneously during
the extrusion process. Similar dissolution results were observed for the extrudates
formed from Soluplus® and HPMC matrices. Overall, the melting point of the API
was drastically reduced due to the formation of the cocrystal, which helped in ex-
truding the drug incorporated polymeric solid dispersions at lower temperatures.
The processing temperatures could also be adjusted based on choice of the coformer
employed during cocrystallization; however, the effect of coformer on drug recrystal-
lization, physical stability, moisture sorption properties, as well as other parameters,
should be considered for the production of a stable formulation.

Another example of cocrystal complexes that were successfully formed utilizing
ME technology are Ibuprofen-Nicotinamide (Dhumal et al. 2010). In addition, Dau-
rio et al. (2011) describe twin-screw extrusion as an effective, environment-friendly,
and scalable method for producing cocrystals of Caffeine-Oxalic acid, Nicotinamide
trans Cinnamic acid, Carbamazepine-Saccharin, and Theophylline-Citric acid. The
authors identified this neat and liquid-assisted melt-extrusion technique as a viable
alternative to the solution crystallization for formation of in situ cocrystals, where
the temperature and the extent of mixing were indicated as the primary parameters
that influenced cocrystal formation (Daurio et al. 2011).
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1.5 Clinical and Therapeutic Potential

Development of solid dispersion-based formulations is a popular means to improve
bioavailability of investigational drugs. HME of candidate molecules commonly
results in ASD thereby improving their bioavailability.

This section describes the pharmacokinetics and bioavailability aspects of some
of the marketed (and developmental) products developed using HME technology,
highlighting the clinical and therapeutic significance of this platform technology. In
addition, the section also highlights existing limitations in the comparative evalua-
tion (in vivo evaluation models, in vitro—in vivo correlation) of melt-extruded/solid
dispersion-based products and corresponding traditional dosage forms. Finally, the
section discusses the need for standardizing the evaluation parameters (in vitro and
in vivo) for solid dispersion-based therapeutics.

Kaletra® represents an excellent example of the successful application of melt-
extrusion technology in the design of patient centric formulations and improvement
of the overall therapeutic efficacy of the drug (Breitenbach 2006). Significant im-
provements of product attributes include improved storage stability—eliminating
the need for refrigeration, reduced dosage, and reduced dose frequency). Kaletra®
is an antiviral drug product containing HIV protease inhibitors lopinavir and riton-
avir. Ritonavir by itself has minimal antiviral effects at the dosage levels used in
the formulation, however, the coformulation of lopinavir with subtherapeutic con-
centrations of ritonavir (a potent inhibitor of cytochrome P450 3A4), ensures ideal
pharmacokinetic profiles and enhances the bioavailability of lopinavir.

The very first form of Kaletra® was available as a soft-gelatin capsule (SGC).
SGCs required refrigeration to maintain stability; the recommended adult daily dose
comprised six capsules and had to be administered with food for optimal bioavail-
ability of lopinavir. All of these factors together (storage, food, and multiple daily
doses) complicated the anti-HIV therapy from the patient’s perspective. Managing
such a complicated therapy became particularly challenging in the worst affected
African continent wherein refrigerated storage and an effective supply chain system
(limited infrastructure) are not readily available.

The application of the Meltrex® melt-extrusion technology to Kaletra® has rev-
olutionized anti-HIV therapy involving the lopinavir or ritonavir drug combination.
The new form of Kaletra® is available as a tablet (as opposed to SGCs marketed
initially) and does not require refrigerated storage. The total number of daily doses
has been reduced to four tablets as opposed to six SGCs. The plasma concentrations
of both drugs were more consistent independent of fed conditions, eliminating the
requirement to administer the medication with food (Breitenbach 2006).

Klein et al. (2007) describe studies wherein the bioavailability of melt-extruded
tablets of lopinavir/ritonavir (800/200 mg or 400/100 mg dose) was compared with
equal doses of the SGC under moderate-fat meal conditions. The tablet formulation
of Kaletra® was reported to be bioequivalent to the SGC post moderate fat meal
based on comparable AUC-time curves for lopinavir and ritonavir. Thus, the tablet
formulation resulted in consistent lopinavir and ritonavir exposure within and across
studies and across meal conditions.
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The experimental findings suggest that the melt-extruded tablet administered un-
der different meal conditions (fasting, high fat, or moderate fat meals) provides
lopinavir and ritonavir exposures similar to those with the SGC administered with a
meal (recommended administration method on the product label).

The melt-extruded tablet showed decreased pharmacokinetic variability (lower
%CV), particularly under fasting conditions. This is further confirmed in the prob-
ability distributions, wherein the interquartile and 5th and 95th percentile ranges
for lopinavir concentrations are narrower for the tablet than for the SGC, regardless
of meal status. The central values, interquartile ranges, and 5th and 95th percentile
ranges for lopinavir concentrations achieved with the tablet under moderate- or high-
fat meal conditions were within the ranges noted for the SGC under moderate- or
high-fat meal conditions (Fig. 1.12). The reduced food effect and limited variability
of drug plasma concentrations for the tablet result in consistent exposure to lopinavir
and ritonavir, thereby minimizing the likelihood of extreme values for high concentra-
tions associated with reduced tolerability (adverse effects) and for low concentrations
associated with suboptimal efficacy (ineffective therapy).

Similar to Kaletra®, Meltrex® technology has also been used for designing drug
products for Ritonavir (Norvir®), Ibuprofen (Klueglich et al. 2005) and Verapamil
tartrate (Isoptin® SR) (Roth et al. 2009), with aims of stabilizing the drug or providing
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better pharmacokinetic profiles for the drugs (the readers are directed to Chap. 18
for further information on Meltrex® technology and the associated drug delivery
systems).

Azole antifungals, such as ketoconazole, itraconazole, and posaconazole are weak
bases, exhibit a pH-dependent solubility, and have limited bioavailability. While
traditional drug delivery approaches have resulted in effective formulations of keto-
conazole, itraconazole was one of the first commercially marketed ASD (Sporanox®)
(Gilis 1997).

While the ASD (Sporanox®) significantly improved the oral bioavailability of
itraconazole, it presented issues such as variable absorption and significant food
effects, particularly with acidic beverages (Jaruratanasirikul and Kleepkaew 1997) .

Several formulations, including melt-extruded dispersions have been made to
improve the oral bioavailability of itraconazole. Six et al. (2003a) describe the
preparation of solid dispersion formulations following melt extrusion (Verreck et al.
2003; Six et al. 2004) and their subsequent bioavailability assessment in comparison
with Sporanox® following a double-blind single-dose cross-over study in human
volunteers (Six et al. 2005).

Solid dispersions of itraconazole (40 % w/w) and HPMC 2910, Eudragit® E100
or a mixture of Eudragit® E100-PVPVA64 were manufactured by HME and filled
into gelatin capsules (Six et al. 2005).

The in vitro release behavior of the solid dispersions with Eudragit® E100 or
Eudragit® E100 and PVPVA64 mixture, showed rapid dissolution of the drug with
about 80 % drug being released in the first 10 min. The dissolution of itraconazole
from HPMC dispersions or Sporanox® was much slower with about 80 % drug being
dissolved after 2 h (Fig. 1.13).

The in vivo profiles, however, were significantly different from in vitro release
behavior indicating a poor in vitro/in vivo correlation. The mean AUC values (0-72 h)
after administration of Sporanox® and the HPMC formulation were comparable and
were higher than that for the Eudragit® E100 and Eudragit® E100-PVPVA64 for-
mulations. In fact, the in vivo profiles for formulations based on Eudragit® E100
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and Eudragit® E100-PVPVA64 showed the lowest mean AUC and Cy,x respec-
tively. The authors attributed the observed dissolution behavior to slow dissolution
kinetics of HPMC as compared with that of Eudragit® E100 or Eudragit® E100 and
PVPVA64 mixtures. Furthermore, based on the poor IVIVC, it was hypothesized
that the rapid diffusion or dissolution of the polymer into the bulk phase, renders the
drug unprotected and prone to precipitation.

Miller et al. (2008) present an interesting supersaturation-based strategy for de-
livery of itraconazole. The strategy is to control drug release so as to retard its
precipitation as pH increases (acidic-to-neutral pH transition as the drug moves into
the small intestine), thereby extending the absorption window of itraconazole.

Their findings confirmed the hypothesis that supersaturation of itraconazole fol-
lowing an in vitro pH transition correlates directly to in vivo absorption (Miller et al.
2008). It was observed that the polymeric carriers Methocel ™ E50 and Eudragit® L
100-55 for amorphous itraconazole solid dispersions produced substantially greater
in vivo absorption due to improved supersaturation of itraconazole in the small in-
testine (Miller et al. 2008). Of the two polymeric carriers, Methocel™ E50 was
preferred due to reduced variability. The authors also proposed incorporation of
Carbopol® 974P into the Eudragit® L 100-55-based solid dispersion system for
stabilization of itraconazole supersaturation and the enhancement of oral absorption.

Similar to itraconazole, posaconazole dissolves in acidic conditions but rapidly
precipitates in the environment of the upper small intestine. Posaconazole is com-
mercially marketed as a conventional suspension formulation (Noxafil®) and exhibits
highly variable bioavailability with a significant food effect. Fang et al. (2009) de-
scribe a novel posaconazole formulation developed using HME. The formulation is
essentially a solid dispersion of posaconazole with hypromellose acetate succinate
(HPMCAS). Since posaconazole degrades rapidly at temperatures above 160 °C, the
process is designed such that posaconazole is solubilized at temperatures below its
melting point. Such a uniquely processed formulation is stable and has improved
bioavailability. Extrudates are finally prepared as a tablet(s) or capsule containing a
100-mg dose of posaconazole (Krishna et al. 2012).

Bioavailability studies indicate that under fasted conditions the mean plasma
concentrations of posaconazole were significantly higher for the solid dispersion
formulations (tablet or capsule) compared with those for the posaconazole oral sus-
pension. Similar to the fasted conditions, under fed conditions, posaconazole solid
dispersion formulations also demonstrated higher mean plasma concentrations for
posaconazole compared with the oral suspension.

The plasma concentrations for posaconazole were considerably higher for the
oral suspension (2.5- to 3-fold) under fed conditions; however, the drug plasma con-
centrations for tablet and capsule formulations remained significantly unaffected by
food. Additionally, the tablet and capsule formulations demonstrated less intersub-
ject variability in peak plasma concentrations and total exposures (AUC) compared
with the oral suspension under fasted conditions.

Cholesteryl Ester Transfer Protein (CETP) inhibitors are a class of poorly soluble
compounds under clinical development for reducing the risk of atherosclerosis. Pfizer
(Torcetrapib), Merck (Anacetrapib), and Hoffmann-La Roche (Dalcetrapib) have
reported data for formulations of CETP inhibitors and their use in preclinical and
clinical trials. Based on clinical findings up to January 2013, the development of
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Fig. 1.14 Decision tree for dispersion selection. (Adapted with permission from Engers et al.
(2010))

most of these drugs has been terminated, potentially due to serious adverse events
(Torcetrapib) or lack of meaningful clinical improvement despite HDL increases
(Dalcetrapib).

Despite limited clinical success with CETP inhibitors, design of solid dispersion-
based formulations (either by spray drying or HME) has become a popular strategy
for formulating these poorly soluble molecules (Dwayne 2012; Geers 2010; Miller
2011; Chatterji 2012). In most cases the solid dispersion-based formulations serve
as “biosuperior/biobetter” drug products at later stages (after a successful phase I
evaluation of liquid filled capsule (LFC) or a similar drug product) in the clinical
development cycle. This strategy is very similar to the LCM strategy adopted for
previously approved drugs. In fact, an anacetrapib-incorporated HME tablet was
introduced in phase III following limited phase I evaluation in comparison to an LFC
formulation (Krishna et al. 2011).

Designing ASD (by spray drying or melt extrusion) undoubtedly remains a popular
strategy for development of drugs wherein traditional formulation methods have not
proved successful. Engers et al. describe a decision tree approach for design of ASD
(Fig. 1.14) (Engers et al. 2010).

However, there are some areas, which need to be carefully evaluated before con-
sidering the design of solid dispersions. Poor in vitro/in vivo correlation (IVIVC) and
lack of standardized in vitro evaluation methods are a major concern in the evaluation
of ASD. Newman et al. (2012) have carefully reviewed important issues related to
the assessment of ASD. Findings from about 40 studies reporting dissolution and
bioavailability studies of drugs were reviewed. These investigators found that amor-
phous dispersions improved bioavailability in about 82 % of the cases, amorphous
dispersions possessed lower bioavailability than the reference material in about 8 % of
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the cases and in about 10 % of cases the amorphous dispersions had similar bioavail-
ability as the reference material. A careful analysis of these studies revealed several
in vitro (dissolution testing and equipment, content and amount of dissolution media,
sink or nonsink conditions, agitation rates, media pH, dissolution characteristics of
the polymer, and dispersion particle size) and in vivo (animal species utilized, fast-
ing versus fed conditions, and regional differences in gastrointestinal (GI) content
and volume) variables that could have influenced the results. Their findings elicited
several recommendations, emphasizing the need for standardization of in vitro and
in vivo evaluation parameters.

In addition to the example of itraconazole (discussed earlier), poor IVIVC has
been a pressing concern in evaluation of HME-based drug products and has been
highlighted in several independent studies.

Zheng et al. (2007) investigated the in vitro dissolution properties and oral
bioavailability of three solid dispersions of nimodipine in beagle dogs. The solid
dispersions were compared with pure nimodipine, their physical mixtures, and
Nimotop®. Nimodipine solid dispersions were prepared by a HME with hydrox-
ypropyl methylcellulose (HPMC, Methocel ES), polyvinylpyrrolidone/vinyl acetate
copolymer (PVP/VA, Plasdone S630®), and ethyl acrylate, methyl methacrylate
polymer (Eudragit® EPO).

Bioavailability studies suggested that Nimotop®had the highest Cmax followed by
the Eudragit® EPO solid dispersion. The mean AUC (0—12hr) for Nimotop® and the
Eudragit® EPO solid dispersions were comparable but lower for other formulations
(HPMC and PVPVA). This in vivo finding is in contradiction to the observed in vitro
drug dissolution rates wherein the formulations were ranked as PVPVA > Eudragit®
EPO > HPMC solid dispersions. In vitro dissolution studies in a biorelevant me-
dia containing 0.1 N hydrochloric acid and 0.05 % (w/v) sodium dodecyl sulfate
(SDS) showed that the solid dispersion with Eudragit® EPO dissolved significantly
faster (due to the acidic pH) than all formulations except Nimotop®, supporting the
observed in vivo data for Eudragit® EPO solid dispersions.

Interestingly, there are several instances (particularly implants) where the in vivo
drug release from melt-extruded systems has been fairly well characterized and
suitable in vitro predictive models have been developed. Rothen-Weinhold et al.
describe an implant for the controlled release of Vapreotide pamoate (a somato-
statin analogue). Vapreotide implants were prepared using poly(lactide)-co-glycolide
(PLGA), a biodegradable carrier, by an extrusion method. The in vivo release
properties of Vaperotide as assessed in a rat model were shown to be affected by
processing/formulation-related factors such as drug loading, polymer molecular
weight, copolymer composition, and end group modifications.

Amann et al. (2010) describe the in vivo evaluation of a biodegradable implant
containing the antipsychotic drug risperidone consisted of 60 % of PLGA prepared by
HME. The authors were able to demonstrate a consistent in vitro/in vivo correlation
for the developed implants in a rat model.

Melt extrusion as a technology is not just limited to design of delivery systems
for synthetic drugs discovered by traditional chemical means but finds interesting
applications with Chinese polyherbal/herbal formulations. Zhang et al. (2009) have
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reviewed technologies employed in the recent past for improving bioavailability of
Chinese herbal medicines.

Luo et al. (2013) describe an application wherein the dissolution and bioavailabil-
ity of Ginsenosides is improved by melt extrusion and cogrinding. These findings are
indicative that in the future, melt extrusion will find broader applications to improv-
ing herbal drug attributes and not just be limited to areas such as moisture proofing
of herbal extracts (Chen et al. 2010).

1.6 Conclusions and Future Perspectives

Over the past three decades, HME has transformed itself from an adapted technology
(modified from the plastics industry) into a manufacturing platform within the phar-
maceutical industry. HME has not only resulted in several successful drug delivery
systems but has also opened new research avenues such as shaped delivery, contin-
uous manufacturing, and online process characterization. While melt extrusion has
been successfully applied to mainstream industrial pharmaceutics (e.g., bioavail-
ability enhancement, taste-masking, trans delivery systems, controlled release drug
delivery, and stable dosage forms), the future of this technology is also applicable
in areas, such as injection molding (for shaped delivery), cocrystal formation or
development, coextrusion, melt granulation, and supercritical carbon dioxide-based
extrusion (foamed drug delivery systems). In addition to these applications, funda-
mental research and manufacturing areas such as scale-up technology and analytical
characterization development will also be embraced as the “norm” for improvements
in product development. In summary, for the future, melt extrusion as a technology
will encompass significant applications throughout numerous pharmaceutical areas,
which remain yet unresolved by traditional pharmaceutical techniques.
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Chapter 2
Twin Screw Extrusion for Pharmaceutical
Processes

Charlie Martin

Abstract The use of twin screw extruders (TSEs) to create sophisticated dosage
forms is expanding because the continuous melt extrusion (ME) process has been
proven to be a consistent and repeatable way to make high-quality products. TSEs are
continuous small mass continuous mixers that are the plastics industry’s preferred
manufacturing methodology for compounding and devolatilization. It is without
question that pharmaceutical companies have reaped the benefit of over half a century
of technological developments and process refinement in plastics. It is only in the
last decade or so that extrusion has emerged as a viable platform for pharmaceutical
development.

This chapter will describe the design and functionality of co-rotating and counter-
rotating TSEs for pharmaceutical applications. Screw and process design to facilitate
effective mixing are addressed. Control parameters and the associated interactions
(i.e., screw rpm versus feed rate) to achieve a quality product are proffered. Com-
mon TSE terms are defined and examples of useful TSE formulas are presented and
explained. Staging of unit operations in a TSE and downstream system functionali-
ties are described. Case studies are also presented to provide insight into how melt
extrusion is being applied today. Finally, potential future growth areas are identified
for melt extrusion.

2.1 Introduction

The use of twin screw extruders (TSEs) to create sophisticated dosage forms is ex-
panding because the continuous melt extrusion (ME) process has been proven to
be a consistent and repeatable way to make high-quality products. TSEs are con-
tinuous small mass mixers that are the plastics industry’s preferred manufacturing
methodology for compounding and devolatilization. It is without question that phar-
maceutical companies have reaped the benefit of over half a century of technological
developments and process refinement in plastics. It is only in the last decade or so
that extrusion has emerged as a viable platform for pharmaceutical development.
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Fig. 2.1 Twin screw extruder
with feeders for processing
pharmaceuticals

Driven by FDA’s Process Analytical Technology (PAT) initiative, the use of TSEs
has been embraced by virtually every major pharmaceutical company. The PAT ini-
tiative encourages that new dosage forms be manufactured via continuous processes
with in-line monitoring of key parameters—it literally could have been written by
an extruder supplier.

TSEs for pharmaceutical class installations, as compared to most plastics in-
stallations, must also integrate validation documentation into the scope of delivery.
Detailed/project specific document packages for the Factory Acceptance Test (FAT),
Installation Qualification (IQ) and Operational Qualification (OQ) add months of
time and effort to the installation and commissioning of the equipment. There are
also cGMP guidelines for cleaning pharmaceutical class TSE systems. For instance,
the equipment must be cleaned at appropriate intervals and written procedures are
required that must be specific and detailed. Cleaned equipment must be protected
from contamination while in storage and inspected just before using. Records and
equipment logs of all cleaning and inspection must be kept, and the time between
end of processing and cleaning steps must be recorded (Martin 2012a).

The goal of this chapter is to provide insight into the design of TSEs, and how
these devices are and can be applied to manufacture novel dosage forms in a precise
and economical manner (Fig. 2.1). Some simple formulas are interspersed within the
text to provide insight into the TSE design and process.

2.2 TSE Design and Applications

Let us start with some simple definitional terms. In a TSE there are, obviously, two
screws that fit inside a “figure eight” barrel. The outside diameter of each screw is
referred to as the OD, and there is an overflight gap between the tip of the screw and
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Fig. 2.2 TSE terms: OD, ID, OVERFLIGHT L.i'\:'
and overflight gap
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the barrel wall. There is also an inside diameter (ID) of each screw. In a TSE, the
OD and ID are constant throughout the length of screws. OD divided by the ID gives
you the OD/ID ratio, which determines the flight depth and the free volume in the
process section. See Fig. 2.2 for a schematic that defines some typical TSE terms.

The length of the barrel process section is frequently described in terms of the
length to diameter (L/D) ratio, with greater L/D values indicating a longer process
section. The L/D ratio is defined by dividing the overall length of the process section
by the diameter of the screws. For most pharmaceutical compounding operations L/D
values <40 are used, while reactive and devolatilization extrusion operations may
utilize longer, such as 60/1 L/D process sections. Heat- and shear-sensitive products
often use shorter process sections, such as a 20/1 L/D process length. It becomes
obvious that the longer the L/D the more unit operations can be performed along the
length of the process section.

For instance, if the OD of a screw is 20 mm and the length of the process section
is 800 mm then the L/D ratio is 800/20 or 40/1. If the length was 400 mm the L/D
would be 400/20 or 20/1 (Fig. 2.3).

TSEs perform dispersive and distributive mixing. The intense mixing associated
with the short inter-screw mass transfer distances inherent with a TSE results in
highly efficient mixing and a more uniform product as compared to large-mass batch
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mixers with much longer mass transfer distances. The short residence time associated
with a TSE (typically less than 2 min and as short as 5 s) is particularly beneficial
for heat/shear-sensitive formulations, as the TSE can be designed to limit exposure
to elevated temperatures to just a few seconds (Fig. 2.4).

In dispersive mixing, agglomerates or liquid droplets held together by interfacial
tension are subjected to mechanical stress by the rotating screws to achieve size
reduction. The most important flow characteristics to achieve dispersive mixing are
the extensional and planar flow fields as generated by TSE mixing elements. In
distributive mixing, repeated rearrangement of the minor components without size
reduction enhances product homogeneity (Fig. 2.5).

The modular nature of TSEs offers process flexibility with regard to screw de-
sign, barrel configuration, and shear intensity. The co-rotating intermeshing TSE
mode dominates the market, having captured approximately 90 % of current instal-
lations. Co-rotating intermeshing TSEs are very efficient at feeding powders and for
staging of downstream unit operations. Counterrotating TSEs are also utilized in the
pharmaceutical industry and have shown great promise in many applications. For
instance, counterrotating intermeshing TSEs can be designed so that the materials
being processed experience a tighter residence time distribution, and can provide
more efficient pumping into a die (Martin 2001; Fig. 2.6).

In the plastics and food industries, TSE screw diameters (ODs) range from
5-4004 mm with outputs from a 20 gm to 50,000+ kg/h. Pharmaceutical TSEs
are generally 60 mm and below, due to more efficient heat transfer characteristics
of smaller extruders and, of course, the smaller batch sizes associated with phar-
maceutical as compared to plastic products. Research and development efforts for
pharmaceuticals are generally performed on TSEs with screw diameters in the
10-30 mm range.

The TSE utilizes a modular design for barrels and screws (Fig. 2.7). Segmented
screws convey and shear the materials in channels bounded by screw flights and barrel



2 Twin Screw Extrusion for Pharmaceutical Processes 51

Fig. 2.6 Co-rotating and
counterrotating intermeshing
TSE geometries

Fig. 2.7 Modular TSE
process section

walls, with short mass transfer distances. Solids conveying and melting occurs in the
early stages of the process section followed by mixing and devolatilization. Discharge
elements then build and stabilize pressure prior to exiting the extruder.

The controlled pumping and wiping characteristics of the TSE screws in combina-
tion with a segmented design allows specific screw element geometries to be matched
to the unit operations being performed in the TSE process section (Fig. 2.8).

TSE control parameters include screw speed (rpm), feed rate, process temper-
atures, and vacuum level. Melt pressure, melt temperature, motor amperage, and
various in-line sensors also monitor the process to ensure a consistent/quality prod-
uct. State-of-the-art extruders utilize programmable logic controllers (PLCs) for
logic functionality that implements graphical touch-screens, data acquisition, and
recipe management as standard features. It is also now routine to integrate sub-
system PLCs with a supervisory PLC for integration of complex equipment from
multiple suppliers, referred to as “distributed processing” (Fig. 2.9).
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Pharmaceutical class TSEs generally adhere to FDA part 11 of Title 21 of the Code
of Federal Regulations, which defines the criteria under which electronic records
are deemed trustworthy. Practically speaking, this regulation requires drug mak-
ers to implement controls, audits, and system validation for software and systems
involved in processing electronic data. Protocols must be followed with regard to
limiting system access to authorized individuals, operational checks, device checks,
controls over systems documentation, and a plethora of other guidelines. Strict ad-
herence with regard to copies of records and record retention is part of the guideline
(Kapp and Palmer 2003).

Starve feeding refers to when the extruder is fed at a rate less than the forwarding
efficiency of the screws. TSEs are almost always starve-fed, with the output rate
determined by the feeder(s). The TSE screw rpm is independent and used in concert
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with the feed rate to optimize compounding efficiencies. Feed rate versus screw rpm,
and screw design, impact the average residence time (RT) and residence time distri-
bution (RTD) for the materials being processed. Typical RTs are in the 15 s—3 min
range (Martin 2001).

Feeders also maintain formulation consistency and are situated at different
locations along the TSE process section to introduce ingredients in the proper order.
The accuracy of the feeding system is critical to maintain uniform product quality.
For this reason, loss-in-weight (LIW) feeders are normally specified to ensure that
the ingredients are delivered at a constant mass flow rate to the extruder (Fig. 2.10).
LIW feeders can meter either a premix or individual components to the TSE, as
dictated by the formulation and desired level of continuous processing/monitoring.
Volumetrically controlled feeders for solids are generally only used with a premix or
at very low rates (i.e., 20 g/h), where LIW controls become impractical.

A LIW feeding device consists of the feeding module, the feeder hopper, a refill
device, a load cell, and a control system. In an LIW feeder, the mass flow rate
is calculated by dividing the weight reduction in the hopper by the time interval.
At short/determined time intervals, the weight is measured and transmitted to the
controller. The real-time mass flow rate is calculated from the weight reduction per
unit time. To compensate for the difference between the set point and the measured
value of mass flow, the motor speed is continuously modified. In operation, the
feeder, hopper, and material are continuously weighed, and the feeder’s discharge
rate (which is the rate at which the feeding system is losing weight) is controlled to
match the desired feed rate. With this technology, a constant mass flow to the TSE
is ensured and verified.

The LIW principle is also utilized for the delivery of the liquids to the TSE.
There are a variety of different types of pumps that may be specified based on the
viscosity range and changeover requirements for the liquid being introduced (piston
pump, gear pump, peristaltic pump, among others). Liquid injection systems can be
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supplied as ambient or heated. The mass flow rate is measured and controlled by a
liquid tank placed on load cells with the same LIW control to control the pump motor
speed. Alternatively, a mass flow meter can be used to control and monitor the fluid
rate to the extruder (Fig. 2.11).

Refilling a LIW feeder is an important part of optimizing feeder technology. In
the refill mode, the LIW feeder must maintain a constant flow of material to the
TSE. Refill times should be relatively short to allow the feeder to return to a true
LIW operation. Additionally, the flow cutoff action to the LIW feeder must be quick
and sure. Options include slide gates, flap valves, modulating butterfly valves, and
rotary valves. Butterfly valves are often specified due to their easy-to-clean design
and utility in a high containment environment (Martin and Nowak 2011; Fig. 2.12).
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Fig. 2.13 Controlled pressure profile in starve-fed TSE

The pressure gradient in a TSE process section is determined by the selection
of screws. Flighted elements are strategically placed so that the screw channels are
not entirely filled, which results in zero pressure underneath downstream vent/feed
sections. The controlled pressure gradient allows entrapped air, moisture, and other
volatiles to be efficiently removed by vents without vent flooding. The zero pressure
locations also facilitate the downstream introduction of heat and shear-sensitive active
pharmaceutical ingredients (APIs) late in the process section to minimize exposure
to shear forces and dwell time in the melt stream (Fig. 2.13).

A “side stuffer” is a device that is often used in a TSE system to introduce
shear-sensitive APIs into the process melt stream. A side stuffer utilizes co-rotating,
intermeshing, self-wiping screws that “push” materials into an unfilled section of
the TSE screws. The side stuffer barrel is jacketed for liquid cooling/heating. Side
stuffing is desirable for processing a high percentage of API into the process to fa-
cilitate more efficient melting/wetting/mixing by avoiding the plastication zone. A
side stuffer is also starve-fed and requires its own LIW metering feeder upstream to
set the rate (Martin 2001; Fig. 2.14).

The TSE and related devices are often placed within a process containment isolator
when handling high-potency APIs. Sometimes just the API feed system is contained
in an isolator unit. Door panels utilize gaskets with compression latches and connec-
tions are hermetically sealed. View panels are fitted with glove ports that are sealed,
and primary chambers are configured with HEPA-filtered exhaust. As TSE systems
are custom designed, isolator systems are built-to-order based on the occupational
exposure level (OEL) of the installation, as well as TSE system features, the range
of products, and batch size (Fig. 2.15).

The gearbox of a TSE transmits energy from the motor to the screws, and reduces
the motor speed to the desired screw rpm while multiplying torque. TSEs typically
utilize various failsafes to prevent gearbox damage in an over-torque situation, in-
cluding both an electronic current limit and mechanical overtorque coupling that
automatically disengages the motor in an over-torque situation (Fig. 2.16).
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Fig. 2.14 Side stuffer
attached to TSE

Fig. 2.15 Twin screw
extruder with isolator
containment system for API
feed stream
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The TSE motor inputs energy into the process via rotating screws that impart
shear and energy into the materials being processed. Alternating current (AC) mo-
tors/drives utilize digital communications, and can upload/download drive settings.
The percentage motor torque is a particularly critical parameter to be monitored, and
is measured as follows:

% Torque This formula indicates the percentage of available rotational force
(screws) being used in a process, and is a typical readout denoted as a percentage
that is calculated as follows:

% Torque = Applied KW/Maximum KW
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Fig. 2.16 Water-cooled
motor attached to over-torque
coupling and TSE gearbox

Unit
Kilowatt (KW) is the electrical current or load from the main motor.

For example, if a TSE has a maximum rating of 100 KW and a process draws
40 KW then the torque is 40 % (40 KW/100 KW).

% Torque = 40/100 = 40 %
For quality control and process troubleshooting, specific energy (SE) is a particularly
important parameter to monitor, and is calculated as follows:

Specific Energy Specific Energy is the amount of power that is being input by
the motor into each kilogram of material being processed. It is important that SE
records be maintained for quality assurance and troubleshooting purposes. SE can
also be used as a benchmark for scale-up and/or comparing different manufacturing
operations. SE is calculated in two steps:

Applied power can be calculated as:

KW (applied) = KW (motor rating) x % torque x rpm running/max. rpm
x 0.97 (gearbox efficiency)

Now, the SE can be calculated as:

KW (applied)

Specific Energy =
P gy ke/h
Units
KW Kilowatts (the motor rating)
% Torque % used of the maximum allowable torque
Rpm Screw rotations per minute

SE is denoted in KW per kg/h.
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For example:

A 40 mm TSE is processing an HPMCAS formulation at 30 kg/h, running at
100 rpm with 68 % torque. The machine has a 50 KW motor and a maximum screw
rpm of 600.

KW (applied) = 50 KW x 0.68 x 100/600 x 0.97 = 5.8, then
SE = 30/5.8 or 0.195 KW/kg/h.

If the 0.195 SE suddenly changed to 0.25 or 0.15 and the process conditions were the
same, it would indicate that either the material or hardware had significantly changed,
and that the production of that batch should be discontinued until the problem was
identified and corrected.

TSEs are available with top screw rpms of 1,200 or higher. The TSE should
not be geared substantially higher than the required screw rpm, particularly for
TSEs with ODs of 40 mm and larger. Due to the heat/shear-sensitive nature of many
pharmaceutical formulations, the motors and gearbox are often specified for top
screw speeds of 500 rpm or lower.

The following formula can be used as a guideline on how to configure the
motor/gearbox:

Shaft Torque as It Relates to Screw rpm The cross-sectional area of the screw
shafts, the shaft design/metallurgy, and the manufacturing method determines the
torque that can be imparted into a process. This formula helps determine the proper
motor and gearbox configuration for a TSE:

Torque = 9,550 x KW/top rpm

Units

9,550 Constant
Torque Total torque for both screw shafts, typically denoted in Nm (Newton meters)
KW  Motor rating on the TSE

For example:

If a TSE with 30 mm OD screws has a torque rating of 318 Nm, and therefore
uses a 20 KW motor at full torque if geared for 600 rpm. A 40 KW motor would be
specified at 1,200 rpm at full torque as indicated in the following comparison:

9,550 x 20 9,500 x 40
8= "0 8= 1,200
If a process has been defined and it has been determined that TSE will never operate
above 400 rpm, then it should not be geared for 1,200. Since the torque is a constant,
a 30 mm TSE can either be geared at 400 rpm with a 15 kW motor (13 kW applied),
or at 1,200 rpm with a 40 kW motor (or with another motor/gearbox combination).
In most instances, high rpms will not be specified for pharmaceutical applications,
unless the TSE is intended for research and future usage is unknown (Martin 2006).
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Fig. 2.17 TSE Bilobal - ~
co-rotating, intermeshing
screws—"“self-wiping” ‘
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2.3 TSE Process Section: the “Key” to Success

The heart of the TSE is its screws and barrels, referred to as the process section.
Screws and barrels are often manufactured of hardenable stainless steels. Nickel-
based alloys are specified for corrosive process environments. The metallurgies
selected must not be additive, reactive, or absorptive with the materials being pro-
cessed to be used in a pharmaceutical class environment. Cleaning and storage
protocols must be adhered to when handling TSE parts.

In a co-rotating, intermeshing TSE, the screws are termed “self-wiping”. The
surface velocities of the screws in the intermesh region are in opposing directions,
which results in the materials being “wiped” and forced to follow a figure 8 pattern
down the length of the screws. Most co-rotating TSEs are bilobal, referring to the
number of “lobes” that are possible at a given OD/ID ratio (Fig. 2.17).

The heart of the high-speed TSE is its screws. There are seemingly an infinite
number of screw variations possible. There are, however, only three basic types of
screw elements: flighted elements, mixing elements, and zoning elements. Flighted
elements forward material past barrel ports, through mixers and out of the extruder
to pressurize the die. Zoning elements isolate two unit operations. Screw designs can
be made shear-intensive or passive, based upon the elements used in the design.

Mixing elements can be dispersive and/or distributive, or a combination thereof.
The kneader is the most prevalent mixing element used in a TSE. The wider a kneader
is the more dispersive it becomes as extensional and planar shear effects occur as
materials are forced up and over the land. Narrower kneaders are more distributive in
nature that force high melt division rates with significantly less extensional and planar
shear effects. Distributive mixing elements can be particularly useful for mixing heat-
and shear-sensitive materials. Kneading elements can be arranged with a forward
pitch (less aggressive), neutral, or reverse pitch (most aggressive). High liquid phase
mixing generally benefits from specialty distributive elements that prevent “pooling”
of the liquids in the TSE process section (Martin 2001; Fig. 2.18).

Counterrotating intermeshing TSEs are also viable for pharmaceutical applica-
tions. Looking into the feed throat, the screws rotate outward that results in feeding on
both screws. In the screw intermesh region, the flight of one of the screws penetrates
the flight depth of the second screw, and the velocity of the screws in the intermesh
is in the same direction. This region is referred to as the calender gap. Screw rotation
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Wider disk = extensional shear/dispersive mixing
Narrower disk = melt divisions/distributive mixing

Fig. 2.18 Example of dispersive and distributive mixing elements.

forces materials up and through the calender gap to facilitate melting and mixing
as the processed materials experience an extensional mixing effect. Essentially, the
entire length of the screw can function as a mixing device as materials continually
experience the extensional mixing and shear associated with the calender gap. In
addition to calender gap mixing, gear mixers can be utilized for distributive mixing,
as well as blister rings for planar shear mixing and/or to provide a seal for vacuum
venting. At the discharge end of the screws, positive displacement pumping elements
can be specified that pump in a C-locked chamber. Because of screw deflection in-
herent with the materials being forced through the calender gap, the top screw rpms
are typically lower as compared to co-rotating TSEs. In counterrotation, hexalobal
mixers are possible at the same flight depth as in bilobal co-rotating TSE designs,
which translates into more possible mixing events for each screw rotation (Martin
2005; Fig. 2.19).

TSEs are also efficient as a means to purify the melt stream, referred to as de-
volatilization which occurs via vents in the TSE process section (Fig. 2.20). Factors
that impact devolatilizing efficiency are: Residence time (RT) under the vent or
vents (longer the better), surface area of the melt pool (higher the better), and sur-
face renewal (higher the better). Single or sequential atmospheric- and/or vacuum
pump-assisted vents can be integrated into the TSE design (Fig. 2.21). The type of
pump and vacuum system design depends upon the level and type of volatiles being
removed. It is possible to remove more than 20 % volatiles (or more) in a TSE pro-
cess (an example is the removal of 20 % water from a thermoplastic starch slurry via
four vents). Increasing the screw rpm and/or decreasing the rate generally improves
devolatilization efficiencies, and the use of stripping agents (i.e., supercritical CO,)
can be utilized to achieve near zero residual levels (Martin 2001).

State-of-the-art TSE barrels are sequential, modular blocks and typically use elec-
tric cartridge heaters and internal bores for liquid cooling. Barrels can also use liquid
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and hexalobal mixing
elements

Fig. 2.19 Example of END VIEW GAP PASSAGE 7

temperature controls. Various types of barrels are available and matched to the unit op-
erations being performed in that region of the process section. Increasing the coolant
flow and heat transfer capabilities of the barrels is beneficial for heat-sensitive APIs.
Just like screws, hardened stainless steels are adequate for most processes, while
nickel-based alloys are specified for corrosive resistance (Fig. 2.22).

Barrel sections are available in two basic configurations: sequential blocks and
clam shell, providing unique advantages and disadvantages. Clam shell designs al-
low for the barrel to be opened, analogous to opening a clam and hence the name of

A A

Fig. 2.20 Multistage venting and devolatilization factors
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Fig. 2.22 End view of TSE barrel heating/cooling design

the design. This allows users to easily access all points of the barrel for sampling and
cleaning activities, which can be advantageous by allowing for regional determina-
tion of process performance without removal of the screws from the barrel. Modular
interchangeability with these systems is often more limited when compared to the
sequential block design. Also, leakage along the barrel seam is possible for high-
pressure operations, which is less likely with other barrel geometries. Temperature
control is also generally not as precise with the clam shell design. In the case of the
sequential block design, modularity of the system and temperature are improved.
Locational sampling along the length of the extruder requires specific shut-down,
cooling, and screw removal protocols for equivalency to the clam shell design.

As previously stated, the OD/ID ratio of a TSE is defined by dividing the outside
diameter (OD) by the inside diameter (ID) of each screw. For instance, a TSE with an
OD of 50 mm and an ID of 30 mm would have an OD/ID ratio of 1.66 (50/30). The
torque limiting factor for a TSE is the screw shaft diameter and design. Deeper screw
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Fig. 2.23 End view of 1.55 1.55 OD/ID 1.66 OD/ID .
and 1.66 OD/ID screw
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Smaller diameter shaft can transmit more torque

flights result in more free volume, but with less torque, since a smaller diameter screw
shaft is mandated. Based on the use of a symmetrical splined shaft, a 1.55 OD/ID
ratio has been deemed to offer the best balance of torque and volume. The use of
asymmetrical splined shafts improves the power transmission efficiency of the shaft
so that a smaller diameter shaft can transmit higher torque since the tangential force
vector from the shaft tooth is isolated and therefore more efficient in transmitting
power from the motor into the shafts/screws/materials being processed. The use of
an asymmetrical splined shaft facilitates an increased OD/ID ratio of 1.66/1 with
increased torque (Fig. 2.23).

A higher OD/ID ratio (i.e., 1.66/1 vs. 1.55/1 OD/ID) results in both a deeper
channel and narrower kneader crest. The materials that pass over the kneader tip
experience less RT in planar shear. Both factors contribute to a lower average shear
rate inherent with a deeper-flighted TSE, which is often beneficial for processing
shear-sensitive formulations (Martin 2012b).

As previously stated, L/D ratios for pharmaceutical processes range from 20/1
for a premix feed to 50/14- L/D for some injection and solvent extraction processes.
Whatever the OD/ID and L/D ratio, it is important to know the specific volume of
the TSE:

Specific Volume Specific volume (SV) represents the approximate volume for 1 L/D
of the process section, which is useful in a number of other formulas.

Specific Volume = 0.94 x (OD? — ID?) x OD/1000
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Units:

SV is denoted in cc/diameter of length
OD Screw outside diameter (each)
ID Screw inside diameter (each)

For example:
For a HSEI-TSE with a screw OD of 50 and an ID of 30 mm (a 1.66 OD/ID ratio),
the approximate SV is as follows:

SV = 0.94 x (50° — 30*) x 50/1000 = 75.2 cc/dia

Residence Time This formula provides the approximate residence time (RT) in the
process section. It is important to note that the residence time distribution (RTD) is
dependent upon the degree of screw fill. The following formula can be used for RT:
Step 1: Calculate degree of fill in TSE process section:

. Rate x 0.2777
% Fill = x 100
FV x (Run rpm/60) x SG x 0.35

Units:

Rate kg/h

FV Free volume of the extruder, in cc/dia
SG Specific gravity

Run rpm Operating screw rpm

For example:
A 50 mm extruder with a FV of 70 cc/dia., processing 100 kg/h at 200 screw rpm
with a 1.0 SG:

. 100 x 0.2777
% Fill = x 100
70 x (200/60) x 1.0 x 0.35

% Fill = 34 %

Step 2:

. . L/D x 0.28
Residence Time (RT) = —————— + (MP x 14.5 x 0.01)
% Fill

Units:

RT Residence time in seconds
SG Specific gravity
L/D Length/diameter ratio of extruder

0.28 is a composite forwarding efficiency for the screws
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Fig. 2.24 End view of the five TSE mass transfer regions

% Fill Degree of fill, expressed as a decimal (i.e., 40 % = 0.4; dependent on screw
design)
MP  Melt pressure in Bar

For example:
A 50 mm extruder with a 40 L/D processing 100 kg/h with a 1.0 SG with a 34 %
screw fill (0.34), with a 20 Bar outlet pressure, the following applies:

(1.0 x 40 x 0.28)
RT (average) = ——— + (20 x 14.5 x 0.01)
(0.34)

RT (average) = 35.8s

Note: This a rough approximation and can be made more accurate by adjusting
the forwarding efficiency constant based upon experimental results. Also, the resi-
dence time distribution (RTD) will be highly dependent upon the degree of screw fill.

In any TSE, there are five shear regions inherent with the screws (Fig. 2.24):

* Channel region is a low shear region and is dependent on the degree of screw fill
in a starve-fed TSE. The mixing rate in the channel in a TSE is significantly lower
as compared to the other shear regions.

* Overflight gap region is a high shear region and is independent of the degree of
screw fill. This is the area between the screw tip and the barrel wall where the
material experiences planar shear.

» Extensional mixing region is a high shear region and is independent of the degree
of screw fill. This is the area where the material accelerates/experiences a mixing
effect from the channel entering into the overflight gap.

* Apex (upper/lower) region is a high shear region and is independent of the degree
of screw fill. This is where the interaction from the second screw results in mixing
due to the associated pressure fields, compression/expansion of the melt, and
directional flow changes.
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» Intermesh region is a high shear region and is independent of the degree of screw
fill. This is the area between the screws; in co-rotation the screw surface velocities
are in the opposite direction, and in counterrotation the same direction.

It is worth noting that the four high mass transfer regions can, to a certain extent,
be considered independent of the degree of screw fill. This partially explains why,
in a starve-fed TSE, when the throughput rate is decreased at a constant screw rpm,
more mixing occurs, as the materials being processed have a longer RT in the mixing
zones. Conversely, as the throughput rate is increased, the low shear channel region
dominates more, and the materials being processed will spend less time in the mixing
zones (Martin 2001).

The following are some additional formulas that provide insight into any TSE
process:

Peak Shear and Shear Stress The peak shear can be critical to achieve dispersive
mixing, and can also result in degradation. The following provides a benchmark for
the peak shear in a TSE:

Peak shear rate = (s *D*n) / (h *60)

Units:

D Screw diameter
n Screw rpm
h Overflight gap

Hence, for a TSE with a 27 mm OD screw and 0.1 mm overflight gap operated at
600 rpm, the peak shear would be calculated as follows:
(7 *¥27%600)
ZSE-27 = —— = 8478/s
(0.1*60)

The formula can be used as a rough estimate to match rpms for TSEs with different
diameters, or to estimate the peak shear at a particular rpm. Peak shear rate can be
used to calculate shear stress, which is the critical factor to accomplish dispersive
mixing:

Shear stress = Peak shear rate x Viscosity

In the early stages of the TSE process section, viscosities are higher and high stress
rates are produced that cause dispersive mixing (or degradation). In the later stages of
the TSE process section, the viscosities typically decrease and result in comparatively
lower stress rates. Increased cooling can be used as a tool to increase the viscosity of
the melt to achieve dispersive mixing. It must be noted that shear stress calculation
does not reflect and is not a measurement of extensional shear, which is much more
complicated to calculate and requires modeling, but does provide a benchmark and
insight into the dispersive mixing effect.
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Fill % Approximation This formula provides the percentage of the available
volume in the process section that is being utilized in the starve-fed TSE

Q x 0.2777
SV x rpm/60 x SG x Ef

% fill =

where

Q Flow rate in kg/h

Ef Average forwarding efficiency (approx. 35 % for a screw with 1/3 kneaders and
2/3 flighted elements, or 0.35)

SV Specific volume of extruder in cc/dia

rpm Screw rpm

SG Specific gravity of the material being processed

For example, a 40 mm extruder with an SV of 35 cc/dia is running 30kg/h at
100 rpm,
30 x 0.2777

% fill = =041 or41 % filled
35 x (100/60) x 1.0 x 0.35

This calculation might show that a process that is devolatilization intensive (i.e., for
solvent extraction) is run with a 30 % degree of screw fill because a starved process
section increases the surface area of the melt pools under the vent or vents. Another
example might demonstrate that a shear-sensitive process might run with a 60 %
degree of screw fill.

This formula is a rough estimation and is meant to provide insight into the
dynamics of a starve-fed TSE process section, as compared to an absolute value.
More advanced/accurate models are available that take into account the specific
screw geometries, the viscosity of the melt, and the degree of screw fill.

What is known is that higher fill levels result in a tighter RTD and less shear
intensity, with lower fill levels associated with a wider RTD and more shear inten-
sity (Fig. 2.25). Fill level approximations help explain why processes benefit from
different feed rates versus screw rpms.

Scale-Up Formula Scale-up is useful for estimating rates for future production
TSEs based on lab-scale experiments. The geometries for the two extruders (OD/ID
and L/D ratios) should be similar for this equation to be valid. For processes that
scale-up volumetrically, the formula is as follows:

ODta:gel :| :

Scale up: Qgreet = Qreference X [O
Dreference
Units:

Q Throughput rate (in any units)
OD Screw outside diameter (each)
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Fig. 2.25 Residence time
distribution comparison for
various levels of screw fill
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For example:

A 18 mm TSE is producing 2 kg/h and the process is not limited by heat transfer
or mass transfer boundary conditions. To estimate how much a 40 mm TSE will
produce, the following calculations will apply:

Q (18 mm) = 2 x (40/18)*
Q (40 mm) =2 x 2.22° = 22 kg/h

For a heat transfer limited process, the exponent in the scale-up formula is closer
to 2. For devolatilization and many pharmaceutical processes, the scale-up exponent
is between 2.3 and 2.5. The greater the difference in extruder ODs, the less reliable
this calculation becomes. Advanced formulas and computer modeling approaches
are also available for more intensive scale-up work (Martin 2006).

How the TSE is configured and operated makes the difference between success
and failure. In addition to the process section design (screws/barrels), feed rate, screw
rpm, temperatures, and sequence/location of feed streams all play a role in the shear
intensity to which the materials are exposed. Table 2.1 provides a brief overview of
how a pharmaceutical, or any, TSE process can be managed.

The balance between the rate set by feeders and the screw rpm is obviously
important for managing the process intensity and shear history. Process temperatures
and the screw design also play critical roles. Everything must work together to
optimize the final product (Thiele 2003).

The quality of the product is often affected by the melt temperature of the extrudate,
which is often highly impacted by the front-end pressure of the TSE. Front-end
management of the melt stream can make the difference between success and failure
of a process.

Temperature Rise Caused by Pressure Pressure generation in the extruder front-
end results in a temperature rise. The more restrictive the front-end, the higher is the
pressure and melt temperature rise, which often adversely effects product quality.
The temperature rise formula is as follows:

AP (bar)

AT ()= =
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Table 2.1 Conditions

T f i Gentl, St
regulating process intensity YPpe O processing ente rong

Screw speed Low High
Mixing rate in each of the mass

transfer along the screws is

proportional to rpm
Screw fill High Low
Starving the feed increases

remastication and time in mixers to

increase process intensity
Temperature High Low
Lowering the temperature increases

the controlling modulus and

dispersive stress rate
Extensional/planar mixing Low High
Increasing the number of lobal events

(i.e., rpms) increases process

severity
Sequential feed Depends Depends
Sequential feed may be employed to

either utilize or avoid high stress

rate exposure

Units:

AT Change in temperature in °C
AP Change in pressure (1 bar = 14.503 psi)

For example:

If the die pressure is 40 bar then the associated melt temperature rise can be 20 °C.
(AT = 40/2)

This formula is meant to be insightful, if not necessarily accurate, as TSE rpm, ge-
ometry of the discharge screw elements, and formulation viscosity all play significant
factors in the actual melt temperature.

2.4 Downstream Systems

A wide variety of downstream systems are available to extrude an infinite array of
pellets and/or shapes. Pelletization is a process where the melt stream is pumped
through a die, cooled and formed into a pellet, typically between 0.5 and 5 mm. In
strand pelletization, “spaghetti” strands are extruded and cooled on a stainless steel
or plastic belt conveyer. The pelletizer feed rolls pull the strands and push them into
the cutting assembly. Smaller pellets can be used for direct capsule filling, whereas
larger pellets are typically milled.

Die face pelletization is also common, where the pellets are cut at the die face and
conveyed/cooled to air quenched chimneys and vibratory towers/trays. The advantage
of this system, if workable, is that strand breakage during the cooling phase is
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Fig. 2.26 Micro-pelletizer
attached to TSE
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eliminated. Die face pelletizing is not as wide spectrum with regard to the range
of materials that can be processed, and start-up procedures need to be carefully
defined and repeated. However, if the process is amenable, die face pelletizing is
often preferred to strand systems (Case and Martin 2005; Fig. 2.26).

Film and lamination systems are often used to produce transdermal and dissolvable
films (Fig. 2.27). To maintain dimensional tolerances, a gear pump (or screw pump)
that builds/stabilizes pressure to the die is often specified. A gear pump is a positive
displacement melt delivery device that builds and stabilizes the melt stream from
the TSE and into the die. The melt is then distributed in a flat die and cooled on
rolls. The roll surface is maintained at the desired temperature by liquid circulating
through internal cooling channels. For some flat products the nip force across the
roll face is used to “squeeze” the extrudate between the rolls. Unwind stations can be
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Fig. 2.28 Continuous compounding combined with in-line molding system

utilized to laminate the film onto a substrate. The final product is then either wound
or cut-to-length.

Shape extrusion is when the process melt is directly extruded into a part with
specific dimensions. Unique shapes are possible. The extrudate can be a simple rod,
or complex shape, referred to as a “profile”. The extruded profile is formed in the
die, sized by calibration tooling, and conveyed and supported through a variety of
different types of air cooling devices. A belt puller pulls the extrudate and then feeds
it to an on-demand or flywheel type cutter. In this manner, for example, a pre-form
tablet might be produced (Elliott 2003).

In-line molding is also possible to produce unique three-dimensional dosage forms
(Fig. 2.28). In this operation, the formulation is mixed and devolatilized in a TSE and
discharged into an accumulator. A gear pump or screw pump then operates cyclically
to fill a mold that determines the final product shape and dimensions. This process
is highly formulation-dependent.

2.5 Examples of Pharmaceutical Processes Performed on Twin
Screw Extrusion Systems

The following provides a few examples of related processes/applications:

2.5.1 Nano-16 Twin Screw Extrusion System Case Study

A challenge in the early stages of development is that APIs are expensive and only
available in limited quantities. Hence, a need arose to process very small samples
(between 20 and 100 g) via ME. Therefore, a low volume TSE with 16 mm OD
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screws and a 1 mm flight depth with a 1.2/1 OD/ID ratio and 1 cc/dia free vol-
ume was used to process a series of 50 g batch samples of a HPMCAS polymer
with 40 % of a poorly soluble API. The objective was to demonstrate the viability
of the extrusion process utilizing a small sample with minimal waste. The mate-
rials were premixed and metered by a patented micro-plunger feeder (Fig. 2.29).
A 25-1L/D process section was utilized. The screw design included flighted ele-
ments and kneading/shear-inducing elements. An atmospheric vent and a low-volume
strand die front-end attachment were used.

Approximately 44 g of the sample was collected and usable for evaluation pur-
poses. Approximately 6 g of material was “lost” in the TSE process section as follows:
1 g at the extruder/plunger interface, 2-3 g on the screws, and 2 g in the die/front
end. The temperature profile and screw rpms were selected based upon experience
with similar formulations. A PC-based control/data acquisition package allowed for
detailed analysis of the run conditions (Fig. 2.30).

The strand was cooled in an air-quenched annular chamber, cut into 1 mm pellets,
and collected. The pellets were then milled into a powder and compressed into
tablets for dissolution testing. The results indicated that the API was converted from
acrystalline to amorphous state during processing. Without extrusion, this API might
not have been a candidate for additional development (Fig. 2.31).

Subsequent tests were performed at 2kg/h (TSE with 18 mm screw diameter)
and 6 kg/h (TSE with 27 mm screw diameter) with similar results, confirming the
viability of the initial screening device (Martin 2010).

2.5.2 Melt Granulation

Melt granulation has traditionally been performed by a high-shear granulator with
double-jacketed granulation bowl, where either water or oil is circulated as the
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Run Data

Runtime 1 72 3 4 5 Al A2 A3 A4 A5
0:00:00 120 125 130 131 131 0 0 86 53 0
0:01:00 120 125 130 131 130 100 2 207 190 0.27
0:02:00 120 125 130 130 130 100 2 138 179 0.45
0:03:00 120 125 130 130 129 100 2 207 203 0.63
0:04:00 120 125 130 130 128 100 2 466 266 0.87
0:05:00 120 125 130 130 127 100 2 742 303 1.17
0:06:00 120 125 130 130 126 100 2 760 314 1.48
0:07:00 120 125 130 130 125 100 2 673 314 1.79
0:08:00 120 125 130 130 124 100 2 742 324 2.1
0:09:00 120 125 130 130 124 100 2 725 324 243
0:10:00 120 125 130 130 123 100 2 1019 385 2.79
0:11:00 120 125 130 130 123 100 2 1019 409 3.19
0:12:00 120 125 130 130 122 100 2 1036 401 3.6
0:13:00 120 125 130 130 122 100 2 932 374 3.98
0:14:00 120 125 130 130 122 100 2 1036 390 4.36
0:15:00 120 125 130 130 122 100 2 1088 398 4.77
0:16:00 120 125 130 130 121 100 2 1071 409 5.19
0:17:00 120 125 130 130 121 100 2 1209 443 5.62
0:18:00 120 125 130 130 121 100 2 1226 467 6.07
0:19:00 120 125 130 130 121 100 2 1140 427 6.51
0:20:00 120 125 130 130 121 100 2 1105 417 6.94
0:21:00 120 125 130 130 121 100 2 1157 459 7.37
0:22:00 120 125 130 130 121 100 2 1278 475 7.82
0:23:00 120 125 130 130 121 100 2 1364 496 8.31
0:24:00 120 125 130 130 121 100 2 1519 511 8.82
0:25:00 120 125 130 130 121 100 2 1347 525 9.32
0:26:00 120 125 130 130 121 100 2 1312 469 9.82
0:27:00 120 125 130 130 121 100 2 1450 562 10.31
0:28:00 120 125 130 130 121 100 2 1485 525 10.83
0:29:00 120 125 130 130 121 100 2 1416 506 11.35
0:30:00 120 125 130 130 121 100 2 1416 509 11.86
0:31:00 120 125 130 130 121 100 2 1381 546 12.35
0:32:00 120 125 130 130 121 100 2 1381 509 12.86
0:33:00 120 125 130 130 121 100 2 1329 485 13.36
0:34:00 120 125 130 130 121 100 0 1220 448 13.72

Z1 = Zone 1 Temperature Al = Screw Speed

72 = Zone 2 Temperature A2 = Plunger Feeder cc/min

Z3 = Zone 3 Temperature A3 = Pressure

Z4 = Zone 4 Temperature A4 =Torque

Z5 = Melt Temp A5 =TTQ

Fig. 2.30 Nano-16 TSE process conditions/run record

heating medium. The disadvantages of this process include: inefficient processing
due to the slow heat transfer from the bowl to the powder blend, difficulty in pro-
cess scale-up since the area of the heated surface to the volume of powder blend
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Fig. 2.31 Nano-16 sample results from dissolution testing

decreases with an increase in batch size, and batch-to-batch variability associated
with inconsistent heat transfer.

A powdered premix was metered into a TSE with a 16 mm OD. The mechanical
energy of co-rotating TSE screws, rather than the heat conducted from the barrels,
melted/softened the premix with minimal heat transfer between the extruder barrel
and materials. A binder that melted at a relatively low temperature (60-80 °C) was
used to achieve the agglomeration of the formulation composition. During extrusion,
the formulation was subjected to high pressure which resulted in granules with a
higher density and better flowability in comparison with the granules from a high-
shear granulator. An air quench front-end with mild compression helped optimize
granule formation. The granules were formed after the material exited the die and
the molten binders solidified.

Through the use of TSE melt granulation highly compressible granules were
produced that yielded tablets with minimal weight variation. It can also be theorized
that the TSE melt granulation with controlled/repeatable mechanically driven melting
and short mass transfer distances is easier to scale-up as compared to a high-shear
granulator (Keen et al. 2012; Fig. 2.32).

2.5.3 Micro-Pelletization for Capsule Filling

A Eudragit™ polymer/API powdered premix was metered by an LIW feeder into a an
18 mm TSE that mixed, devolatilized, and conditioned the materials and pressurized
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Fig. 2.32 Melt granulation morphology produced from TSE

Fig. 2.33 Eudragit™ 0.5 mm
micro-pellets produced from
TSE

the inlet of a gear pump front-end attachment that built/stabilized pressure to an
annular die with a series of 0.5 mm micro-die holes (Fig. 2.33). A differential pressure
before/after the gear pump of 100 bar was required for this particular formulation to
keep the micro-die holes from getting blocked. Rotating blades cut the strands at the
die face that were then vacuum-conveyed to a cooling chimney which finished the
cooling process and discharged the micro-pellets.

It should be noted that die face pelletizing can be problematic because some
formulations will smear at the die face during cutting, and pellets may also have a
tendency to stick together in the cutting chamber. Micro-pelletizing is particularly
challenging as holes tend to get blocked and high pressures are often a requirement.
For success, extensive formulation and process development can be expected (Elliott
2003).
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Fig. 2.34 End view of
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2.5.4 Thermo-Plastic Urethane (TPU) Coextruded Rod System

A thermo-plastic urethane (TPU) was premixed with a low percentage of API and
metered into a TSE (27 mm OD screws) by an LIW feeder. The TSE process section
design facilitated intimate mixing without over-shearing the TPU/API formulation.
A gear pump was attached to the TSE to pressurize a coextrusion die. A single screw
extruder (SSE) with 25 mm OD melted/conditioned a “virgin” TPU and was mated
to and pressurized the same coextrusion die. The SSE is a flood-fed device that is
used to melt and pump a precompounded material where the screw rpm determines
the rate of the melt stream being fed into the die. The coextrusion die distributed the
TPU melt from the SSE so that it completely encapsulated the inner TPU core that
contained the active drug.

Since the inner core of the TPU coex structure was encapsulated, it was possible
to pass the part through a water trough with guide rolls for more efficient cooling, as
compared to air. If it was deemed that the structure could not contact water, then a
series of driven/contoured rollers might be specified to cool the product. A precision
belt puller pulled the extrudate through the water trough and fed an on-demand
cutter that cut the extrudate into approx. 75 mm lengths. Longer or shorter lengths
are possible. The parts were candidates to be post welded, as might be used as a
vaginal ring. Flywheel type cutters can also be used to produce shorter length parts,
i.e., in the 0.5 to 3 mm range (Fig. 2.34).

2.5.5 Transdermal Sheet/Laminate Extrusion

Multiple rubber feed streams were conditioned and metered into a TSE at a controlled
rate. Rubbers are typically ground and fed into the TSE, or melted and pumped into
the TSE. The API was metered by an LIW feeder into a side stuffer that pushed the
API into the TSE process section. The materials were then mixed and discharged
from the TSE into a gear pump that metered the melt stream to a flexible lip sheet die
that distributed material across the die width. The downstream take-off was designed
so that the nip force across the roll face “squeezed” the extrudate between the rolls,
which were cored for liquid temperature control. Unwind stations, with electronic
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Fig. 2.35 Schematic of TSE transdermal-laminate system

tension control, introduced backing and peelable substrates and the extrudate together
at the correct position to facilitate adhesion. An automatic cut-and-transfer winder
was used to wind product prior to post-processing operations (DiNunzio et al. 2010;
Fig. 2.35).

2.5.6 Extrusion of Foamed Extrudate

A Eudragit™ polymer/API/talc were premixed and metered into a (27 mm OD
screws) TSE by an LIW feeder. The materials were melted/mixed in the early stages
of the TSE process section and dynamic seals were integrated into the screw de-
sign to accommodate high-pressure injection pressures inherent with supercritical
CO;. The supercritical CO, injection system was equipped with a precision piston
type injection pump and chilled/temperature controlled plumbing connections. The
supercritical fluid was injected and intimately mixed with the molten extrudate via
high division distributive mixers to minimize viscous heating. The latter part of the
TSE process screw design utilized low energy input pumping elements to allow the
TSE barrels to serve as a heat exchange device to cool the process melt stream. The
extrudate was pumped through a pelletization die, cut at the die face by rotating
knives and vacuum conveyed to a cooling tower. The resulting foamed pellets were
then milled and pressed into tablets that resulted in faster dissolution rates, indicating
that by increasing the porosity of the matrices a faster acting dosage form is possible
(Listro et al. 2012; Figs. 2.36 and 2.37).

2.5.7 Production ME System

A PVP/API premix was metered at 100 kg/h by an LIW feeder to a TSE (50 mm OD
screws) that melted, intimately mixed, devolatilized, and pumped the formulation
to a strand die. Vacuum venting was utilized to remove residual volatiles from the
formulation. A 10-hole strand die was specified with an angle discharge onto a
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stainless steel conveyor which cooled the strands which were then directly fed into
a pelletizer and in-line mill. The temperature and speed of the cooling conveyor was
critical so that the strands could be pelletized and cooled in-line (Fig. 2.38).
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2.6 Summary/Conclusion

ME continues to evolve and create sophisticated dosage forms utilizing extrusion
technologies that have already been developed in the plastics (and food) industries—
extrusion is a battle-hardened, well-proven, manufacturing process that has been
validated in 24 h/day industrial settings making the plastic products we see and use
every day. Now that the pharmaceutical industry has embraced ME, machinery sup-
pliers have downsized and redesigned equipment to meet the requirement of cGMP
environments. Additional efforts have also been made to design TSE systems to test
early-stage materials available only in minimal quantities. Coextruded structures,
utilizing multiple extruders, foamed products and integration with in-line molding
are the next generation of development efforts that are foreseen.

The best indication of the future is the past. The plastics industry evolved from
batch to continuous processing to make better, more consistent products at lower
cost. This is now happening in the pharmaceutical industry. The future is bright for
ME, and the path is well-proven.
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Chapter 3
Properties and Applications of Polyvinyllactam
Polymers

Karl Kolter

Abstract A number of polymers used in melt extrusion have been available to the
pharmaceutical scientists for many decades. However, in one case, a vinylcaprolac-
tam structure (Soluplus®) was developed with the intention of using it in particular
for melt extrusion. It was designed to address some of the shortcomings of the
available polymers. In addition, the properties and applications of many polyvinyl-
lactam polymers, such as the Kollidons®, are outlined, discussing immediate release
to sustained release. These “older and newer” polymers, including their structure
and applications, are thoroughly discussed within this chapter, including a historical
perspective.

3.1 Introduction

In the manufacture of pharmaceutical polyvinyllactams, the monomer vinylpyrroli-
done is mainly used, whereby this is polymerized to the homopolymer
polyvinylpyrrolidone (povidone). Alternatively, together with vinyl acetate, it can
be polymerized to the copolymer copovidone. However, since 2009, a new polymer
has been available in the market; this is based on vinylcaprolactam (Soluplus®) and
differentiates itself from vinylpyrrolidone in that it has a larger ring (Fig. 3.1).
Polyvinylpyrrolidones are polymers that have been in use in the pharmaceuti-
cal industry for quite some time (Biihler 2008a). First synthesized in the 1930s by
W. Reppe, they were initially used as plasma expanders in the Second World War.
Since then, however, they have established themselves as very effective binders
(Agrawal and Prakasam 1988). In addition, numerous other applications have been
found, such as crystallization inhibitors (Simonelli et al. 1970; Ishida et al. 2007),
viscosity-increasing agents (Biihler 2008b), film formers (Amnuaikit et al. 2005)
solubilizers (Damian et al. 2002; Nair et al. 2002), and complex formers (Garekani
et al. 2003; Plaizier-Vercammen 1983; Plaizier-Vercammen and Neve 1983). They
are thus multifunctional polymers and as such, due to their many and diverse prop-
erties, can be used in the most varied applications (oral, Brouwers et al. 2009;
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Fig. 3.1 Structure of
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He et al. 2008; parenteral, Akers 2002; dermal, Lee and Chien 1995; Ma et al. 1996)
and also in different dosage forms (tablets, capsules, oral solutions, injection so-
lutions, etc.) (Tantry et al. 2007; Kuentz and Réthlisberger 2002; Strickley 2004),
which these different functions can be optimized for various uses.

Polyvinyllactams are prepared by radical polymerization of the corresponding
monomers. An initiator is required to start the reaction; this generates the radicals
that then react with the monomers. The reaction continues with further monomer
molecules until at some point it ceases. The polymerization reaction can take place in
water or a suitable solvent. Depending on the way the reaction is set up and controlled,
products with different properties can be obtained. For example, the molecular weight
(MW) can be controlled to yield products of MW of approximately 2,500-1,250,000
Da, whereby those properties, such as viscosity, that are dependent on this can vary.
If other polymer properties are to be modified significantly, comonomers should be
used. Such comonomers have an effect especially on the lipophilic nature of the
product, its behavior in various solvents, its film properties and its glass transition
temperature. Thus, vinyl acetate can be used as a comonomer to form a polymer
(copovidone) that is considerably more plastic, more lipophilic, and that has better
film-forming properties. However, this polymer is still completely water soluble.
In the alternative, if the proportion of vinyl acetate were significantly increased, a
polymer would be produced that is insoluble in water.

A polymer can be even more strongly modified if the monomers are grafted
onto another polymer, which is referred to a graft copolymer. In these graft
polymers, the individual areas—the graft components and the grafted side-chains—
differ significantly in their properties. If these polymer areas differ in terms of
lipophilicity/hydrophilicity, they are called amphiphilic polymers.

3.2 Properties of Polyvinyllactam Polymers

3.2.1 Povidones

The various types of povidone differ primarily in their molecular weights, which
can be varied over a considerable range (2,500-1,250,000 Da). As molecular weight



3 Properties and Applications of Polyvinyllactam Polymers
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Table 3.1 K-values and

. Kollidon® grade K-value (1 or 5% My, (g/mol)
molecular weights of solutions in water)
povidones
Kollidon® 12PF 11-14 ~2500
Kollidon® 17PF 16-18 ~ 9000
Kollidon® 25 24-27 ~ 31000
Kollidon® 30 28-32 ~ 50000
Kollidon® 90F 85-95 ~ 1250000

cannot simply be routinely and reproducibly determined, the so-called K-value is
used for characterization. This is calculated from the relative viscosity of a dilute
solution of polymer in water (Biihler 2008a) and is suffixed to the name. Of course,
there is a correlation between molecular weight and the K-value. The povidone
monograph in the pharmacopoeias comprises all polyvinylpyrrolidones of different
molecular weight whereby precise limits for the K-values are specified (Fig. 3.2;
Table 3.1).

Povidones combine aqueous solubility with solubility in organic solvents of
medium lipophilicity (Biihler 2008a). This is significant as it means that povidones
can be used in both aqueous and organic media. These polymers are also capable
of interacting with both hydrophilic and lipophilic active ingredients (Wen et al.
2005). This is extremely important not only for the binders in particular (Chowhan
etal. 1992), but also for their application as crystallization inhibitors (Jain and Banga
2010; Van den Mooter et al. 2010). They are insoluble only in very lipophilic solvents
such as the aliphatic or aromatic hydrocarbons.

3.2.2 Copovidone

Copovidone is the pharmacopoeia designation for a polymer comprising the
monomers vinylpyrrolidone and vinyl acetate in the ratio of 6:4, whereby the dis-
tribution of the monomers within the polymer is purely statistical. By introducing
the “soft” monomer vinyl acetate, the resulting polymer is given a higher degree
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Fig. 3.3 Structure and properties of copovidone

of plasticity, recognizable by its strongly reduced glass transition temperature of
101 °C compared to that of a polyvinylpyrrolidone (149 °C) of the same molecular
weight. The K-value of 28 corresponds approximately to that of Kollidon® 30; thus,
its molecular weight is also within a similar range (approx. 50,000 Da) (Fig. 3.3).

Just like povidone, copovidone is soluble in water and many organic solvents. The
application areas of copovidone are many and various. For example, copovidone can
be used as a wet (Ritala et al. 1986) as well as a dry binder (Kolter and Flick 2006);
for the latter application especially, its high degree of plasticity ensures that tablets
produced have a very high degree of hardness (Maschke et al. 2007). Comprising
small particles with a hollow spherical structure, it is the most effective dry binder
for roller compaction (Herting et al. 2007) and tableting (Ali and Langley 2010).
Further applications are as a film former in oral and dermal dosage forms (Gil et al.
2008; Repka et al. 2012) and, especially, as a base polymer for the production of
solid solutions by melt extrusion (Ranzani et al. 2011) or spray drying (Patterson
et al. 2008). For melt extrusion in particular, it ensures easy processing and excellent
properties of the solid solutions produced.

3.2.3 Polyvinylcaprolactam-Polyvinyl Acetate-Polyethylene
Glycol Graft Copolymer (Soluplus®)

Soluplus® was developed by BASF in 2009 and launched in the same year
(Kolter et al. 2010). It is characterized by a unique polymer structure as it is pro-
duced by grafting vinylcaprolactam and vinyl acetate onto polyethylene glycol in
a copolymerization reaction. As a result of this particular method of manufacture,
it has a backbone of polyethylene glycol and side-chains comprising the two vinyl
monomers. This gives the product a pronounced amphiphilic character—it could
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Fig. 3.4 Structure and properties of polyvinylcaprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer (Soluplus®)

well be designated as a polymeric surfactant as it reduces interfacial tension and
forms micelles in water. The vinyl acetate and polyethylene glycol give rise to a
relatively low glass transition temperature that is ideal for melt extrusion applica-
tions. It can thus be better extruded at low temperatures than many other polymers.
Temperature-sensitive active ingredients can thus be processed using melt extrusion
with this unique polymer (Fig. 3.4).

In spite of its relatively high molecular weight of 118,000 Da, it has a very low
melt viscosity, probably facilitated by the polyethylene glycol moiety in the polymer.
This polyethylene glycol component acts as a plasticizer that is covalently bound to
the molecular structure and hence cannot escape.

Soluplus® is soluble in numerous solvents (Kolter et al. 2010) and is hence suitable
for the manufacture of solid solutions from organic solutions by means of spray
drying.

The dense particle structure of Soluplus® makes for excellent flow properties and
high bulk density. It enables melt extrusion to be carried out at extremely high-
throughput rates as the polymer can be fed into the extruder rapidly, dust-free, and
without tackiness.

3.2.4 Polyvinyl Acetate/Povidone (Kollidon® SR)

Kollidon® SR is not a copolymer but a formulated mixture of the two polymers
polyvinyl acetate and povidone in a ratio of 8:2 (Biihler 2008a). The polymers are
manufactured separately and then combined using special formulation technology.
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Fig. 3.5 Structure and properties of polyvinyl acetate/povidone (Kollidon®)

In this way, Kollidon® SR contains a water-insoluble polymer, polyvinyl acetate,
and a water-soluble polymer, povidone. The molecular weight of polyvinyl acetate
is approximately 450,000 Da and that of povidone is 50,000 Da (Fig. 3.5).

Combination of these two very different polymers results in properties that are
decisive for the main application—sustained release from matrix tablets. The in-
soluble polyvinyl acetate renders an extremely high degree of plasticity and hence
compressibility but also presents a diffusion barrier that slows down the release of
the active ingredient from the drug. The water-soluble povidone on the other hand
creates micropores in the framework of the polyvinyl acetate through which water
can penetrate the entire system, this in turn dissolves the active ingredient, which can
then allow diffusion of the drug. The ratio of the two components has been optimized
so that the sustained release process can be applied to most active ingredients. Only in
the case of very water-soluble actives is it necessary to include additional retardation
agents to slow the release further. Kollidon SR, based on its excellent compressibil-
ity and flow properties, is highly suitable for the manufacture of sustained release
tablets by direct compression (Striibing et al. 2008; Biihler and Fussnegger 2005).
However, it can also be used in roller compaction (Biihler 2008a, b), wet granulation
(Kranz and Wagner 2006), and melt granulation (Flick et al. 2000). Recent studies
have shown that it can also be meaningfully employed in melt extrusion (Ozgiiney
et al. 2009).

One of the major advantages of sustained release dosage forms based on Kollidon
SR is the fact that the release properties can be accurately profiled and forecast by
computer modeling (Siepmann et al. 2010).

3.3 Suitability and Applications in Hot-Melt Extrusion

When intended for use in hot-melt extrusion, the polymers must fulfill certain require-
ments. As an extrusion process is only possible above the glass transition temperature
and the extrusion temperature should not be too high, a low glass transition temper-
ature is certainly an advantage (Chokshi et al. 2006). Normally, melt extrusion is
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carried out at temperatures of 20—40 °C above that of the glass transition temperature
(Kolter et al. 2010). Polymers of high molecular weight and showing a strong inter-
action between the functional groups tend to generate a high degree of melt viscosity
(Karl et al. 2011; Schillinga et al. 2008) and are therefore difficult to extrudate.

Further relevant properties are a high degree of solubility for active ingredients
in solid solution (Leuner and Dressman 2000), low hygroscopicity, and low toxicity
(Ghebre-Sellassie and Martin 2007). The toxicity factor is important as the base poly-
mer is used in higher concentrations and hence substantial amounts are subsequently
administered to patients with the drug.

Water-soluble polymers are principally used for formulating poorly soluble active
ingredients that exhibit lower bioavailability (Forster et al. 2001a). They can also be
used to mask unpleasant taste (Maniruzzamana et al. 2012) or to protect the active
ingredient from external influences by embedding it (Crowley et al. 2007). Water-
insoluble polymers with a certain degree of plasticity are mainly used to achieve
sustained release of the active ingredient (Zhang and McGinity 2000).

3.3.1 Glass Transition and Degradation Temperatures

The glass transition temperature of polyvinyllactams varies quite considerably de-
pending mainly on their molecular weights and on the comonomers and their
proportions in the molecule. Vinylpyrrolidone is a “hard” monomer and conse-
quently produces very hard polymers with a high glass transition temperature (Buera
et al. 1992). As the glass transition temperature increases with molecular weight,
Kollidon® 12 PF (90°C), has a substantially lower value than Kollidon® 90 F
(156 °C). The two polymers also have very different molecular weights (2,500 and
1,250,000 Da, respectively). By introducing the “soft” vinyl acetate, the glass tran-
sition temperature sinks significantly. Thus, Kollidon® VA 64 (copovidone) has a
glass transition temperature of only 101 °C compared to PVP homopolymer of the
same molecular weight (149 °C) (Fig. 3.6).

The glass transition temperature can be lowered by adding plasticizers (Ghe-
bremeskel et al. 2007). Obviously, this is of particular interest for those polymers
with a high glass transition temperature. Solid plasticizers are recommended, in such
cases as these, exhibit a lower degree of mobility within the polymer framework and
provide greater stability (Karl et al. 2010) (Fig. 3.7).

The miscibility of the plasticizer with the base polymer should also be ascer-
tained (Ghebremeskel et al. 2007). In the ideal case, the two components should mix
perfectly at the molecular level; this is indicated if there is only one glass transition
temperature. Should two glass transition temperatures/melting points occur, the com-
ponents are not completely miscible but form clusters. Furthermore, the scientific
literature has demonstrated that the miscibility of polymers decreases with increasing
molecular weight (Kolter et al. 2010). This illustrates that polymeric plasticizers such
as polyethylene glycol or poloxamers with a molecular weight of several thousand
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Fig. 3.7 Impact of plasticizers on glass transition temperature

Daltons can only be incorporated into a molecularly dispersed system with moderate
difficulty (Fig. 3.8).

As is the case with all organic materials, polymers are also degraded at high tem-
peratures (Pielichowski 2008). The thermostability of polymers can be established
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Fig. 3.9 Degradation and glass transition temperatures of polyvinyllactam polymers

by thermogravimetry in a first step analysis (Doyle 1961). With thermogravimetric
analysis, the temperature at which loss of mass begins is used. Polyvinyllactams are
very stable thermally as the lactam structure does not split easily. Frequently, the
degradation temperatures of these polymers are around 200 °C, whereby Soluplus®
at 250 °C, uniquely sets itself apart (Fig. 3.9).

The difference between glass transition temperature and degradation temperature
serves as an indicator of the extrusion range, which is defined as the temperature
range within which extrusion can be performed from a process and stability point of
view. The broadest range by far was found with Soluplus®, followed by Kollidon® VA
64, and Kollidon® 12 PF (Kolter et al. 2010). Materials with a higher glass transition
temperature such as Kollidon® 30 can—without plasticizer—only be extruded at a
relatively high temperature range with a very small window.

3.3.2 Melt Viscosity

For a polymer to be processed in an extruder, the melt viscosity must not be too
high, otherwise the torque will increase substantially, overloading the motor and the
screws. The melt viscosity of polymers increases substantially with the molecular
weight and is of course also dependent upon temperature and the shear gradient. It
decreases with increasing temperature (Painter and Coleman 2009). However, the
extrusion temperature has an upper limit; this is determined by the degradation of



3 Properties and Applications of Polyvinyllactam Polymers 93

100000000
—m— Kollidon VA 64 (170°C)
= Soluplus (170°C)
10000000 Kollidon 12 PF (130°C)

Kollidon 17 PF (180°C)

\\ Kollidon 30 (190°C)
1000000 - Kollidon 90 F (200°C)

= ——
0 e —o— Kollidon SR (170°C)
‘,5'_1. \
2 100000
7]
5 D\S\S\S\S\ﬂ\s\@
(5]
@
> 10000
M o
1000 - =T
100 : . . .
0.01 0.1 1 10 100 1000

Angular frequency [rad/s]
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Fig. 3.11 Melt viscosity as a function of temperature

the polymer or the active ingredient incorporated. The melt viscosity should not be
too low, however, as this will prevent reasonable extrudate formation through the
extrusion nozzle. In such cases, stable strands or bands are thus not possible so
that further processing, e.g., cutting and milling, becomes problematic. If possible,
the melt viscosity should be within the range of 800-10,000 Pa s. This particular
range has been shown to be optimal for melt extrusion and subsequent downstream
processing (Kolter et al. 2010) (Figs. 3.10 and 3.11).
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Fig. 3.12 Influence of plasticizers on the melt viscosity of Kollidon® VA 64

Just as with glass transition temperature, the melt viscosity can also be lowered
by adding plasticizers. In this way, the extrusion of higher molecular weight poly-
mers becomes possible and the extrusion temperatures can generally be lowered. In
general, the more plasticizer added the lower the melt viscosity; however, the effect
of other properties such as solubilization capacity and tackiness must be considered
(Fig. 3.12).

3.3.3 Solid Solution Capacity

Solid solution capacity is defined as the maximum concentration of an active in-
gredient in a polymer where it is still completely dissolved (Breitenbach 2002). It
thus describes the dissolving capacity of the polymer. This is mainly influenced by
the lipophilicity (Leuner and Dressman 2000), solubility parameter (Forster et al.
2001a, b; Greenhalgh et al. 1999; Breitkreutz 1998; Van Krevelen and Hoftyzer
1976), and possible interactions between the functional groups of the polymer and
the active ingredient (Douroumis 2012). In the latter case, the hydrogen bonds in
particular play an important role. A very special influence is exerted by the amide
structure of the solvent, an influence that soon becomes apparent if the solubility of
several solvents is compared. All solvents with an amide structure, e.g., dimethyl for-
mamide, dimethyl acetamide, pyrrolidone, or methyl pyrrolidone are able to dissolve
much more active ingredient than those with keto- or hydroxy groups such as acetone
or alcohols. This principle can also be applied to polymers; thus, polyvinyllactams
possess significantly more solid solution capacity than other polymers (Fig. 3.13).
Several methods can be used for determining solid solution capacity, e.g., film
casting or hot-melt extrusion. In both cases, the active ingredient concentration is
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Fig. 3.13 Impact on solid solution capacity
Drug content
Polymer [% dissolved in polymer]
Fenofibrate Carbamazepine Itraconazole
Kollidon® VA 64 25 40 > 50
Soluplus® 35 30 > 50
Kollidon® 12 PF 20 20 85
Kollidon® 17 PF 15 25 45
Kollidon® 30* 20 15 > 50
Kollidon® 90 F** <5 15 > 50
Kollidon® SR 30 35 > 50

*  With 10 % PEG 1500 ** With 20 % PEG 1500

Fig. 3.14 Solid solution capacity of polyvinyllactams for various actives (film casting method)

successively increased and analyzed by differential scanning calorimetry (DSC) and
X-ray diffraction (XRD) (Liu et al. 2012; Lim et al. 2011) as to whether the substance
is still in solution or whether it is at least partly in crystalline form. Prior to analysis,
the samples should be stored for a certain length of time so that the crystallization
process can be assessed (Figs. 3.14 and 3.15).

It has been shown that both methods produce similar results in many cases,
whereby it can be stated that hot-melt extrusion generally produces somewhat lower
solution capacity results (Kolter et al. 2010). Film casting, however, can thus be used
as a screening method.
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Fig. 3.15 Comparison of solid solution capacities for itraconazole as determined by film casting
and hot-melt extrusion

3.3.4 Solubilization Capacity

The solubilization capacity describes the solubilization effect of polymers on active
ingredients in aqueous solution and also plays a role in the release of the active. If
the polymer is able to retain the active ingredient dissolved in gastric and intestinal
fluids, this is an excellent precondition for very good resorption and a high degree
of bioavailability.

Of course, it is primarily the amphiphilic polymers that are good active ingredient
solubilizers as they have a high tendency to bind within the hydrophobic spaces of
the micelles (Qiu and Bae 2003). In the case of nonamphiphilic polymers, solubi-
lization can only take place by attachment to the polymer chains with a subsequent
complexing effect (Koltzenburg 2011; Tantishaiyakul et al. 1999).

Soluplus®, based on its structure, is able to solubilize a wide spectrum of active
ingredients in high concentrations (Fig. 3.16).

3.3.5 Stability

Thermogravimetric analysis provides a good indication of the thermal stability of
polymers. However, much more meaningful results can be obtained from extrusion
studies at increasing temperatures whereby the extrudate is analyzed for stability
characteristics. The major undesirable characteristics are hydrolysis and pyrolysis
products, changes in pH, and splitting of the polymer chains. Reversion to the original
monomer units is also an indication and should be assessed for potential formulation
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Fig. 3.16 Solubility enhancement of various actives by polyvinyllactams

issues. Polymers containing hydroxyl groups are especially sensitive to thermal stress
as the hydroxyl groups can react with each other with the release of water. This
particular reaction is especially enhanced by the high temperatures employed, the
release of water from the extruder by evaporation and an acid pH. In this way, the
polymer chains can become linked; the result is the formation of insoluble or at least
sparingly soluble polymers or the polymers themselves can react with the active
ingredients. Polymers containing no hydroxyl groups should therefore be preferred
if stability is a major concern.

In the case of polymers with an amide structure, the potential for stability is much
higher. This has been shown in studies with Kollidon® VA 64 and with Soluplus® at
temperatures between 140-220°C (Fig. 3.17).

3.3.6 Dissolution and Bioavailability Studies

When developing formulations for poorly soluble drugs, the general goal is to in-
crease bioavailability. This cannot be tested utilizing in vitro experiments but must be
assessed in human studies. Of course, the in vitro dissolution profile provides some
indication of the efficacy expected in humans but often there is no exact in vitro—in
vivo correlation; the dissolution characteristics in a glass vessel and the behavior in
the intestine might well be very different. However, almost complete in vitro dis-
solution combined with a high degree of supersaturation maintained over hours are
good indicators of enhanced bioavailability (Linn et al. 2012).

As an example, itraconazole was formulated with Soluplus® by hot-melt extrusion
at 150°C in a ThermoFisher 16 mm extruder into a solid solution of 20 % active
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Extrudate Extrudate
Test parameter Powder [extruded at 140°C] [extruded at 180° C]
Identification (IR) conf. conforms conforms
pH-value 4.1 3.9 3.9
Ester value [mg KOH/g] 197 196 196
Vinyl acetate [ppm] <2 <2 <2
Vinyl caprolactam [ppm] <10 <10 <10
Caprolactam [9/100g] 0.3 0.3 0.3
Ethylene glycol [ppm] <100 60 63
Acetic acid/Acetate [ppm] 365 399 396
Peroxide [ppm] <20 <20 <20
Molecular weight Mw [g/Mol] 118,000 119,000 116,000

- No change in chemical and physicochemical parameters up to 180° C

Fig. 3.17 Stability of Soluplus® during extrusion at various temperatures
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Fig. 3.18 Dissolution of itraconazole formulations

ingredient content, milled and filled into hard gelatin capsules. In order to prevent
lumping of the solid solution particles, MCC (15 %) and Kollidon® CL (15 %) as inert
spacers, had been blended into the mix. This formulation was tested for dissolution
and bioavailability in comparison with the fine active ingredient crystals and the
marketed drug Sempera®, which also contains itraconazole (Figs. 3.18 and 3.19).
The plasma curves reveal that itraconazole is an active ingredient that is poorly
absorbed without special formulation considerations. The crystalline ingredient did
not result in significant plasma levels. In contrast, the solid solution of itraconazole
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Fig. 3.20 Bioavailability of danazol formulations

in Soluplus® significantly enhanced the absorption and in addition outperformed
Sempera® by a factor of 2.3. Compared to the crystalline form, the enhancement of
bioavailability was 26-fold.

Similar results were also obtained with other very sparingly soluble drugs. It
was shown for example that danazol, in a crystalline form, was sparingly absorbed,
even in a physical mixture with Soluplus®. If, however, a solid solution containing
15 % danazol was prepared, extruded at 140 °C and filled into capsules, the bioavail-
ability was significantly enhanced to approximately 15-fold of the crystalline form
(Fig. 3.20).
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Anti-HIV active ingredients also frequently suffer from low solubility and poor
bioavailability. In the formulation of ritonavir and lopinavir, marketed under the trade
name Kaletra®, copovidone was utilized as the matrix polymer since it significantly
enhances intestinal absorption, improves stability, and is more convenient for patients
(Klein et al. 2007). In this case, the older soft gelatin capsule, which was replaced by
the new solid solution formulation, suffered from poor stability—it had to be stored
refrigerated—and more capsules a day had to be taken by the patient due to the lower
content of active ingredient per capsule.

3.3.7 Regulatory Aspects

Povidone and copovidone are well-established pharmaceutical excipients and are reg-
ularly used in numerous dosage forms and various administration routes. They have
been approved by all major authorities (FDA, EMA and PMDA) and monographs
have been published in the relevant pharmacopoeias (USP, Ph. Eur., JP).

The use of copovidone in approved drugs as solid solutions of high polymer
content renders a high maximum potency of 854 mg with respect to the Inactive
Ingredient List of FDA—a figure that is significantly higher than that produced by
the polymers normally used as binders and film formers. Furthermore, povidone and
copovidone have been classified as being GRAS (generally recognized as safe) status
(Maschke et al. 2009) and may thus also be used in the USA in dietary supplements.

3.4 Sustained Release Applications

In addition to immediate release formulations, melt extrusion can be used for sus-
tained release applications. Compared to direct compression or wet granulation, this
often results in formulations exhibiting a stronger degree of retardation (Maschke
etal. 2009). Of course, such formulations cannot be based on water-soluble polymers
only but also require water-insoluble polymers. In this respect, Kollidon® SR, a com-
bination of a water-soluble and a water-insoluble polymer, is particularly suitable.
Because of the plasticity of polyvinyl acetate, the main component, it is relatively
easy to extrude and subsequently to be compressed into tablets. In the example shown
in Fig. 3.21, a simple formulation consisting of 60 % theophylline and Kollidon® SR
was extruded using a 25-mm extruder (Coperion) at 150 °C, milled, blended with
0.5 % magnesium stearate and compressed into 12-mm tablets of 400 mg at 18 kN.
This formulation resulted in stronger retardation of the theophylline than the direct
compression of the same composition.

It would appear to be quite difficult to develop reliable sustained release formula-
tions of poorly soluble active ingredients because the retardation should not be based
on the dissolution of the crystals—which is often insufficient—but on the mode of
action of the sustained release polymer. Thus, it is a prerequisite to have the active
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Fig. 3.21 Dissolution of melt-extruded and directly compressed Kollidon® SR formulations
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Fig. 3.22 Dissolution of melt-extruded itraconazole—Kollidon® SR formulations

ingredient in the form of a solid dispersion, which should by itself, or produced by
another polymer, result in slow dissolution. Kollidon® SR is capable of forming solid
solutions with active ingredients. In addition, since it contains the water-insoluble
polyvinyl acetate, it is very likely to retard dissolution. Also, due to its excellent
flowability and spherical particle structure, it allows high feed and high-throughput
rates in the extruder.
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As an example (Djuric et al. 2010), itraconazole (15 % in the formulation) was
extruded together with Kollidon® SR with increasing amounts of Soluplus® on a
16 mm ThermoFisher extruder at 150 °C. All formulations obtained were amorphous
as proven by XRD. Dissolution tests were conducted with milled extrudates contain-
ing 100 mg itraconazole using a sieve cut from 315-500 pm to minimize the impact
of particle size on dissolution (Fig. 3.22).

This study reveals that Kollidon® SR strongly retards the dissolution of itracona-
zole and that the release rates can be adjusted by the addition of the water-soluble
polymer Soluplus®. Stability data indicated no sign of crystallization since the
dissolution profiles were similar at various time points.

3.5 Conclusions

It is quite evident that the polyvinyllactam polymers, including a number of
Kollidons®, have tremendous applicability in melt extrusion applications. In ad-
dition, one vinylcaprolactam structure (Soluplus®) was designed and developed
with melt extrusion applications in mind. From immediate release to sustained re-
lease, these classes of polymers can provide the formulation scientist a solution for
water-insoluble drugs, as well as soluble actives.
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Chapter 4

Properties and Applications of Hypromellose
Acetate Succinate (HPMCAS) for Solubility
Enhancement Using Melt Extrusion

Sakaé Obara, Fumié K. Tanno and Ashish Sarode

Abstract The development of bioavailable solid dispersions requires the use of
secondary materials for stabilizing the amorphous dispersion while also enhancing
dissolution and solubility of the new chemical entity. With the increased use of
amorphous dispersions, hypromellose acetate succinate (HPMCAS) has emerged as
a commonly used excipient for formulation design. This unique material, originally
designed to enhance thermoplastic properties of cellulosics, can be used to enhance
the solubility of many poorly soluble amorphous products. This chapter details the
properties of HPMCAS that make it a beneficial material for use in solid dispersion
formulation, with a specific focus on relevant properties for melt extrusion.

4.1 Introduction

Cellulose ethers such as methylcellulose, hypromellose (commonly referred to as
hydroxypropyl methylcellulose (HPMC)), and hydroxypropylcellulose (HPC) have
been widely used in many industries including construction, food, cosmetic, and
pharmaceutical applications. Film coating of pharmaceutical dosage forms using
HPMC first appeared in a patent by Singiser of Abbott Laboratories in 1962 (Nagai
etal. 1998). At that time organic solvents were typically used, but later, aqueous film
coatings became popular due to environmental preference and new developments in
coating machine technology which allowed for higher drying efficiency. HPC has
also been used in pharmaceutical applications for long time, where it has served as
a binding agent for wet-granulation processes. Cellulose esters, such as cellacefate
(commonly referred to as cellulose acetate phthalate (CAP)) and hypromellose phtha-
late (commonly referred to as hydroxypropyl methylcellulose phthalate (HPMCP))
are commonly used as enteric coating materials. These cellulose esters have free
carboxylic groups in the polymeric backbone, and therefore dissolve in buffers of
higher pH.
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Of these materials, hypromellose acetate succinate (HPMCAS) has emerged as
the most commonly used cellulose ether for solid dispersion production. In general,
other materials have shown deficiencies for thermal processing or bioavailability
enhancement. For example, HPMC has been used extensively for solid dispersion
production but shows substantial limitations for production using extrusion due to
the nonthermoplastic nature of the material. Other excipients, including HPMCP
and CAP show limitations due to the thermal stability under extrusion conditions.
Although applicable for the production of solid dispersions, these systems must often
be produced using solvent-based methods.

4.2 Development History of HPMCAS

HPMCAS was first commercialized by Shin-Etsu Chemical Co., Ltd. in Japan in
1986 as an enteric coating agent under the trade name Shin-Etsu AQOAT. The origi-
nal project to develop this polymer was aimed at creating a material for the production
of enteric hard capsule shells that could be manufactured by nonsolvent methods such
as melt extrusion or injection molding. As part of the development, polymer chemists
screened HPMC-based polymers seeking to identify chemical variants with optimum
properties. While modifying this material, which had been marketed for film-coating
application for many years, the scientists attempted to attach other functional groups
which could introduce thermoplastic behavior to the polymer. Acetic and succinic
ester derivatives of HPMC came up in the screening study, but the enteric capsule
project was ultimately discontinued. At the same time, however, it was found that
micronized powder of this polymer could be dispersed into water and applied as
aqueous enteric coating to pharmaceutical drug products. Noting significant demand
for enteric materials, HPMCAS was first put into the market as an enteric coating
agent for aqueous dispersion coating (Nagai et al. 1998). It was only later that sci-
entists demonstrated the use of the material for bioavailability enhancement. As of
2012, more than 30 pharmaceutical products marketed throughout the world use this
polymer as an enteric coating agent and solid dispersion carrier. HPMCAS is cur-
rently listed in the Japanese Pharmacopoeia, in which its monograph was transferred
from another compendium “Japanese Pharmaceutical Excipients (JPE)” in 2012. It
has also been listed in the National Formulary (NF) in the USA since 2005. In the
mid 1990s and early 2000s, applications of solid dispersions using HPMCAS were
studied and published by several authors (Tamabuchi et al. 1993; Tanno et al. 2004;
Curatolo et al. 2009). The first commercial solid dispersion product using HPMCAS
was brought into the Japanese market in 1994 by Zeria Pharmaceuticals and Nis-
san Chemical Co., Ltd., using efonidipine hydrochloride ethanolate as the active
pharmaceutical ingredient (API). The solid dispersion product was produced by a
method using organic solvents (Miyajima et al. 1991). As of August 2012, there is
no official record indicating any commercial melt-extruded solid dispersion prod-
ucts using HPMCAS in the market. However, since there are several ongoing melt
extrusion projects using HPMCAS, the properties of this polymer with regard to this
application will be discussed in this chapter.
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4.3 Manufacturing Process

Figure 4.1 shows the structure of HPMCAS and Fig. 4.2 shows the scheme of the
manufacturing process (Onda et al. 1980). The base polymer is a low viscosity grade
of HPMC. Using acetic acid as solvent and sodium acetate as catalyst, two additional
ester groups, succinoyl and acetyl groups are introduced by succinic anhydride and
acetic anhydride. After reaction, the reactant paste is precipitated with water followed
by washing, then drying. Impurities related to the process include residual acetic
acid (solvent) and sodium acetate (catalyst). Two free acids, acetic acid and suc-
cinic acid are also impurities that gradually form by hydrolysis of the polymer after
production. Storage in a high humidity condition accelerates the hydrolysis. Care
should be taken because some of these impurities may interact with API in the solid
dispersion formulations.

4.4 Coating Applications

Although this book is about melt extrusion process, knowledge on the characteristics
of HPMCAS in the coating applications may be useful to understand more about this
polymer for applications to melt extrusion. In aqueous dispersion coatings, the fine
particle grade of HPMCAS is suspended into water in which plasticizer is dissolved
in advance. The recommended plasticizer is triethyl citrate (TEC). TEC reduces glass
transition temperature of HPMCAS (Klar and Urbanez 2009). TEC is mandatory for
aqueous dispersion coating of HPMCAS. Without it, a film does not form. However,
coating with an organic solvent solution does not require plasticizer for film formation
upon drying. One issue in the aqueous dispersion coating with HPMCAS is that it is
recommended to chill the coating dispersion and maintain the temperature at less than
20°C. At high temperature, the polymer tends to coagulate and nozzle blocking may
occur during spraying. This phenomenon is related to the fact that this polymer tends
to be thermoplastic to a certain extent. One unique coating method using HPMCAS
is the dry powder coating (Obara et al. 1999; Kablitz et al. 2006; Cerea et al. 2008).
In this method, the polymer is directly applied as dry powder that is supplied by
blowing onto tablet or granule cores using a quantitative powder feeder. TEC is
again necessary to spray simultaneously, but organic solvent or water is not required.
First, the powder deposits on the surface of core along with droplets of plasticizer.
After the curing process, which is carried out by simple heating at 60 °C for 30—60
min, the powder layer turns into a continuous film layer. This is also related to the
thermoplastic nature of this polymer.

4.5 Material Properties Critical for Extrusion

For successful extrusion, materials are required to exhibit appropriate melt viscosity,
glass transition, and thermal stability characteristics. Additionally, for successful use
in bioavailability enhancement applications it is necessary that the material exhibits
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chemical structures that facilitate miscibility with poorly soluble pharmaceuticals
as well as interactions which can lead to superior observed drug concentrations
in aqueous environments. This section discusses the critical material properties of
HPMCAS as they relate to the ability to produce amorphous dispersions via hot melt

extrusion.

4.5.1 Grades

Currently six grades of HPMCAS are commercially available (Shin-Etsu Chem-
ical Co., Ltd. 2010). These are listed in Table 4.1. There are two physical
grades having different particle size, and for each physical grade, there are three
chemical grades. The two physical grades include granular grade (“G”-grade,
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Table 4.1 Commercially available grades of HPMCAS

Grade Particle Typical value (specification range)® Soluble
stee Acetyl Succinoyl Methoxy Hydroxy-  Viscosity pH
(%) (%) (%) propoxy (%) (mPa-s)

AS-LF Fine 8 (5.0-9.0) 15 23 (20.0-24.0) 7 (5.0-9.0) 3(2.4-3.6) =55
(14.0-18.0)

AS-LG Granular

AS-MF Fine 9(7.0-11.0) 11 23 (21.0-25.0) 7 (5.0-9.0) 3(2.4-3.6) >6.0
(10.0-14.0)

AS-MG Granular
AS-HF Fine 12 (10.0-14.0) 7 (4.0-8.0) 23(22.0-24.0) 7 (6.0-10.0) 3 (2.4-3.6) >6.5
AS-HG Granular

# Approximate mean particle size: Fine =5 pum, Granular = 0.5 mm

b Test methods are according to the monograph in the National Formulary

¢ Based on dissolving time of cast film in Mcllvaine’s buffer (citric acid-Na,HPOy,). The solubility
depends on buffer formulation

which is the grade code ending with G. Mean particle size is approximately
0.5 mm) and fine grade (“F’-grade, which is the grade code ending with F. Mean par-
ticle size is approximately 5 pm). The F-grade was originally developed for aqueous
dispersion coating and G-grade was designed for dissolving the polymer into organic
solvent. The two grades are chemically the same, as F-grade is manufactured by fur-
ther mechanical milling of G-grade. The F-grade is not recommended for dissolving
in organic solvents because the powder tends to create lumps that take a long time
to dissolve completely. Especially on large scale, F-grade easily forms a dust cloud,
and if this appears in the vapor of organic solvent, it is called a hybrid mixture which
has a high risk of dust explosion. Consideration of grade selection related to particle
size is also an important factor for extrusion operations. Starve-fed extrusion oper-
ations typically require good material flowability to prevent sticking and bridging
in the intake area. Fine grade HPMCAS has a significant surface area for interac-
tion, which can often lead to sticking and bridging. For operations requiring higher
throughputs, utilization of the G-grade material can improve intake efficiency; how-
ever, care must be taken to ensure blend uniformity and appropriate internal mixing
within the extruder due to the larger particle size of the polymer.

The three chemical grades are distinguished by different ratios of acetyl and
succinoyl groups. These grades show different polymer dissolution profiles, and
therefore different drug-release behavior, at various environmental pH. Since this
polymer is an enteric coating agent, it does not dissolve in acidic media or purified
water, although it dissolves in buffer of pH higher than 5.5-6.5. The dissolution onset
and extent depends on the grade of the material. This variation of ester groups was
originally designed to control drug release at targeted positions in small intestine,
but for application of solid dispersions, it may affect the drug-release level and
inhibitory effect of recrystallization, likely due to interaction between API and the
functional groups of this polymer. In fact, several recent studies have suggested
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Table 4.2 T, values for Polymer Grade T, (°C)
various cellulosic derivatives
HPMCAS AS-LG 115
AS-MG 115
AS-HG 115
HPMCP HP-55 129
HP-55S 136
HP-50 145
HPMC? Pharmacoat® 606 155
Metolose® 60SH-50 163

Differential scanning calorimeter: Model 3200SA (Bruker-AXS,
WI, USA). Sample: 10 mg in aluminum pan. Reference: Al,Os3.
Atmospheric gas: N,. Heat rate: 10°C/min. Program: 1st run
(RT to 180°C) then cool down (to 25 °C), followed by 2nd run
(25t0230°C)

T, glass transition temperature

? Pharmacoat and Metolose are trade names of Shin-Etsu Chemical
Co., Ltd., Japan

that the performance difference between the grades is attributed to hydrophobic
interactions between the drug and polymer, leading to inhibition of recrystallization
from solution.

4.5.2 Glass Transition Temperature (Tg)

The T, of HPMCAS measured with differential scanning calorimeter (DSC) is shown
in Table 4.2. It was lower compared with other cellulose derivatives that have been
used for pharmaceutical applications. This allows for more effective use of the mate-
rial for extrusion applications than some other cellulosics having relatively high T,
values. Noting the moderate T, of 115 °C, HPMCAS also balances well requirements
for retaining a suitable T, after production of a solid dispersion formulation. Even
with moderate drug loadings of 20-30 % w/w drug substance, the solid dispersion
would be projected to maintain a Ty greater than 90 °C in many cases based on the
Gordon-Taylor relationship. Chemical composition of HPMCAS had little impact
on the T, of the polymer, whereas chemical variants of HPMC and HPMCP yielded
significant changes in the T,. Noting that elevated T, values can impact the ability to
process via extrusion, some of the chemical variants for the non-AS materials would
present challenges to use in extrusion operations.

4.5.3 Melt Viscosity

Melt viscosity of materials is also an important factor that determines utility of an ex-
cipient for extrusion operations. Using a capillary rheometer (Capilograph® Model
E3B, Toyo-Seiki, Japan), the melting behavior of HPMCAS without API was mea-
sured under various conditions. The melt viscosity data, shown in Table 4.3, indicates
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Table 4.3 Melt viscosity of HPMCAS and HPMCP at different operating conditions

Viscosity (Pa-s)

HPMCAS HPMCP
Temperature (°C) AS-LF AS-MF AS-HF HP-50 HP-55
150 Overload 1,099 2,101 Overload Overload
160 961 1,388 1,355 Overload Overload
170 641 842 721 Overload Overload
175 - - - 22,266 37,101
180 469 604 532 14,133 17,066

The samples contained moisture between 1 and 3 %

that when compared with HPMCP, which is another enteric polymer that has been
used commercially for solid dispersion production, HPMCAS provides significantly
lower viscosities which can facilitate its use for extrusion operations. Beyond pro-
cessing, viscosity also impacts diffusivity of the molten material and can facilitate
the formation of an amorphous dispersion. This suggested that HPMCAS was a more
effective material for the preparation of amorphous dispersions than HPMCP when
using melt extrusion. Different HPMCAS chemistries showed subtle differences be-
tween the types whereas all three grades showed a temperature dependence, with
higher temperatures resulting in a reduced viscosity that could improve processing.
This behavior, however, only continues to a certain range beyond which chemical
decomposition of the polymer results in an inability to process. Overall, the generally
moderate melt viscosity values of HPMCAS signal good applicability of the material
for the production of melt-extruded solid dispersions.

4.6 Visual Appearance

On extrusion, HPMCAS forms continuous rods that have some elasticity. At 170 °C
and higher, the rods were transparent, but at lower temperature, they were translu-
cent. Images of HPMCAS extrudates can be seen in Fig. 4.3. For preparation of
amorphous dispersions, drug substances molecularly dispersed within the material
will result in extrudates that share a similar transparent nature; however, the color
of the extrudate may change depending on the properties of the drug substance.
Downstream processing of the extrudate into powders, pellets, or directly shaped
tablets can be achieved using conventional technologies such as die face cutting or
pelletization.

4.7 Material Stability After Extrusion

Since the polymer is exposed to heat in the melt extrusion process, it is fundamental
to investigate how the physicochemical properties of the polymer are affected by
extrusion. Therefore, HPMCAS was extruded using a small-scale extruder and its
stability was assessed.
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Fig. 4.3 Appearance of HPMCAS extrudates

Samples of HPMCAS (Grades: AS-LF, AS-MF, and AS-HF) were fed manually
using a funnel into the Haake MiniLab® Micro Compounder (Thermo Fisher Scien-
tific, MA, USA). The melt extrudates were milled and screened through US mesh #45
for further analysis. Glassy yellowish extrudates were obtained for all three grades.

The results of stability tests are summarized in Table 4.4. Free succinic acid and
acetic acid values were increased and the succinoyl content was reduced accordingly
with the increase in extrusion temperature and speed. The most significant change was
the increase in free succinic acid that raised the total free acid content of HPMCAS.
This result suggests that cleavage of succinoyl and acetyl groups occurs at high
temperature and succinoyl groups have more cleavage tendency compared to acetyl
groups. The ether, methoxy, and hydroxypropoxy groups were stable even after
extrusion.

Overall, AS-LF was the most stable grade after melt extrusion with the lowest
increase in total free acid (< 1 %) even at higher extrusion temperature and speed.
Although the changes in substituents and free acid content after melt extrusion did
not affect the solubility of AS-LF and AS-MF grades, the AS-HF grade displayed an
increase in film-dissolution time with the increase in extrusion temperature and speed.
Other observations were a slight reduction in viscosity which may be attributed to
cleavage of polymeric chains, and color change at high temperature. The acceptance
levels of free acids should be considered for each case to optimize the processing
conditions for melt extrusion.

4.8 Case Studies with API

Similar studies of the physicochemical properties of HPMCAS in the presence of
APISs have also been conducted. Using the Capilograph® to process solid dispersion
formulations, Fig. 4.4 shows the resulting viscosity—shear relationship when incor-
porating nifedipine into the dispersion at 33 % drug loading. Clearly, when API was
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Table 4.4 Stability of HPMCAS after melt extrusion (Haake MiniLab®)

Extruded at Viscosity Loss on Substituents (%) Free acid (%) YI Dissolving
Temperature Rotor (mPa-s) d(;y & MeO HPO Ac  Suc AA SA tlge(’eg .
O (o) (%) PH 6.8 (min)
Grade: AS-LF
Before extrusion  2.79 14 226 72 79 14.7 0.03 0.02 6 7
160 100 2.67 14 226 7.2 79 146 0.10 0.24 22 7
200  2.60 1.5 227 7.1 7.8 144 0.14 0.35 27 8
300 2.56 1.6 224 7.1 7.7 143 0.17 0.51 29 7
180 100 2.70 1.6 225 71 7.7 143 0.13 0.38 26 8
200  2.62 1.5 226 72 79 143 0.14 044 29 8
300 256 1.6 225 71 7.7 142 0.17 0.50 32 7
200 100 2.53 1.7 226 7.1 7.7 14.1 0.14 0.62 40 8
200 249 1.5 226 7.1 7.7 14.1 0.18 0.70 40 8
300 2.50 14 226 7.0 8.1 14.1 0.23 0.70 39 8
Grade: AS-MF
Before extrusion ~ 2.76 1.3 23.0 72 9.3 114 0.04 0.03 12 7
160 100 2.66 1.3 229 71 94 11.1 0.10 0.44 31 8
200  2.60 1.1 23.1 7.2 9.3 10.8 0.12 0.68 38 8
300  2.60 1.1 230 7.1 9.4 10.7 0.14 0.85 48 8
180 100 2.62 1.2 23.0 7.3 9.2 10.8 0.11 0.72 33 7
200  2.59 1.1 230 72 9.3 10.8 0.12 0.77 36 7
300 259 1.1 23.1 7.2 9.3 109 0.12 0.88 47 8
200 100 2.50 1.1 230 72 9.2 104 0.16 1.19 38 8
200 246 1.0 230 72 93 105 0.15 1.09 36 8
300 250 1.2 230 72 9.1 10.1 0.16 1.13 44 8
Grade: AS-HF
Before extrusion ~ 2.69 1.5 236 7.5 11.8 7.7 0.04 0.03 8 27
160 100  2.76 14 234 74 11.8 7.3 0.08 047 29 34
200  2.65 1.3 236 7.5 11.7 7.1 0.10 0.63 33 38
300 2.62 14 236 7.5 11.7 7.1 0.11 0.71 37 43
180 100 2.70 14 236 75 11.7 7.0 0.10 0.72 35 45
200  2.70 1.5 234 75 11.7 7.0 0.10 0.78 38 49
300  2.65 1.6 233 74 11.7 7.0 0.12 0.88 41 47
200 100 2.65 1.4 234 74 11.6 6.8 0.12 1.03 41 60
200  2.65 1.6 233 74 11.7 6.8 0.11 0.94 41 60
300 2.64 2.0 234 74 117 6.8 0.13 0.97 42 59

Viscosity, loss on drying, substituents, and free acids were analyzed according to the compendial
(National Formulary) methods. Yellowness index was measured using a color computer (Model
SM-4, Suga, Japan). Dissolving time at pH 6.8: Films were cast from organic solvent solution of
sample. The film specimens (1 cm?) were immersed in pH 6.8 buffer (simulated intestinal fluid
without enzyme) and their disintegration time was measured using a disintegration test apparatus
MeO methoxy, HPO hydroxypropoxy, Ac acetyl, Suc succinoyl, AA acetic acid, SA succinic acid,
YI yellowness index

included in the formulation, the melt viscosity during extrusion was lower because
the drug substance functions as a solid state plasticizer for the polymer. Furthermore,
increasing shear rate resulted in a decrease in melt viscosity due to the thixotropic
behavior of the polymer. Notably, the chemistry differences between the grades did
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not translate into significant differences in melt viscosity. This suggests that formu-
lation and process conditions can be used to control melt viscosity of the dispersion
formulations.

On extrusion, clear extrudate rods were formed at temperatures above 160 °C,
indicating the successful molecular dispersion of drug in the polymeric carrier. To
confirm amorphous nature of the dispersion, x-ray diffraction was conducted. The x-
ray diffraction patterns revealed that at temperatures higher than 160 °C, the drug was
incorporated in the formulation as an amorphous form. The ability to render nifedip-
ine amorphous was also related to the drug to polymer ratio. As shown in Fig. 4.5,

: Temperature: NP/AS -MF
Nwm 1?0% 16
180°C |
/mm 15
m ”

X-ray diffraction Infensity

X-ray diffraction Intensity
o

Fig. 4.5 x-ray diffraction pattern of extrudates
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Fig. 4.6 Dissolution test results (extrudates with Capilograph®)

amorphous dispersions could be formed up to the 1:2 ratio; however, for systems at
and beyond the 1:1 drug to polymer ratio residual crystallinity was observed.

The extrudates were further milled and a dissolution test was carried out using a
pH 6.8 buffer, with release profiles shown in Fig. 4.6. The melt extrudates with HPM-
CAS showed significant increase in the dissolution level compared to the original API
crystalline. When the API to polymer ratio was 1:2 or with higher polymer level, the
dissolution was more than 80 % and supersaturated concentration was maintained at
least for 2 h. With these samples, there was no clear effect of drug loading on the abil-
ity to influence the magnitude or extent of supersaturation. Further comparison to a
comparable spray-dried dispersion exhibited no substantial difference and suggested
that for nifedipine solid dispersions, manufacturing technology did not strongly influ-
ence dissolution behavior. However, dissolution profiles for dispersions having drug
loadings greater than 33 % showed decreased behavior, which was most likely due
to the residual crystallinity present in the dispersion. This highlights the well-known
fact that dispersions should be free of residual crystallinity to maximize dissolution
performance.

Moving beyond the simple Capilograph® machine, dispersions were also pre-
pared using a Haake Minilab® conical twin-screw extruder. Dissolution testing of
nifedipine dispersions prepared using different grades of HPMCAS was also con-
ducted, with the resulting profiles shown in Fig. 4.7. This comparison reveals how
different polymer grades affect dissolution behavior, with L-chemistry material pro-
viding the lowest stabilizing performance of the three systems tested. In general,
all three grades showed a significant increase in dissolution of API compared to the
original API. AS-LF showed gradual decrease in the dissolution level due to recrys-
tallization of API. AS-HF showed slightly slower release in the beginning, which
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Fig. 4.7 Dissolution test results (extrudates from Haake MiniLab®)

may be due to the higher pH for dissolution onset. In this case, AS-MF seems to be
the best grade to choose. This grade dependency would be due to some interaction
between the API and polymer, although the nature of this interaction and the impact
on dissolution is often material specific. Further consideration should also be given
to regional absorption limitations when selecting the grade of HPMCAS. By varying
the chemistry, the pH of polymer dissolution will change. For materials with narrow
windows of absorption or poor colonic absorption this may be a critical point. It is
therefore recommended to previously test all three grades, check dissolution levels,
and confirm as necessary in vivo to ensure selection of the appropriate grade.
Dispersion formulations can also be produced on conventional parallel orien-
tation twin-screw extruders. Continuing to scale-up the process to the Pharma 11
twin-screw extruder, a test formulation of 1:2 nifedipine to HPMCAS-M ratio was
manufactured using processing conditions shown in Fig. 4.8. Under these operating
conditions, it was possible to produce an amorphous dispersion. Dissolution testing
of the dispersion was also conducted and compared to a physical mixture of drug
and polymer. As shown in Fig. 4.9, a substantial improvement in dissolution rate and

Barrel number and setting temperature

#1 #2 #3 #4 #5 #6 #7 #6 Die
Cooling 2rC 30°C 150¢C 160rC 160°C 160rC 160¢C 160°C
-

Die Diameter: 2 mm,

Screw Diameter: 11 mm,

Screw Speer: 150 rpm

Screw Length / Screw Diameter = 40

Fig. 4.8 Extrusion settings and temperatures of barrels in a twin-screw extruder (Pharma 11).
Nifedipine: HPMCAS (AS-MF) =1:2
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extent of supersaturation is realized when compared to the crystalline mixture. Addi-
tionally, similarity of release behavior to previously tested systems is also exhibited,
suggesting scale-independent behavior of the HPMCAS dispersions.

4.9 Recommended Extrusion Conditions for HPMCAS

Extrusion is an energy intensive process which, if operated with poor controls, can
lead to decomposition of materials. Under sufficient energy input conditions, degra-
dation of HPMCAS is possible, resulting from both temperature and shear. As already
discussed, the acetyl and succinoyl groups exhibit the greatest tendency of cleavage
which can result in polymer impurities that impact chemical and physical stability
of the other components in the product. In order to use HPMCAS effectively, it
is important to define an operating range for the material and discuss this range in
relation to other cellulosic excipients.

For extruded materials, the processing window is bounded by the T, of the ex-
cipient which establishes the lower processing threshold without incorporation of a
plasticizer. The upper bound can be defined by the threshold for decomposition of
the excipient, in this case measured through the use of thermal gravimetric analysis
(TGA). As shown in Fig. 4.10, the window for HPMCAS is larger than the window
for the other commonly used cellulosic materials. This does not exactly mean that
the operating window for melt extrusion can be set solely on this information. Other
methods for assessment of molecular weight stability and interactions with the drug
substance, as well as physical and chemical stability of the API must be considered
and confirmed in order to establish the true processing range. However, as a gen-
eral guidance during early development, it is recommended to maintain extrusion
temperatures below 180 °C to minimize ester cleavage and polymer decomposition
during processing.



120 S. Obara et al.

Fig. 4.10 Comparison of 240
temperature “window” (i.e., L OO0 U
T, and decomposition g No T
temperature (Tgecomp)) of ;: 200 b sismger B - s &
200
HPMCAS and other related & 195
cellulose materials ; 180 === [roeeonn - R T
=
155
= 130
120 |---
118
lm L L L
Pulp HPMC HPMCP  HPMCAS

4.10 Conclusions

Originally developed for the production of enteric capsules, HPMCAS has shown
tremendous versatility as a coating material and is now one of the preferred excipients
for use in the development of amorphous solid dispersions. Due to its intentionally
engineered thermoplastic properties, HPMCAS is well positioned for use in the
production of dispersions by melt extrusion. Further, the moderate T, and high
decomposition temperature (Tgecomp) provide an excellent window for processing
on the extrusion platform. Coupling this with the well-documented concentration-
enhancing nature of the material results in an excipient capable of enhancing oral
exposure of many poorly soluble compounds. While bioavailability benefits vary on
a case-by-case basis for a number of excipients, the broad applicability seen with
HPMCAS means that this material will play a pivotal role in enabling formulations
for many years to come.

References

Cerea M, Foppoli A et al (2008) Dry coating of soft gelatin capsules with HPMCAS. Drug Dev Ind
Pharm 34:1196-1200

Curatolo W, Nightingale JA et al (2009) Utility of hydroxypropylmethylcellulose acetate succinate
(HPMCAYS) for initiation and maintenance of drug supersaturation in the GI milieu. Pharm Res
26:1419-1431

Kablitz CD, Harder K et al (2006) Dry coating in a rotary fluid bed. Eur J Pharm Sci 27:212-219

Klar F, Urbanez NA (2009) The role of capillary force promoters in dry coating procedures—
evaluation of acetylated monoglyceride, isopropyl myristate and palmitate. Eur J Pharm
Biopharm 71:124-129

Miyajima M, Yamaguchi Y et al (1991) Pharmaceutical composition of dihydropyridine compound.
US Patent 4983593

Nagai T, Sekigawa F, Hoshi N (1998) Application of HPMC and HPMCAS to aqueous film coat-
ing of pharmaceutical dosage forms. In: McGinity JW (ed) Aqueous polymeric coatings for
pharmaceutical dosage forms. Marcel Dekker, New York



4 Properties and Applications of Hypromellose Acetate Succinate . . . 121

Obara S, Maruyama N et al (1999) Dry coating—an innovative enteric coating method using a
cellulose derivative. Eur J Pharm Biopharm 47:51-59

Onda Y, Muto H et al (1980) Ether-ester derivatives of cellulose and their applications. US Patent
4226981

Shin-Etsu Chemical Co., Ltd. (2010) Shin-Etsu AQOAT product brochure

Tamabuchi T, Nishimura M et al (1993) Improving the pharmaceutical properties of 4'-O-
(4-Methoxyphenyl) acetyltylosin by preparing solid dispersions with carboxymethyl ethyl
cellulose. Yakuzaigaku 53:221-228

Tanno F, Nishiyama Y et al (2004) Evaluation of hypromellose acetate succinate (HPMCAS) as a
carrier in solid dispersions. Drug Dev Ind Pharm 30:9-17



Chapter 5
Cellulose Ethers for Extrusion Applications

Elanor Pinto and Thomas Diirig

Abstract Cellulose ethers have been used for years in developing oral dosage forms
via batch processes such as direct compression and wet granulation. Recent ad-
vances in continuous manufacturing have brought about innovative technologies such
as hot melt extrusion, melt extrusion granulation, and continuous wet granulation.
Hydroxypropylcellulose and ethylcellulose have advantageous thermal viscoelastic
properties making them great polymers to use in extrusion applications for develop-
ing immediate and controlled release dosage forms. Hypromellose and its derivatives
can be utilized to prevent recrystallization and for solubilization.

5.1 Introduction

Continuous manufacturing leads well into Food and Drug Administration’s (FDA) re-
quest for better-quality products using lean manufacturing principles (FDA Guidance
for Industry 2004). Applications utilizing a twin-screw extruder have been gaining
a lot of interest over the past decade in the pharmaceutical industry. The technol-
ogy can be used for various applications: for developing films (Repka et al. 2000),
implant devices (Gosau and Muller 2010), or tablets (Crowley et al. 2004); and for
controlled release applications or for immediate release applications. Twin-screw
extrusion offers several advantages over conventional processing techniques such as
spray drying (Patterson et al. 2007), solvent evaporation, direct compression, and
wet granulation. In addition to being more environmentally friendly and cost effec-
tive, better content uniformity can be observed with the twin-screw extruder due to
intense mixing and agitation inherent in the process.

Several research groups have demonstrated the viability of hot-melt extrusion
(HME) in manufacturing amorphous solid dispersions (Forster et al. 2001; Breit-
enbach and Magerlein 2003; Chokshi et al. 2008). Molecular solid dispersions of
nifedipine (Li et al. 2006), nimodipine (Zheng et al. 2007), and itraconazole (Verreck
et al. 2003) have been successfully produced using HME. HME is a solvent-free
technique, with processing times, often less than 2 min, making this technology
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more beneficial than other traditional methods used to prepare solid dispersions
(Breitenbach 2002; Crowley et al. 2007). The careful selection of suitable polymeric
carriers can be used to make stable amorphous solid dispersions through formation
of secondary drug/polymer interactions (Taylor and Zografi 1997; Huang et al. 2008;
Andrews et al. 2010) or/and by their antiplasticization effects, which can result in
reducing their molecular mobility (Van den Mooter et al. 2001). To achieve the full
benefit of amorphous solid dispersions, it is necessary not only to stabilize the drug
during storage but also to maintain supersaturated concentration of drug during dis-
solution. Polymers used to manufacture amorphous solid dispersions have previously
been shown to function as stabilizing agents and thus maintain supersaturated con-
centrations achieved during dissolution of amorphous drugs (Tanno et al. 2004). In
addition, amorphous solid dispersions may generate higher solution concentrations
than those achieved with the pure amorphous drug (Gupta et al. 2004), suggest-
ing that certain polymers may act as solubilizing agents through complex formation
with the drug during dissolution (Loftsson et al. 1996; Usui et al. 1997). The mech-
anisms driving stabilizing action of polymers remain poorly understood. Previously
published articles suggest drug/polymer interactions as possible contributing factors
(Repka et al. 2000). Furthermore, alteration of crystal growth and, in particular, the
influence of dispersed polymers on crystal habit has been suggested as a possible rea-
son. In this respect, changes in crystal habit were attributed to adhesion of polymer
to the growing plane of the drug crystal (Repka et al. 2000). HME is an approach uti-
lized in delivery of poorly water-soluble, class Il compounds because of the increased
dissolution achievable, and improved absorption and therapeutic efficacy (Chiou and
Riegelman 1971; Ford 1986). Extrudates can have greater thermodynamic stability
due to a more intimate mixing and better intermolecular interactions.

Polymers play a crucial role in providing a sturdy matrix for incorporating active
pharmaceutical ingredients (APIs) into a stable form. Thermoplastic polymers are
typically preferred as they can be processed with the extruder at suitable temperatures
without affecting the stability of volatile or heat-sensitive APIs. However, plasticiz-
ers are used if the processing temperature required is not suitable for the API. In some
cases, the API can be an effective plasticizer (Repka et al. 2000; Brabander et al.
2002). Commonly used, pharmaceutically approved polymers include cellulosic
derivatives (hydroxypropylcellulose [HPC], hypromellose [HPMC], HPMC acetate
succinate [HPMCAS], cellulose acetate [CA], and CA phthalate [CAP]), vinyl poly-
mers (polyvinylpyrrolidone [PVP] and copovidone [PVP-VA]), polyethylene oxide
(PEO), polyethylene glycol (PEG), and Eudragit (acrylates).

The potential for twin-screw extrusion to produce a sustained release device was
conducted by Mehuys et al. (2004). A fourfold increase in the bioavailability of
propranolol was observed when comparing an HME formulation with commercially
available Inderal® (Astrazeneca, Belgium). Sustained-release pellets have been suc-
cessfully developed (Young et al. 2002). Floating tablets developed by twin-screw
extrusion have also been produced (Fukuda et al. 2006). Targeted drug delivery
systems, including enteric matrix tablets and capsules systems, have been extruded
(Mehuys et al. 2005; Andrews et al. 2008). The well-known commercial product
utilizing HME is Kaletra®, developed by SOLIQS, which significantly enhanced the
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bioavailability of the APIs (Klein et al. 2007). SOLIQS also developed a fast-onset
ibuprofen and sustained-release verapamil (Isoptin® SRE).

5.2 Hydroxypropylcellulose

5.2.1 Physical, Mechanical, and Thermal Properties

Cellulosic ethers are naturally occurring polysaccharides. They consist of polysac-
charide units linked by p-1,4-glycoside bonds. Each glucose unit has three hydroxyl
groups that can be derivatized and the average substitution grade cannot exceed
three. By alkylation, the units can be derivatized to have hydroxypropyl, hydrox-
ypropylmethyl, and many other semisynthetic cellulosics. Esterification can be used
to further derivatize the cellulose ethers to form compounds such as CAP.

The thermal and mechanical properties of Klucel™ HPC, shown in Table 5.1 and
Fig. 5.1, gives the polymer its thermoplastic properties making it pliable and easy
to use for extrusion. HPC has a glass transition temperature, Tg, of approximately
—4.5°C. There is debate about HPC having a biphasic glass transition temperature
with the second T, at above 100 °C due to complexities of the molecular mobility of
a polymer structure (M. Vasanthavada, Y. Wang, T. Haefele, J. Lakshman, M. Mone,
W. Tong, Y. Joshi, A. Serajuddin. Application of Melt Granulation Technology Using
Twin-Screw Extruder in Development of High-dose Modified-release Tablet Formu-
lation. Journal of Pharmaceutical Sciences. 100(5), 1923). The low T, provides
the polymer its low-melt viscosity and fast-melt flow properties depending on the
molecular weight of polymer (Fig. 5.2). Hence, the molecular weight of the polymer
can dictate the wide processing window suitable with low molecular weight grade
(ELF) processable at temperatures as low as 120 °C and the high molecular weight
grade (HF) processable at 200 °C without the use of a plasticizer (Table 5.2). In ad-
dition, extruding at different temperatures and molecular weight grades also affects
the toughness and flexibility of HPC (Table 5.3).

Table 5.4 lists various plasticizers recommended for Klucel™ HPC. The lipo-
philicity of the plasticizer can affect the drug release profile so caution should be
taken in choosing an appropriate one for an application. For example, a highly soluble
plasticizer such as PEG 6000 would be better suited than palmitic acid for immediate
release. Solid plasticizers are easier to process since they can be blended easily with
the polymer and drug. As shown in Fig. 5.3, solid plasticizers such as stearic acid
are effective in lowering the melt viscosity of HPC and would be recommended to
use for many volatile and heat-sensitive compounds. The level of plasticizer in the
polymer blend can range from 0.5-25 %. Glycerin and triacetin, Fig. 5.4, are also
effective plasticizers with HPC. However, liquid plasticizers form tacky blends with
HPC and are more difficult to feed into the extruder. Typically, liquid plasticizers
often require an additional step where they are injected into the extruder barrel while
the dry polymer/compound blend is fed in separately.
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Table 5.1 Thermal, physical, and mechanical properties of Klucel™ hydroxypropylcellulose
(HPC)

Property HPC EF HPC EXF HPC ELF Reference

Solid state—particle =~ Mean Mean Mean Sympatec helos laser
size (mm), shape diameter = diameter = diameter = diffraction sensor

250-300 pm  50-80 pwm 250-300 pm  particle sizer

Grass transition —4.0 —45 —45 DSC: TA
temperature (°C), T, instruments DSC

Grass transition —25-15 —25-15 —25-15 Q2000 software:
temperature (°C) universal V4.7A

Melting temperature 191 189 182 TA instruments
(0, Tm

Melting temperature 150-210 150-210 150-210
range (°C)

Effective heat of 3.5 3.1 4.1
fusion (J/g)

Processing 130 130 100 Leistritz ZSE 18HP
temperature:
normal® (°C)

Processing 276 285 270 DSC: TA
temperature: instruments DSC
maximum® (°C) Q2000 software:

Universal V4.7A
TA instruments

Amorphous density 1.088 1.088 1.088 Instron capillary
(g/cm3) rheometer

Crystalline density 2.054 2.054 2.054 X-ray diffraction
(g/cm?)

Solid density (g/cm?®)  1.200 1.214 1.208 Micromeritics
(true density) AccuPyc 1300

pycnometer

Crystallinity (%) 14.9 14.9 14.9 Water-cast

film/intron
capillary

rheometer/X-ray
diffraction

Bulk density (g/ml) 0.39 0.28 0.38
Bulk compressibility ~ 7.12 7.12 7.12 Instron capillary
(1073 MPa™ 1) rheometer

2 Temperature can vary depending on extruder setup
b Degradation temperature Togg,

The versatile thermal-mechanical properties of HPC make it suitable for many
applications. Repka et al. (2000) found bioadhesive benefits with extruded HPC for
film applications. With a 5 % polycarbophil additive, these researchers were able to
produce HPC films with high tensile strength that performed well in vivo. Repka
et al. (1999) dwell even further into the effect of various plasticizers and drugs on
the mechanical behavior of extruded HPC films. The addition of the plasticizers
PEG 8000, PEG 400, triethylcitrate (TEC), and acetyltributyl citrate (ATBC) and
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Fig. 5.1 Effect of temperature on Klucel™ hydroxypropylcellulose (HPC) melt density
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Fig. 5.2 Effect of molecular weight on the melt flow of Klucel™ hydroxypropylcellulose (HPC)
at 150°C using ASTM D1238

drugs (hydrocortisone [HC] and chlorpheniramine maleate [CPM]) lowered the melt
viscosity of the polymer making it easier to extrude into films. However, PEG 400
contributed to poor physical stability of HC in HPC films suggesting a negative
plasticizer interaction with the drug.
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Table 5.2 Processing temperatures of different grades of pure Klucel™ hydroxypropylcellulose
(HPC) polymer processed with the Leistritz ZSE 18HP twin-screw extruder

Klucel grade MW Recommended extrusion temperature setting (°C)
(Daltons) Zone 1 Zone 2 Zone 3 Zone 4-6 Zone 7-8/9

HF 1,150,000 120 150 170 190 200
MF 850,000 120 150 170 180 185
GF 370,000 100 120 150 180 180
JF 140,000 100 120 150 160 160
LF 95,000 80 100 120 140 150
EF 80,000 80 100 120 135 140
ELF 50,000 60 80 90 100 120

Table 5.3 Processability and toughness of extruded strands of Klucel™ hydroxypropylcellulose
(HPC) of different molecular weight and processing temperatures using the Leistritz ZSE 18HP at
an extruder speed rate of 150 rpm

Grade Max. processing % load Melt Melt pressure  Three-point  Young’s
temperature (°C) temperature (°C) (psi) bending modulus (psi)
strength (psi)
ELF 140 29 113 210 6,800 450,000
EF 140 27 112 220 5,500 290,000
160 24 122 150 9,500 630,000
LF 140 30 101 620 7,500 330,000
160 25 109 210 6,900 320,000
GF 160 24 123 520 6,100 220,000
180 22 130 310 8,400 520,000
MF 220 27 160 410 3,800 380,000
HF 180 20 141 400 5,000 200,000

Table 5.4 Plasticizers recommended for Klucel™ hydroxypropylcellulose (HPC)

Plasticizer Form Aqueous solubility (mg/L)
Glycerin Liquid 65,000

Triacetin Liquid 70,000

Triethyl citrate Liquid 55,000

PEG 400 Liquid 50,000

PEG 6000 Solid 50,000

Palmitic acid Solid Insoluble

Stearic acid Solid 3

PEG polyethylene glycol

5.2.2 Immediate Release Applications

Ozeki et al. (1997) investigated the use of HPC for use as a solid dispersion agent.
Solid dispersions were made with a slightly water-soluble drug flurbiprofen (FP)
and HPC or PEO. The spectrum obtained by powder X-ray diffraction (PXRD),
Fig. 5.5, shows that the physical mixture of the drug and HPC (Aa) has the distinct
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Fig. 5.3 Effect of plasticizer on melt viscosity of Klucel™ hydroxypropylcellulose (HPC) MF
(MW ~ 850,000 Daltons) at 180°C
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Fig. 5.4 Melt flow index of Klucel™ hydroxypropylcellulose (HPC) ELF blends consisting of
different levels of plasticizer at 190 °C

crystalline peaks of FP. However, the crystalline peaks have disappeared with the
solid dispersion formulation (Ba). Yuasa et al. (1994) conducted a study into the
effect of the chain length and loading of HPC in the solid dispersion on the release
profile of FP. With higher HPC loading and lower molecular weight grades of HPC,
the FP release rates were improved.
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Fig. 5.5 Powder X-ray diffraction (PXRD) patterns of flurbiprofen (FP) (a), hydroxypropylcel-
lulose (HPC) (b), polyethylene oxide (PEO) (c), and physical mixtures (d) and solid dispersions
(e) containing 20 % FP (1) FP-HPC system, (2) FP-PEO system. (Ozeki et al. 1997)
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Fig. 5.6 Powder X-ray diffraction (PXRD) patterns of Ketoprofen and extruded Ketopro-
fen/hydroxypropylcellulose (HPC) tablets at 6 months accelerated stability testing. The extrudate
was stored at 40 °C/75 %RH. H4-25T was stored at 25 °C/60 %RH. (Mohammed et al. 2012)

Mohammed et al. (2012) investigated the use of lower molecular weight HPC
for solubilizing ketoprofen. The lower molecular weight grade Klucel™ HPC ELF
(45,000 Da) was more efficient in increasing the drug release rate than Klucel™ HPC
EF (80,000 Da). HPC was able to stabilize ketoprofen in its amorphous form (Fig. 5.6)
even after 6 months under accelerated stability storage conditions. However, HPC
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Fig. 5.7 Dissolution profile of Metformin HCI tablets made by different unit operations: direct
compression, wet granulation, and hot melt extrusion (HME)

was not able to prevent recrystallization of all drugs as was observed with fenofibrate
(Deng et al. 2013). In this case, PVP 17PF and amino methacrylate copolymer
worked well as a recrystallization inhibitor of fenofibrate while HPC worked well as
a processing aid and as a plasticizing polymer.

5.2.3 Controlled Release Applications

Higher molecular weight grades of HPC, Klucel™ HPC HF, are typically recom-

mended for controlled release applications as was observed with the highly soluble
drug metformin HC1 (METF). It was possible to produce controlled release METF
tablets with very high drug loading (up to 75 %; Fig. 5.7). The matrix tablets made
by melt extrusion granulation had a slower METF release rate in comparison to ones
made by direct compression and wet granulation. Further investigation into the slower
release rate showed a significantly lower porosity with tablets made by melt extrusion
granulation (Table 5.5). The lower porosity of the hot melt-extruded tablets resulted
in slower ingress of media into the tablet (Fig. 5.8) and thus slower diffusion of
dissolved drug out of the tablet in the early time phase (first 30 min). After this initial
period, a sufficiently strong gel layer envelops the tablet to control the further ingress
of water into the system. As expected, the higher the molecular weight of HPC, the
denser and stronger the semi-permeable gel layer formed. Vasanthavada et al. (2011)
were also able to develop controlled release formulations using the high molecular
weight grade Klucel™ HPC HF. Also, they were able to demonstrate the in vivo
performance of the formulation having a ty,x of 4-8h in a clinical study.

In addition, the METF tablets made by melt extrusion granulation were more
than two times stronger, smaller, and consequently less porous as compared with
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Table 5.5 Tablet physicals. Extrusion results in marked reduction of tablet porosity, increasing
strength, and decreased drug release (burst) in early time phase

Unit process Granule density Tablet volume  Porosity (%) Tablet strength (Kp)
(g/ml) (ml) 3 kN precompression
15 kN main compression
Extrusion 1.30 0.8 3.4 14.2
‘Wet granulation 1.35 0.9 12.7 4.0
Direct 1.35 0.9 15.3 5.0
compression

Hours Extruded Wet Granulated Direct Compression

Contact
Angle

]

Fig. 5.8 Media uptake of Metformin HCI Tablets. Tablets made by hot melt extrusion (HME) were
the least porous of the three methods and hence demonstrated slower dissolution media penetration
rates. The porosity of the porous surfaces was further illustrated by the rapidly changing and much
lower contact angle for the wet granulated and direct compression tablets

the analogous tablets made by wet granulation and direct compression (Table 5.5).
The improved mechanical properties and smaller tablet size for the same weight
of unit dose can be attributed to the intimate mixing of drug with polymer in the
molten state and the substantial elimination of air in the extrudate and final tablet. In
addition, the extrusion process also resulted in improved compactibility and reduced
elastic recovery as evidenced by the enhanced tablet strength and reduced friability
(Vasanthavada et al. 2011). Lakshman et al. (2011) were able to obtain drug loads as
high as 90 % metformin with melt extrusion granulation (Vasanthavada et al. 2010).
In addition, these researchers found that melt extrusion granulation improved the
hardness and friability of the tablets in comparison to unit processes, wet granulation,
and solvent granulation.
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Table 5.6 Ethoxyl grades of Grade (type) Ethoxyl content (%) Degree of substitution
Aqualon™ ethylcellulose Ethoxyl groups per
based on the degree of anhydroglucose unit
substitution

K 45.5-46.8 2.28-2.38

N 47.5-49.0 2.42-2.53

T 49.0+ 2.53+

5.3 Ethylcellulose

5.3.1 Physical, Mechanical, and Thermal Properties

Ethylcellulose has been commonly used in various hot melt applications due to its
unusual combination of properties. It has excellent thermoplasticity, is miscible with
various plasticizers, oils, and waxes, and imparts good durability and hardness. A
big economical and environmental benefit is that there is no need for volatile organic
solvents during the one-step manufacturing process. Ethylcellulose is a cellulose
ether derived from ethyl chloride with alkali cellulose. The B-anhydroglucose unit
of the cellulose chain contains three replaceable OH groups that are replaced with
an ethyl group during the synthesis of the cellulose ether. Complete substitution of
the OH group of all three OH groups would result in a triethyl ether possessing a
degree of substitution of 3 and ethoxyl content of 54.88. FDA-approved commercial
grades of ethylcellulose can be broken down into three types based on their degree
of substitution (Table 5.6).

The degree of substitution has a definitive effect on the softening point, hardness,
and moisture uptake of ethylcellulose. The more hydrophilic grade of ethylcellulose,
the K-type, has the greatest moisture uptake at 3—4 % compared with other EC grades,
the highest melt viscosity per a given molecular weight, and good hardness of 95—
105 on the R-Scale. Due to its softening temperature and good hardness, the K-type
is typically preferred for injection molding applications. It can be injected without
surface lamination or mold defects and has better resistance to distortion under heat.
The more popular intermediate lipophilic type, the N-type, has moderate moisture
uptake of 2-3 %, good softening temperature at 150—156 °C, and the least hardness
of 90-95 on the R-Scale. Similarly, the most lipophilic grade, the T-type, has the least
moisture uptake, greatest softening temperature of 165 °C and above, and greatest
hardness of 95 and above. The T-type is useful where maximum water resistance is
important.

The N-type is the most versatile of the ethylcellulose grades and is recommended
for twin-screw extrusion applications. A summary of the physical properties has been
listed in Table 5.7. Ethylcellulose is prone to oxidation above its softening point of
156 °C and can lead to a brittle product unless stabilized with antioxidants (such as
ascorbic acid). However, below the softening point, ethylcellulose is less prone to
oxidation under high pressures for extended periods of time making it beneficial in
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Table 5.7 Properties of N-type of Aqualon™ ethylcellulose. (Hercules 2002)

Properties Characteristics
Physical
Color (Hazen) in solution 2-5
Discoloration (by sunlight) Very slight
Refractive index 1.47
Odor None
Taste None
Moisture absorption, by film in 24 h at 80 % RH, % 2
Water vapor transmission, g/m2/24 h, 3-mil film, ASTM E 96-66 890
Thermal
Softening point (°C) 152-162
Thermal conductivity (cal/s/cm?/°C/cm x 107%) 5.6
Specific heat (cal/°C/g) 0.32-0.46
Coefficient of thermal expansion (1073/°C) 10-14
Mechanical
Elongation at rupture (%, 3-mil film, conditioned at 77°F and 50 % RH) 7-30
Elastic modulus (Ib/in> x 10%) 1-5
Flexibility (folding endurance, M.L.T. double folds, 3-mil film) 160-2000
Flexural strength (Ib/in%) 4000-12000
Tensile strength (Ib/in?, 3-mil film, dry) 6800-10500
Hardness index, Sward (3-mil film) 52-61
Specific gravity 1.14
Specific volume (cu. In/Ib in solution) 23.9
y 2,400
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Fig. 5.9 Effect of viscosity on the mechanical properties of Aqualon™ ethylcellulose N-type films.

(Hercules 2002)

extrusion. Ethylcellulose has no taste and can be used for taste masking via HME or
when used in a coating application.

The mechanical properties of the N-type ethylcelluloses are affected by the molec-
ular weight or the viscosity of the grade as shown in Fig. 5.9. As viscosity of the
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Table 5.8 Plasticizers

Plasticizer Form Aqueous solubility
recommended for Aqualon™
ethylcellulose Dibutyl sebacate Liquid 40 mg/L

Glyceryl behenate Solid Insoluble

Lt. Mineral oil Liquid Insoluble

Castor oil Liquid Insoluble

Soybean oil Liquid Insoluble

PEG 6000 Solid 50,000 mg/L

Palmitic acid Solid Insoluble

Stearic acid Solid 3mg/L

30

=8~ 50% EC N10, 50% glyceryl monostearate
= 50% EC N10, 50% stearic acid

50% EC N10, 50% glyceryl behenate
25 A 50% EC T10, 50% glyceryl monostearate
= 50% EC T10, 50% stearic acid

50% EC T10, 50% glyceryl behenate

Melt Flow Index (g/10 min)

60 70 80 90 100
Temperature (°C)

Fig. 5.10 Effect of different plasticizers on the melt flow, using ASTM D1238, of the N and T
grade of Aqualon™ ethylcellulose

ethylcellulose grade increases, the tensile strength, percent elongation at rupture,
and the flexibility (M.L.T. double folds) of the N-type casted film increases. The
mechanical strength of the films correlate with the mechanical performance of
the ethylcellulose extrudates. Wherein, the greater the viscosity grade of extruded
ethylcellulose, the more durable and harder the extrudates.

5.3.1.1 Plasticizers

As with HPC, various types of plasticizers can be used to lower the softening point
of ethylcellulose (Table 5.8). In addition, plasticizers provide easier processing at
lower temperatures and can also enhance sustained release profiles utilizing more
hydrophobic ones. Stearic acid is an efficient and easy-to-use plasticizer for HME
using ethylcellulose. Figure 5.10 shows the melt flow of blends of the N- and T-type
ethylcellulose with different plasticizers or lubricants. As expected, since the T-type
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Fig. 5.11 Effect of different plasticizers on the melt flow, using ASTM D1238, of the N and T
grade of Aqualon™ ethylcellulose

has a lowest melt flow indicating a very viscous polymer blend at 190 °C suggesting
that the T-type blend would need to be processed at a higher temperature. Similarly,
the greater the molecular weight of the N-type, the lower the melt viscosity indicating
that lower molecular weight grades would be easier to process at lower temperatures.
Figure 5.11 shows the melt flow of blends of the N- and K-type ethylcellulose with
stearic acid and glyceryl behenate. As expected, stearic acid worked better than
glyceryl behenate in increasing the melt viscosity of the ethylcellulose. The K-
type of ethylcellulose demonstrated better thermoplasticity than the N-type with
much higher melt viscosity. A much lower viscosity grade, EC K7, had even better
thermoplasticity than the higher molecular weight EC K100 due to easier alignment
and less steric hindrance with the lower molecular weight EC polymer chains.

In addition to reducing the processing temperature and improving extrudability of
ethylcellulose (Table 5.9), plasticizers can also improve the toughness or brittleness
of ethylcellulose. Triacetin, palmitic acid, stearic acid, and castor oil were more
efficient at plasticizing ethylcellulose than glycerin and PEG 6000, making the films
easier to process and less plastic. Increasing the temperature increased the melt
viscosity of the polymer blend and in some cases the flexibility of the extruded films.
The toughness, average peak load, is the maximum force that can be applied to the
film before it will crack or break. Palmitic acid, stearic acid, and castor oil worked
best at improving the toughness of ethylcellulose. Lower processing temperatures
also resulted in tougher films.



5 Cellulose Ethers for Extrusion Applications 137

Table 5.9 Processability and toughness of extruded films of Aqualon™ EC N10 with various levels
and types of plasticizers/lubricants and processing temperatures using the Leistritz ZSE 18HP at
an extruder speed rate of 100 rpm

Plasticizer/lubricant % Max. barrel zone % load Melt Melt Toughness
temperature (°C) temperature (°C) pressure (psi) (Ibf)
Glycerin 10 135 21 97 1320 43
PEG 6000 10 130 20 109 840 24
10 150 20 117 400 11
Triacetin 10 125 24 84 720 121
10 135 24 94 650 217
30 115 18 78 450 82
30 125 16 81 270 94
Palmitic acid 10 115 32 71 410 251
10 125 28 78 480 229
10 140 27 91 390 389
Stearic acid 10 135 31 92 480 38
10 145 28 95 260 373
30 115 14 70 80 145
30 125 15 80 60 150
Castor oil 10 125 37 92 910 290
10 135 35 94 900 196
10 145 29 102 650 199
30 115 18 83 580 89
30 125 16 83 380 92
30 135 15 90 260 114

5.3.2 Controlled Release Applications

As shown in Fig. 5.12, Crowley et al. (2004) observed the benefits of using ethyl
cellulose for HME applications. Tablets made by HME using ethylcellulose (48.0—
49.5 % ethoxyl substitution, 9—11 cP) had much slower guaifenesin release rates than
those made by direct compression. In addition, using finer fractions of ethylcellulose
was able to further retard drug release. Brabander et al. also observed that ethylcel-
lulose was an effective sustained release agent in HME applications (De Brabander
et al. 2003). However, utilizing a 40 % ethylcellulose composition with ibuprofen
revealed that the release profile was too slow. By using more hydrophilic polymers
as channel formers, such as HPMC and xanthan gum, it was possible to modulate
the drug release profile over a wide range. The molecular weight (Fig. 5.13) af-
fected the release profile achieved wherein the higher molecular weight HPMC gave
faster release profiles due to higher swelling capability with higher molecular weight
grades. The extrudate demonstrated a robust sustained release performance in vivo
(De Brabander et al. 2004). Vasanthavada et al. were also able to demonstrate the
invivo performance of an ethylcellulose-based Metformin-extruded formulation with
a tmax of 4—12h during a clinical study (Vasanthavada et al. 2011).

The ethoxyl content and viscosity of the ethylcellulose can modulate the release
profiles of extruded matrix tablets. As shown in Fig. 5.14 with a highly soluble drug
metformin, using a molecular weight or viscosity grade EC N4, exhibited a faster



138 E. Pinto and T. Diirig

3 =
8 8

5
&

N
8

% Guaifenesin Released
% Guaifenesin Released

e~ Hot Melt Extrusion (80, 85, 85, 90°C)

- Hot Melt Extrusion (80, 85, 85, 90°C
¢ ) 5 Hot Melt Extrusion (90, 105, 105, 110°C)

& Hot Melt Extrusion (90, 105, 105, 110°C)

0 2 4 6 8 10 12
Time (hours)

0 2 4 8 10 12

6
Time (hours)

a b

Fig. 5.12 Influence of ethylcellulose particle size, compaction force, and extrusion temperature on
guaifenesin release from matrix tablets made by direct compression and HME. a Matrix tablets
made with the “fine” ethyl cellulose (325-80 mesh) and b matrix tablets made with the “coarse”
ethyl cellulose (80-30 mesh). (¢) Direct compression, 10 kN; (l) direct compression, 30 kN; (A)
direct compression, 50 kN; () HME, 80, 85, 85, 90 °C; () HME, 90, 105, 105, 110 °C. (Crowley
et al. 2004)
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Fig. 5.13 Mean dissolution profiles (£ S.D) of the minimatrices containing 60 % ibuprofen, 30 %
ethylcellulose, and 10 % HPMC (e) Metolose® 90 SH 100, (M) Metolose® 90 SH 4000, and (V)
Metolose® 90 SH 100 000. (Brabander et al. 2003)

drug release than a higher molecular weight grade EC N10. In addition, using the
lower percent ethoxyl grade EC K7 provided a much faster release profile than a
higher % ethoxyl grade with molecular weight EC N7 due to the lower lipophilicity
of the K-type. As observed by Brabender, incorporating a hydrophilic polymer as a
channel former is another alternative to modulating release profiles with EC-based
systems. Figure 5.15 shows the effect of using HEC and HPC as channel formers.
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Fig. 5.14 Effect of different ethoxyl % and viscosity grades of Aqualon™ ethylcellulose on the
dissolution profiles of melt extrusion granulated metformin matrix tablets
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Fig. 5.15 Effect of using a hydrophillic polymer Natrosol™ hydoxyethylcellulose (HEC), and
Klucel™ hydroxypropylcellulose (HPC) on modulating the release profile of metformin HCI from
hot melt-extruded Aqualon™ ethylcellulose (EC) and HPC type on dissolution profiles of hot
melt-extruded acetaminophen matrix tablets

HEC being the more hydrophilic polymer resulted in EC matrix tablets with faster
release profiles in comparison to HPC. In addition, increasing the composition of
HPC HF can also enhance and modulate the drug
release as observed in Fig. 5.16 with a moderately soluble drug acetaminophen.

a hydrophilic polymer Kluce
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Fig.5.16 Effect of polymer blend of Aqualon™ ECN10 and Klucel™ HPC HF type on dissolution
profiles of hot melt-extruded acetaminophen matrix tablets

5.4 Hydroxypropyl Methylcellulose and Hypromellose Acetate
Succinate

HPMC has been shown to be a recrystallization inhibitor in stabilizing amorphous
drugs and hence enhance bioavailability of poorly soluble drugs. The supersaturated
levels generated by dissolution of the amorphous solid dispersions can arise from
the stabilizing effects of the polymers (Perissutti et al. 2002; Chokshi et al. 2005)
or complexation of the crystalline drug in the polymer matrix, hence reducing the
degree of supersaturation and lower thermodynamic tendency toward recrystalliza-
tion (Mehuys et al. 2004; Li et al. 2006). One can compare the performance of
itraconazole melt extrudates prepared using HPMC and PVP-VA/Eudragit E poly-
meric platforms (Six et al. 2005). HPMC was shown to significantly increase the
bioavailability in comparison to the other extrudates despite having a slower dis-
solution rate. DiNunzio et al. (2010) utilized HME to produce solid dispersions of
HC using HPMC E3. The extrusion was performed with a twin-screw extruder at a
maximum processing temperature of 180 °C. HPMC E3 was effective in solubilizing
HC in its amorphous form as shown in Fig. 5.17. The HC distinct crystalline peaks
at 15 and 18 26 were observed with the HPMC E3 physical blend but disappeared in
the HPMC E3 solid dispersion.

HPMCAS has become a very popular polymer used with HME techniques since it
is well known as a recrystallization inhibitor. HPMCAS MF generated greater super-
saturated levels of felodipine at pH 6.8 and maintained these concentrations for longer
periods of times compared with PVP and hydroxypropylmethylcellulose (HPMC);
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Fig. 5.17 Powder X-ray diffraction (PXRD) spectrum of hydrocortisone (HC), HC: polymer
mixture blends, and HC: polymer solid dispersions. (DiNunzio et al. 2010)

Mehuys et al. 2004). The acetyl and succinate groups present within HPMCAS pro-
vide sufficient capacity for API/polymer hydrogen bonding. Secondary forces have
been shown to be highly significant in the formation and stabilization of solid disper-
sions (Konno and Taylor 2006). HPMCAS has also been shown to be of particular
benefit in the preparation of solid dispersions and for the production of enteric dosage
forms (Mehuys et al. 2005; Tanno et al. 2004).

5.5 Conclusion

The use of cellulose ethers has grown over the years in various industries and appli-
cations. The wide variability of options in derivatization, degree of substitution,
and molecular weight play a role in this class of polymers’ versatility. A more
hydrophobic derivation of the cellulosic backbone, i.e., substitution with ethoxyl,
canresultin a polymer for controlled release applications. A higher molecular weight
grade of HPC or HPMC can promote a denser gel barrier film formation upon dis-
solution, promoting retardation of drug release. A lower degree of substitution of
ethylcellulose impacts the thermoplasticity of the polymer making it possible to ex-
trude the polymer at lower extrusion processing temperatures. In addition, derivation
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of the cellulosic backbone with ionic substitutes, i.e., HPMCAS, promotes stabi-
lization of amorphous APIs through molecular ionic interactions with the polymer
and APIL. It will be interesting to see the advances of cellulosics in pharmaceutical
extrusion applications over the next 10 years.
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Chapter 6

Properties and Applications of Polyethylene
Oxide and Ethylcellulose for Tamper Resistance
and Controlled Drug Delivery

Sampada B. Upadhye and Ali R. Rajabi-Siahboomi

Abstract Polyethylene oxide, by virtue of its thermoplastic behavior, may be a suit-
able polymer for pharmaceutical dosage form using hot-melt extrusion technology.
Applications of high molecular weight POLYOX allows formulation of extended-
release melt-extruded matrices. Combination of different grades of POLYOX and
other polymers enables formulators to tailor the release profile of drugs, as well as
enhance melt-extrusion processing. POLYOX has been widely studied and used in
pharmaceutical applications such as controlled release of drugs in osmotic pumps,
hydrophilic matrices, mucoadhesion, oral films, gastroretentive systems, and abuse-
resistance technologies. Ethylcellulose is well known for its barrier membrane
coatings for extended-release applications. Due to its thermal properties, it has been
successfully used in hot-melt extrusion and injection molding. In this chapter, specific
pharmaceutical applications, where thermal behavior of POLYOX and ethyl cellu-
lose has been utilized in the design and manufacture of the melt-extruded dosage
form, will be discussed.

6.1 Polyethylene Oxide—Chemistry and Properties

Polyethylene oxides (PEOs) are nonionic, high molecular weight hydrophilic
(water-soluble) polymers (CAS Registry Number 25322-68-3) available in the
form of white, free-flowing powders. They are manufactured by Dow Chemi-
cal Company under the trade name of POLYOX™ Water Soluble Resins (WSR;
http://dowwolff.custhelp.com). The pharmaceutical grades of POLYOX are avail-
able in molecular weight ranges of 100,000-7,000,000 Da as shown in Table 6.1
(http://dow.com). PEO polymers are safe and are not absorbed through the gastroin-
testinal tract. On hydration, PEO forms a gel and have high swelling capacity. All
of the above physical and chemical properties have attracted significant attention
to the potential uses of PEO in pharmaceutical dosage forms. PEO has been used
in oral solid drug delivery technologies such as osmotic pumps, hydrophilic matri-
ces, gastroretentive dosage forms, hot-melt extrusion (HME) and abuse-deterrent
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Fig. 6.1 Illustration of

POLYOX Synthesis Catalyst Controlled Scission
(C,H)O ——— RO-[CH,CH,0],-H —— RO - [CH,CH,0],-H
n ~ 45,000 to 180,000 n~ 2,000 to 45,000

POLYOX 301, Coagulant, 303 POLYOX N10 to N60K

Table 6.1 Commercial

POLYOX resins Molecul A s viscosit t
arades of POLYOX used in OLYOX resins olecular qgeouq viscosity range a
.. weight (Da) 25°C (mPas)
the pharmaceutical industry
WSR N-10 NF 100,000 12-50 (at 5 % w/v)
WSR N-80 NF 200,000 65-115 (at 5% wiv)
WSR N-750 NF 300,000 600-1,000 (at 5 % w/v)
WSR 205 NF 600,000 4,500-8,800 (at 5 % w/v)
WSR 1105 NF 900,000 8,800-17,600 (at 5 % w/v)

WSR N-12K NF 1,000,000 400-800 (at 2 % w/v)
WSR N-60K NF 2,000,000 2,000-4,000 (at 2 % w/v)

WSR 301 NF 4,000,000 1,650-5,500 (at 1 % w/v)
WSR coagulant NF 5,000,000 5,500-7,500 (at 1 % w/v)
WSR 303 NF 7,000,000 7,500-10,000 (at 1 % w/v)

formulations (Coppens et al. 2005; Bartholomaeus et al. 2012). POLYOX has prece-
dence of use in pharmaceutical products with an IID (inactive ingredient database)
limit of 543 mg per tablet for oral applications.

The general structure of PEO is [-CH,—CH,—0O-], where r is average number of
oxyethylene groups (Braun 1980). PEO structure is similar to that of polyethylene
glycol (PEG), but has longer molecular chains, i.e., higher molecular weights. The
ethylene oxide monomer is an epoxide ring and in the presence of a catalyst it forms
a chain having the repeating unit -CH,—CH,-O- (Fig. 6.1).

The end group reactivity of these resins is almost negligible, due to their high
molecular weights. They do possess some reactivity associated with the polyether
backbone. The PEO resins are available from Dow Chemical Company in different
molecular weight grades as shown in Table 6.1 along with their solution viscosities.
Their typical physical and chemical properties are summarized in (Table 6.2).

As a polyether, POLYOX may undergo auto-oxidation and thus chain scission
during storage, resulting in reduction of molecular weight and therefore, lower solu-
tion viscosity of the polymer. The degradation occurs in the presence of oxygen, and
is catalyzed by UV light, metal ions, and heat. Butylated hydroxytoluene (BHT) is
added (100-500 ppm) to all POLYOX WSR grades to reduce oxidative degradation.
Table 6.3 shows suggested concentrations of common antioxidants used in formula-
tions containing POLYOX. Oxidative degradation of high molecular weight grades
of PEO on long-term storage can lead to formation of potentially reactive groups
such as formate ions and therefore, the compatibility with sensitive drugs during the
preformulation phase should be evaluated (Shamblin 2010).
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Table 6.2 Typical physical

. - Physical and chemical Values and comments
and chemical properties of properties
POLYOX WSRs
Appearance Off-white powder, with
specified limits for off-color
particles
Bulk and tap densities (g/cm®)  ~0.47 and 0.51
Good for blending other
excipients/materials
Typical particle size (Lm) ~ 150

Similar to common direct
compression excipients
Crystallinity (%) ~95
This gives a melting point for
PEO and a low inherent
moisture content (< 1 % at
ambient conditions)
Melting point (°C) ~ 63-68
Low melting temperature
makes PEO suited for hot-
melt extrusion applications

Swellability in water Polyethylene oxide swells ~ 7
times its initial dry state,
independent of pH of
solution

Solution pH ~8

6.2 Pharmaceutical Applications of POLYOX

POLYOX has been widely studied and used in pharmaceutical applications such as
controlled release of drugs in osmotic pumps, hydrophilic matrices, mucoadhesion,
gastroretentive systems, and abuse-resistance technologies. The use of PEO in such
a wide range of applications is attributed to its physical, chemical as well as thermal
stability, compressibility, hydrophilic nature, and high capacity to swell. In this
chapter, specific pharmaceutical applications, where thermal behavior of POLYOX
has been utilized in the design and manufacture of the dosage form, will be discussed.

6.3 Applications of POLYOX in HME

The choice of polymer used during formulation development for HME is critical,
to facilitate processing in the extruder as well as to obtain the desired drug-release
performance. Torque, melt pressure, and drive-motor amperage are used as indirect
measures of melt viscosity. Torque is a measure of the mechanical work needed to
move material through an extruder. Melt pressure is the force generated within the
extruder as materials are compacted, melted, and forced through an aperture at the end
of the extrusion system such as a die. Melt pressure measurements are typically taken
at the end of the extruder barrel. Under a given set of processing conditions, higher
viscosity materials result in higher values of torque, melt pressure, and drive-motor



148 S. B. Upadhye and A. R. Rajabi-Siahboomi

Table 6.3 Commonly used antioxidants suitable for formulations containing POLYOX. (Rowe et al.

2013)
Antioxidant Physical properties Suggested use ~ Known Comments
level (% wiw) sensitivities
BHT Crystalline powder 0.005-0.020 Light, heat, Micronized
with melting humidity; grades of
point of turns BHT are most
70-73°C yellow commonly
used
BHA Waxy solid with 0.005-0.020 Light, some Low melting
melting point of metals point and thus
48-55°C may sublime
Alpha tocopherol ~ Available in liquid 0.050-0.075 Light, heat, May be
(Vitamin E) form some dissolved in
metals ethanol and
sprayed on to
formulation

amperage (Ghebre-Selassie et al. 2003). These are important considerations to ensure
that extrusion equipment do not exceed the maximum values of these attributes.
Improper conditions may lead to degradation of the drug, excipient, or additives.
The melt flow index of the polymers in pharmaceutical melt extrusion is fairly low
thus having no significant effect on the die temperature itself (Coppens et al. 2005).

Despite its high molecular weight, POLYOX is highly crystalline and has a melt-
ing point around 65 °C, above which, the polymer becomes thermoplastic. PEO by
virtue of having low melting point and good melt flow index may be considered as
a suitable polymer for use in HME formulations. Addition of an appropriate plas-
ticizer to higher molecular weight PEO resins may be recommended. PEO can be
extruded at processing temperatures 20-30 °C higher than its melting point without
significant degradation. Thermogravimetric analysis (TGA) data have indicated that
PEO does not exhibit significant weight loss (degradation) until 350 °C (Coppens
et al. 2005). At temperatures far above the crystalline melting point, high molecular
weight polymers of POLYOX still retain a very high degree of crystalline charac-
ter (http://dow.com). For this reason, low molecular weight PEO grades are more
suitable for HME applications whereas high molecular weight grades provide a bet-
ter sustained release dissolution profile for oral solid dosage forms. Crowley et al.
(2002) reported that lower molecular weight PEO degraded more rapidly than higher
molecular weight PEO. This study used a single-screw microtruder (Model RC 0750,
Randcastle) equipped with a rod-shaped die. PEO degradation was determined in
terms of average molecular weight using gel-permeation chromatography (GPC).
The study also investigated the addition of low molecular weight PEO (100,000 Da)
at concentrations of 10, 20, and 40 % to a high molecular weight PEO (1,000,000
Da) matrix of chlorpheniramine maleate formulations. The low molecular weight
PEO acted as a processing aid for the higher molecular weight polymer, resulting in
decreased extruder-drive amperage with the increase in its content in the blend. There
was no significant difference in the release profile of chlorpheniramine maleate from
the combination matrix as compared to the matrix containing only PEO 1,000,000
Da.
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Table 6.4 Melt-flow

properties of POLYOX resins POLYOX resins Melt ﬂqw at 190°C
(g/10 min)

WSR N-10 > 100

WSR N-80 25-35

WSR N-750 34

WSR N-3000 1-1.5

WSR N-301 <0.5

WSR coagulant <0.5

WSR 303 <0.5

Table 6.4 shows the melt-flow properties of POLYOX resins (http://dow.com).
These data were collected at 190 °C, which represent a modification to the American
Society for Testing and Materials (ASTM) method. The high molecular weight grades
of PEO require plasticizer addition in order to enable melt extrusion at moderate
temperatures.

It has also been noted that the melt viscosity of PEO resins decreased considerably
with increasing shear rate which indicate their pseudoplastic character above their
melting point (http://dow.com).

Since HME exposes polymers to elevated temperatures, thermal stability of the
polymers is crucial. Critical variables such as melt viscosity in HME is a valuable
preformulation tool in determining the HME processing temperatures to achieve ther-
mally stable formulations. Meyer (2011) has reported the use of dynamic mechanical
thermal analysis (DMTA) to determine the melt viscosity of PEO in the absence and
presence of plasticizers and active pharmaceutical ingredient (API) in order to find
the ideal processing conditions. DMTA records the temperature-dependent viscoelas-
tic properties and determines the modulus of elasticity and the damping values by
applying an oscillating force to the sample. It was reported that PEO reached the
critical melt viscosity value of approximately 10 kPa s during HME at around 62 °C.
The addition of a plasticizer, PEG at 10 and 20 % levels, decreased the temperature
to achieve the critical viscosity to 49 and 45 °C, respectively. However, the addi-
tion of a model drug, theophylline led to an increase in temperature to 100 °C to
achieve the critical viscosity for HME. Therefore, the theophylline seemed to have
an antiplasticization effect during the HME of PEO.

6.4 Applications of POLYOX in Melt-Extruded Films

Thin films for transmuosal drug delivery are generally fabricated using organic or
aqueous film casting techniques. The main disadvantages of these techniques are
long processing times, use of organic solvents, and structural changes in the polymer
leading to altered mechanical stability of the films (Ghebre-Selassie et al. 2003). The
use of POLYOX in melt-extrusion applications has provided significant benefits in
the area of thin films research due to the elimination of solvents and one step process-
ing, leading to physically as well as mechanically stable films for oral mucosal use
(Repka et al. 2002). A bioadhesive film has the benefit of simplifying dosage form
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design and reducing preparation costs, due to the elimination of the adhesive layer
in the system. It is desirable for the film to have adequate adhesion strength so that
retention of the film at the application site can be achieved.

Bioadhesive hot-melt-extruded films for oral drug delivery have been reported
using a combination of HPC, POLYOX, and a plasticizer (Mooney 2000). The films
adhere to the wet mucosal surfaces, providing a protective barrier for the tissue and
deliver controlled release of drug (e.g., antibiotic) to the local area. In another study,
a novel transmucosal hot-melt-extruded film comprising HPC, PEO, and drug in the
absence of a plasticizer was studied (Repka et al. 2002). The plasticizer-free hot-
melt-extruded films demonstrated better stability and increased efficiency of drug
delivery to the patient. They characterized HME films of HPC or PEO, containing
clotrimazole, a drug used for oral candidiasis therapy (Repka et al. 2003; Prodduturi
et al. 2004, 2005). The film was processed at a temperature range of 125-130°C
utilizing a Killon extruder (ModelKLB-100) equipped with a 6-in. flex-lip die. The
extruded films demonstrated good content uniformity with a postprocessing drug
content of 93.3 %, and exhibited desirable and consistent release properties.

In another study, a topical film formulation of ketoconazole, an antifungal drug,
was prepared by HME technology using PEO (Repka et al. 2004). The films
demonstrated good postprocessing drug content and efficacy. Differential scanning
calorimetry studies indicated that ketoconazole was in solid solution within hot-melt-
extruded films and this phenomenon was postulated to be responsible for the increase
in permeability and efficacy of the drug.

HME of oral film formulations of antiemetic drug; delta 9-tetrahydro cannabi-
nol (THC) has been studied in order to overcome its poor solubility and avoid its
first-pass metabolism. The buccal delivery of these types of drugs using oral films
could enhance the performance of the drug; easy access, rapid action, and controlled
release and therefore improved patient compliance. THC has been incorporated into
transmucosal films using PEO and HPC by HME, utilizing various processing aids
(Munjal et al. 2006a, b; Repka et al. 2006). The chemical stability of the drug in the
polymeric films was investigated with respect to processing temperature, processing
time, formulation additives, and storage conditions. Oral films comprising modified
synthetic cyclodextrins to enhance the stability and bioavailability of a hemisuccinate
ester prodrug of THC (THC-HS) in PEO hot-melt-extruded matrices were further
investigated (Upadhye et al. 2010). Earlier preformulation studies have revealed that
THC-HS is hydrolyzed to its parent compound, THC which then oxidized to cannabi-
nol (oxidative degradation product of THC). Hence the effect of various classes of
antioxidants on the stability of THC-HS was investigated. Hot-melt cast polymeric
matrices of POLYOX-N80 were fabricated with various antioxidants. Two classes
of antioxidants were studied alone or in combinations: (i) free radical scavengers
such as BHT, (ii) reducing agents or oxygen scavengers such as ascorbic acid. The
antioxidants incorporated into the melt-extruded matrices reduced the degradation of
THC-HS. The combination of BHT + propyl gallate showed significant advantage
(p < 0.05) with 76.35 and 71 % postprocessing content of THC-HS over the other
antioxidants.

Crowley et al. (2004) investigated the physicochemical and mechanical properties
of hot-melt-extruded POLYOX films containing either guaifenesin (30 %w/w) or
ketoprofen (15 % w/w) as model drugs. Drug films were successfully prepared by
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a HME process and the results demonstrated no degradation of the drugs during
the process. Crystallization of guaifenesin on the surface of the extruded films was
reported at all concentrations; however, no crystallization of ketoprofen was observed
at concentration up to 15 % w/w loading levels. Melting points corresponding to the
crystalline drugs were not observed in the films, suggesting the miscibility of the
drugs in the molten polymer. Both drugs decreased the drive load and plasticized the
polymer during extrusion. The Hansen solubility parameters predicted miscibility
between PEO and ketoprofen and poor miscibility between PEO and guaifenesin.
Increasing concentrations of both drugs decreased the tensile strength of the extruded
films (Crowley et al. 2004).

6.5 Melt Extrusion of POLYOX for Extended-Release Matrix
Applications

Although there have been much interest in the development of extended-release
(ER) formulations using melt extrusion of POLYOX in hydrophilic matrices, many
such studies have not been published and are not in the public domain. Here, some
examples of typical studies in the design and evaluation of the performance of these
systems are shown. Zhang and McGinity 1999 described a novel method to prepare
POLYOX sustained-release matrix tablets using HME directly from a single screw
extruder. In this study, chlorpheniramine maleate was used as a model drug and
the influence of PEO properties on drug release was investigated. PEG 3350 was
included as a plasticizer to facilitate the extrusion processing and 4.5 mm diameter
rods were extruded and cut into blocks as tablets. The stability of PEO as a function
of processing temperature was determined using GPC. It was reported that polymer
type, temperature, and residence time in the extruder impacted the PEO stability. It
was also shown 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—
101.0 % of the theoretical content. As the plasticizer (PEG 3350) concentration
increased, drug release from the melt-extruded matrices increased. On the other
hand, the rate of drug release was only slightly affected by changes in drug contents
until the drug loading reached around 20 % w/w. Drug loading levels greater than
20 %w/w were not investigated because a solid cylindrical extrudate could not be
obtained. It was postulated that the rate of hydration and dissolution of the entire
matrix system accelerated due to the presence of the plasticizer and the soluble drug.

Similarly, Crowley et al. (2002) studied the thermal stability of POLYOX in
sustained-release tablets prepared by HME, using GPC. The chemical stability of
PEO was found to be dependent on both the storage and processing temperature, and
the molecular weight of the polymer. Storage of the polymer above its melting point
significantly increased polymer degradation. The thermal stability of high molecu-
lar weight PEO (1,000,000) in sustained-release chlorpheniramine maleate tablets
prepared by HME was found to depend on the processing temperature and screw
speed. Lower molecular weight PEO (100,000) was demonstrated to be a suitable
processing aid for higher molecular weight PEO (1,000,000). It was described that
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incorporation of PEO 100,000 reduced the melt viscosity, friction, and chain entan-
glements between the larger PEO molecules thereby lowering its degradation. As
the percentage of PEO 100,000 in the powder blend increased, the drive amperage
decreased and the stability of PEO increased. Incorporation of PEO 100,000 at the
levels of 10, 20, and 40 % did not alter the drug-release rate. Vitamin E, Vitamin
E Succinate, and Vitamin E TPGS (d-alpha tocopheryl polyethylene glycol 1000
succinate) were found as suitable stabilizers for PEO, however, ascorbic acid was
shown to degrade the polymer in solution. Thermal analysis demonstrated that Vi-
tamin E Succinate and Vitamin E TPGS were dispersed at the molecular level in
hot-melt-extruded tablets (Crowley et al. 2002), and suppressed the melting point of
the POLYOX.

6.6 Applications of POLYOX in Abuse-Resistant Matrix
Formulations

Research from patients on substance abuse treatment programs, has shown the pro-
gression of abuse from oral route of administration to inhalation and finally to
intravenous use of drugs (Butler et al. 2010). Significant efforts have been made
in the pharmaceutical industry to develop abuse-resistant and abuse-deterrent tech-
nologies to prevent the misuse of substances meant for medicinal applications.
Abuse-resistant formulations decrease the likelihood of the abuser being able to
extract and manipulate the drug within a formulation (Bartholomaeus et al. 2012).

ER opioid tablets have played an important role in chronic pain management
therapy by enhancing the patient care and compliance through timed dosing of opioid
analgesics. Unfortunately, opioids have been extracted and abused because of their
positive subjective effects such as euphoria (Substance Abuse and Mental Health
Services 2011). ER opioids seem to be particularly popular among the abusers as they
contain higher amounts of the drug than their immediate-release dosage formulations.

Various strategies have been used as abuse deterrence/resistance for opioids
(Bartholomaeus et al. 2012). For example, Embeda® is a morphine sulfate extended-
release formulation containing naltrexone, which is a sequestered opioid antagonist.
If the product is crushed, the naltrexone is released, neutralizing the opioid effects
of morphine sulfate. In another strategy, an immediate-release formulation of oxy-
codone (Oxecta®), contains nonsequestered aversive excipients that cause mucosal
irritation if abused via inhalation and exhibit gelling properties that deter injec-
tion. In other technologies such as INTAC®, the softening and melting properties of
POLYOX, coupled with its high molecular weight have been used in formulation of
abuse-resistant oral dosage forms. The high molecular weight of PEO controls the
release of drug and imparts superior crush resistance to the formulation (Fig. 6.2).
Due to its low glass-transition temperature (Tg), PEO melts with the drug and extrac-
tion of drug from the molten phase becomes difficult. A formulation containing PEO
due to its gel-forming properties, when subjected to solvent extraction by abusers
leads to a viscous solution, impedes its syringeabilty and injectability as shown in
Fig. 6.2 (Bartholomaeus et al. 2012).
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INTAC Crush Resistance Tablets

-
"

PEO gel-forming property

Fig. 6.2 Tllustration of INTAC® technology’s resistance to tablet crushing and high viscosity gels
due to POLYOX properties (Used with Permission, Griinenthal GmbH, copyright 2013)

Abuse-resistant extended-release formulations of tramadol hydrochloride have
been developed using POLYOX as the primary matrix former (Bartholomaeus
et al. 2012). Tablets were manufactured by compressing mixtures of drug with PEO
in a molten state followed by solidification on cooling. A novel molten technique was
used to enhance the interactions between PEO and the drug with improved mechan-
ical strength of the tablets. In this technology, the upper and lower punch toolings as
well as the die of the tablet press are heated. The most feasible and fastest approach to
manufacture abuse-resistance tablets may involve HME combined with downstream
processing equipment. Therefore, a manufacturing process may consist of: blending,
melt extrusion, cooling, cutting, forming, and film coating. Consistent drug release
with increasing concentrations of 5-40 mg of oxymorphone hydrochloride has been
demonstrated with excellent stability data (Bartholomaeus et al. 2012).

The choice of an appropriate grade of POLYOX for abuse-resistant formulations
is important as the release of the active as well as crush resistance properties might
be affected due to the plasticization of the polymer during its shelf-life of the for-
mulation. This physical aging may result in volume and enthalpy relaxation causing
structural changes in the polymeric backbone (Kiss et al. 2006). Techniques such as
positron annihilation lifetime spectroscopy (PALS), differential scanning calorime-
try, and scanning electron microscopy have been used to study the physical aging of
POLYOX (Kiss et al. 2006). PALS is a technique used to determine the size distribu-
tion of the free volume in polymer. The measurement is based on the interaction of
the free volume with the orthopositronium atoms. These atoms are present in the free
volume of the polymer and the size of the free volume around them determines their
lifetime. Two grades of POLYOX; WSR N-12K (MW 1,000,000) and WSR 303 (MW
7,000,000) were investigated at 40 °C and 75 % Relative humidity (RH) for a period
of 4 weeks and a decrease in the orthopositronium lifetime values and an increase in
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the melting enthalpies as a function of storage time indicated a reorientation of the
polymer chains. The lower molecular weight POLYOX WSR N-12K exhibited faster
crystallization, which was proposed to be due to its faster water-absorbing capacity
as compared to higher molecular weight polymer. The plasticization effect of the
absorbed water enhanced the reorientation of the polymer chains. The changes in
the orthopositronium lifetime were more pronounced for higher molecular weight
POLYOX WSR 303 due to its slow crystallization than the lower molecular weight
PEO (Kiss et al. 2006).

6.7 Drug Release from POLYOX Matrices

In contact with water, POLYOX hydrates rapidly, forming a gel-like structure around
the dosage form. The polyether chains of POLYOX form strong hydrogen bonds with
water, structuring the water around the polymer and facilitating polymer—polymer
interactions. The strength of the gel structure depends on the polymer molecular
weight and the presence of other additives. Higher molecular weight and high con-
centration of polymer produce stronger and more viscous hydrated gel structures.
Therefore, drug release from matrices (irrespective of manufacturing methods) may
be controlled by polymer swelling, diffusion in the hydrated gel, erosion, or by all
these processes together (Verhoeven et al. 2009; Tiwari et al. 2011). A variety of
release profiles may be obtained, depending on the POLYOX molecular weight and
the physicochemical properties of the drug. The pH of the dissolution medium gen-
erally does not affect the drug release regardless of the molecular weight of the PEO,
but may be affected by solubility of the drug in different pH media.

Mucoadhesion properties of POLYOX have been explored for the design of var-
ious drug delivery devices. For example, POLYOX has been used in the design of
buccal delivery, ensuring intimate contact with the mucosa for an adequate time in-
terval, providing desired release rates. Prior to the drug passing through the mucosal
barrier and reaching blood stream, it needs to dissolve in the medium. This is critical
for lipophilic drugs that have good absorption, but exhibit a slow dissolution rate in
aqueous media. Cappello et al. (2006) employed hydroxypropyl-p-cyclodextrin in
POLYOX matrices for the buccal delivery of the poorly soluble drug carvedilol. It was
shown that enhancement of drug dissolution in the hydrated tablet was more impor-
tant than higher solubility in solution for increasing the delivery rate. Cyclodextrins
caused an increase in the erosion rate of the tablet and also improved the dissolution
of the drug inside the hydrated polymeric matrix, leading to faster release and higher
permeability through the mucosal membrane.

6.8 Ethylcellulose (EC)—Properties and Applications in HME

Ethylcellulose (EC) is a cellulose ether prepared by treating cellulose with an al-
kaline solution to produce alkali-cellulose which is subsequently reacted with ethyl
chloride. Ethylcelulose (Fig. 6.3) is commercially available from various manufac-
turers and ETHOCEL™ is the brand name used by Dow Chemical Company. It is a
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Fig. 6.3 Chemical structure CHs
of ethylcellulose

Table 6.5 Common

ETHOCEL grades used in Product ranges Viscosity range® mPa s (cP)
pharmaceutical applications ETHOCEL Std. 4 3-55
(ethoxyl content 48.0—49.5 %) ETHOCEL Std. 7 6-8

ETHOCEL Std. 10 9-11

ETHOCEL Std. 20 18-22

ETHOCEL Std. 45 41-49

ETHOCEL Std. 100 90-110

2 Viscosities are for a 5% solution measured at 25°C in an
Ubbelohde viscometer and the solvent is toluene:ethanol at 6:4
or 8:2 ratios

partially substituted ethyl ether of cellulose, which is insoluble in water, but remains
hydrophilic in nature due to the residual free hydroxyl groups on the cellulose back-
bone with a degree of substitution from 2.2 to 2.6 out of a maximum of 3 as shown
in Fig. 6.3 (ETHOCEL® Ethylcellulose Polymers Technical Handbook 1998; Rekhi
and Jambhekar 1995)

ETHOCEL is used in pharmaceutical applications for microencapsulation of drugs
or coating for multiparticulates for extended release and taste masking, inert matrices
and tablet binding. ETHOCEL is available in various viscosity grades as shown in
Table 6.5, has a Tg of 129-133 °C and a crystalline melting point of 180°C. ECis a
good candidate for HME because it exhibits thermoplastic behavior at temperatures
above its Tg and below the temperature at which it exhibits degradation (250 °C)
(Coppens et al. 2005). Typically, plasticizers are added to reduce Tg of EC and permit
processing at lower temperatures. Few drugs may act as plasticizers to polymers and
eliminate the need for addition of plasticizers for melt-extrusion. For example, the
extruded films of ibuprofen with EC had a lower Tg than films containing the polymer
alone (De Brabander et al. 2002). The ibuprofen films were made on a laboratory-
scale corotating twin screw extruder. An increase in the amount of ibuprofen from
5 to 20 %w/w lowered the Tg of the blend from a range of 106-109 to 53-66 °C.
A complete miscibility appeared between ibuprofen and EC as was indicated by
a single Tg of the extruded films. Ibuprofen release from EC-extruded materials
was modified by adding hydrophilic polymers like hypromellose or xanthan gum
(De Brabander et al. 2004).

Crowley et al. (2004) investigated the physicochemical properties and drug-
release mechanism from EC matrix tablets prepared by direct compression or HME
of binary mixtures of a water-soluble drug, guaifenesin and the polymer. EC was
separated into fine or coarse particle size fractions directly compressed with 30 %
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w/w guaifenesin at 10, 30 or 50 KN compaction forces. The extruded tablets were
processed at temperatures of 80-90 and 90-110 °C. The results of this study demon-
strated that the guaifenesin release rate was slower when fine particles were used.
Tablets prepared by HME 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 the Higuchi dif-
fusion model while those prepared by direct compression using coarse particles were
found to release guaifenesin by both diffusion and erosion mechanisms.

The use of EC in injection molding technology has also been studied, where the
core contained drug, hypromellose, and glycerides and was surrounded by a hot-melt
extruded EC membrane (Mehuys et al. 2004a, b). The length and not the diameter
of the melt-extruded device had a profound effect on the drug-release rate. It was
postulated that drug release was through the erosion of the core from the open ends
of the device and the EC melt-extruded layer provided a barrier membrane for water
ingress and drug release.

The rheological and thermal characteristics of EC intended for HME formula-
tions have been investigated by Maru et al. (2011). The influence of zidovudine,
lamivudine (first-line antiretroviral drugs), and plasticizers on the properties of EC
and their suitability for HME to produce extended-release matrices were evaluated.
Plasticizers such as triethylcitrate and PEG-6000 lowered the melt viscosity of the
formulation. In addition, the drugs were reported to have plasticizing effects too.
In another study, the utilization of EC as a sustained-release agent in metopro-
lol tartrate extended-release mini-tab matrices using HME has been investigated
(Verhoeven et al. 2009). PEO was added to the formulation to increase drug-release
rate. Increasing the hydrophilic polymer concentration in the matrix yielded faster
drug release irrespective of polymer molecular weight. The extrudates were smooth
at 70°C for PEO formulations with metoprolol tartrate homogeneously distributed
in the mini-matrices. This study illustrated that mini-matrices of EC and POLYOX
may be used for extended-release formulations with a wide range of drug-release
profiles.

6.9 Conclusions

PEO, by virtue of its thermoplastic behavior, may be a suitable polymer for pharma-
ceutical dosage form using HME technology. Applications of high molecular weight
POLYOX allows formulation of extended-release melt-extruded matrices. Combina-
tion of different grades of POLYOX and other polymers enables formulators to tailor
the release profile of drugs, as well as enhance melt-extrusion processing. The use
of PEO in melt-extruded bioadhesive thin film applications has provided the benefits
of processing ease, solvent-free manufacturing operations, and unique applications
such as buccal dosage forms. One of the most significant applications of PEO is for
abuse-resistant dosage forms for drugs such as opioid analgesic. PEO affords unique
benefits of being thermoplastic with high swelling capacity and crush resistance,
preventing drug abuse through inhalation or injection.
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EC is well known for its barrier membrane coatings for extended-release appli-
cations. Due to its thermal properties, it has been successfully used in HME and
injection molding.

The recent advancements in extrusion engineering and fundamental understanding
of materials properties are paving the way for HME technology to have a significant
contribution and benefit in the development of solid dosage forms. This technology
may enable formulation and manufacturing of one or more challenging drugs for
extended release and/or abuse-resistance dosage forms.
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Chapter 7
Formulation Development of Amorphous Solid
Dispersions Prepared by Melt Extrusion

James C. DiNunzio and Dave A. Miller

Abstract Amorphous systems have been applied effectively in the pharmaceutical
industry for a number of commercial and developmental products, although they are
still considered a choice of last resort to enable therapy because of the metastable
nature of the drug product. Of the technologies for preparing amorphous disper-
sions, melt extrusion is considered a highly effective and cost-efficient platform that
is the primary technology for many major pharmaceutical companies. Successful
development of melt-extruded amorphous dispersions requires strong understand-
ing of formulation and process to produce a system having the necessary product
attributes. As a result of the complexity associated with formulation research, a struc-
tured approach for amorphous formulation design is necessary to ensure that major
development criteria are satisfied. This chapter discusses the fundamental aspects
for formulation development of melt-extruded systems, the interplay of formulation
with manufacturing process, and a structured design approach to turn molecules into
medicines using melt extrusion.

7.1 Introduction

Over the past two decades, since the advent of high-throughput screening (HTS)
methodologies in drug discovery, the percentage of poorly water-soluble (PWS)
drug candidates in development has continuously increased (Macarron 2006). Fur-
thermore, molecules emerging from discovery groups of late are deviating even
further from conventional drug-like properties as the boundaries of chemical space
are continually expanded in search of new and better drugs. On the basis of literature
reports and the authors’ experience, the percentage of PWS candidates in contempo-
rary pipelines can range from 40 to 90 %, depending on the therapeutic area (Hauss
2007). This phenomenon is attributable to HT'S methods that elegantly optimize can-
didates toward receptor binding, yet are essentially nondiscriminating with regard to
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the molecular properties crucial to drug delivery (Curatolo 1998). Consequently, a
trend toward greater molecular weight and lipophilicity, two properties significantly
influencing solubility, has been identified over the last few decades (Lipinski 2000).

Dissolution of a drug substance is necessary to achieve systemic exposure and
binding to the biological target. Poor water solubility retards dissolution, thereby
limiting the concentration of the active compound at the target site, often to the
extent that the therapeutic effect cannot be elicited. Increasing dose can be an effective
strategy for improving exposures; however, increasing dose with PWS drugs leads
to nonlinear increases or plateauing exposures. Ultimately, absorption can be highly
erratic, compromising the safety and efficacy profile. Furthermore, in the case of
high-dose compounds, further increase in dose may not be practical from a patient
convenience perspective. In many cases, solubility enhancement technologies must
be employed to improve or enable therapies with PWS drugs.

There are several techniques available for enhancing the solubility of PWS drugs,
and the appropriate formulation strategy is selected primarily according to the
properties of the drug molecule. These techniques principally include solid-state
approaches, such as the formation of salts, metastable polymorphs, or cocrystals
(Hughey and Williams 2012); particle size reduction (Morales et al. 2012); solubiliza-
tion in partially or nonaqueous vehicles (Zhang and DiNunzio 2012); and formulation
as crystalline or amorphous solid dispersion (ASD) systems (Leuner and Dressman
2000). Solid-state modifications are often not possible owing to molecular proper-
ties that are unfavorable for salt or cocrystal formation. Metastable polymorphs are
rarely viable because of inherent physical instability. As is more commonly the case
nowadays, the aqueous solubility of crystalline drug forms is so limited that target
exposures cannot be achieved with even the most advanced particle size reduction
or crystalline solid dispersion techniques. In the same direction, modern drug candi-
dates often exhibit poor solubility in suitable nonaqueous vehicles, limiting the dose
that can be loaded into solubilized formulations such as soft gelatin capsules.

It is estimated that 10-30 % of leads identified by HTS have solubility issues
related to crystal lattice stability (Horspool and Lipinski 2003). In early in vitro
screening, leads are typically solubilized in solvents such as dimethyl sulfoxide
(DMSO), and hence solubility issues associated with crystalline forms are not initially
realized. Such a problem may not be identified until later in development when the
synthesis process is scaled up and the bulk crystalline form is isolated (Horspool and
Lipinski 2003).

Following from this discussion, ASD technology is increasingly utilized to enable
the delivery of today’s challenging molecules. Owing to increased free energy and
specific surface area, ASD systems offer the capacity for supersaturation; providing
dissolved drug concentrations greatly exceeding that of the crystalline form. Further,
through judicious carrier selection, stability can be imparted to the high energy
system in both the solid and liquid solution states. Hence, by proper design, ASD
systems can be made physically stable for relevant time periods, and supersaturation
generated by these systems can be maintained for the duration of intestinal transit.
The result is a stable drug product that provides vast improvements in systemic
exposure, thereby enabling or greatly enhancing a drug therapy.
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Chiou and Riegelman (1971) have defined solid dispersions to be: “the dispersion
of one or more active ingredients in an inert carrier or matrix at solid state prepared by
melting (fusion), solvent, or melting-solvent method.” Following from this definition
and ignoring the morphology of the carrier, an ASD is one in which the active
ingredient is dispersed in the carrier matrix in a substantially noncrystalline form.
This could include single-phase systems (solid solutions) in which the drug is mixed
atamolecular level with the carrier, two-phase systems in which the drug and polymer
exist as separate amorphous domains, or a mixture of the two. There are inherent
stability and performance benefits to a single-phase ASD system, and hence it should
be the formulation scientist’s goal to design such a system.

Initially, solvent-based methods were most preferred for the production of ASD
systems owing to the thermal stresses and viscosity limitations of the batch melt
processes. However, with the advent of pharmaceutical melt extrusion, a renaissance
occurred with the use of the fusion method for the production of ASDs (Leuner and
Dressman 2000). Screw extrusion provided, for the first time, a means of briefly
processing pharmaceutical materials at elevated temperatures to limit thermal stress,
and a process by which viscous molten materials could be thoroughly mixed. These
attributes coupled with the numerous benefits of eliminating solvents have made
hot-melt extrusion (HME) the preferred method of manufacture for ASD systems.

In this chapter, the application of HME to the design and production of ASD
systems is discussed in depth. First, a structured approach for the design of amor-
phous systems using melt extrusion will be discussed. The chapter then delves into
the key formulation considerations one must take into account when developing
melt-extruded ASD formulations. Finally, process development and product manu-
facturing at each stage of drug development is discussed in detail. It is the goal of
the authors to provide the reader with the in-depth knowledge needed to develop
melt-extruded ASD systems and develop the process at each stage of manufacturing.

7.2 Structured Design for Amorphous Systems Using Melt
Extrusion

Although amorphous formulations have been increasingly relied on by pharmaceu-
tical companies to provide the required exposure, this approach still presents unique
challenges due to the metastable nature of the drug product produced (Serajuddin
1999; Brouwers et al. 2009). Conventional approaches, which rely on particle size
reduction (Morales et al. 2012) or solubilization (Davis and Brewster 2004; Gao
2012), that provide physically stable dosage forms still remain the preferred choice
by both early-stage and commercial groups within many organizations because of
the lower risk associated with these approaches as well as the preexisting infras-
tructure to support drug product manufacture. Although the view and capabilities
of many commercial organizations are changing within Large Pharma to more pos-
itively position melt extrusion, many mid- and small-size companies still lack the
infrastructure and technical development expertise. Such preexisting biases for the
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adoption of amorphous formulations and melt extrusion require sound justification
for the technological approach and a comprehensive development strategy to ensure
success.

Drug delivery limitations associated with solubility of a compound will be de-
tected early in development, oftentimes being flagged at the discovery stage on the
basis of low solubility in biorelevant media or limited oral exposure in preclinical
models. Similarly, physical and chemical liabilities associated with the molecule,
such as limited solubility in volatile organic solvents or insufficient thermal stability,
may also be characterized, aiding in the choice of manufacturing technology. The
strategy leading to the selection of an amorphous formulation to address solubility
limitations and the choice of melt extrusion as the preferred manufacturing process
are made within the space of a structured design approach. This approach is based on
the input from multiple functional groups within the organization and an extensive
R & D plan to appropriately characterize the critical product attributes of the drug
product being developed. The road map for the structured design of ASDs prepared
by melt extrusion focuses on the development of systems capable of providing ap-
propriate manufacturability, oral bioavailability, and stability. Shown in Fig. 7.1, this
modular approach utilizes the basic properties of drug and candidate excipients to
identify lead systems and initial processing conditions leading to a systematic design
of prototype formulations to assess key product attributes. By applying this approach,
it is possible to quickly identify robust formulations to support first-in-man (FIM)
studies, structuring experiments to provide data on the key performance attributes
of the system. Information gained during this approach is also critical for future
development, providing a baseline understanding of compositional interactions and
the impact of critical process parameters.

Prior to the production of prototype dispersions, key data will have been generated
to clearly establish the need for solubility enhancement and justification of the use
of an amorphous concept. These data may be provided from early chemical analysis
or preclinical exposures in relevant animal models. Similarly, multiple conventional
formulations may have already been tested and shown limited improvement, thus
helping to justify the use of an amorphous formulation. Further supporting this will
be the characterization of specific molecular properties of the new chemical entity.
The attributes characterized will provide insight into the viability of amorphous
formulation, as well as necessary information regarding the stability of the system
under proposed processing conditions. As needed, thermodynamic modeling may
also be applied to assess the performance of prototype systems in silico to aid in the
selection of systems for prototype manufacturing.

Application of accurate early characterization aids in the selection of target pro-
totype formulations. After these systems have been identified and initial processing
conditions selected, prototype manufacturing will be conducted using laboratory-
scale equipment. This equipment is typically designed to support batch sizes less
than 20 g (preferably ~5g) and is capable of simulating temperature and shear
aspects observed during melt extrusion on larger pilot- and production-scale units
(DiNunzio et al. 2012). These systems also provide critical information regarding
melt temperature, motor load, melt pressure, and feed rate during the operation
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allowing for simultaneous evaluation of manufacturability. At-line assessment can
easily be made on the basis of the appearance of the extrudate, noting that homoge-
neous ASDs are generally transparent glasses, to modify processing conditions such
as screw speed, feed rate, and barrel temperature to achieve an amorphous form. In
many cases, in-line or at-line monitoring of product attributes can also be conducted
to support process modification during manufacture of prototypes.

Following the manufacture of amorphous prototypes, the formulations will be
milled and tested for physicochemical attributes to rank order performance. The
attributes include potency, impurities, glass transition temperature, amorphous con-
tent, and moisture content. Formulations will also be rank ordered for solubility
improvement using in vitro methodologies to assess free drug in solution or total
drug in solution. Early evaluation of oral bioavailability in preclinical models is also
recommended at this stage to provide a more accurate assessment of formulation
performance and validation of the in vitro testing approach.

Stability studies will be coupled to the initial prototype manufacturing, with
samples set down on stability immediately after manufacturing using a range of
conditions. Storage conditions will be selected in such a way that they provide a
rapid rank order of stability performance while also supporting evaluation of con-
ventional conditions. In general, these storage conditions will span a range from
40°C/75 %RH open container storage to simulate the worst-case regulatory require-
ments to room temperature and refrigerated conditions as specified in regulatory
guidances. Other more aggressive conditions may be used to stress samples, eval-
uating the impact of elevated moisture (40 °C/100 %RH) and elevated temperature
(50, 60, 80 °C) on product stability.

From the cumulative results, a rank order of test formulations based on manufac-
turability, stability, and oral bioavailability can be established. Using this structured
approach to develop formulations, it is possible to rapidly identify target formu-
lations and their corresponding melt extrusion processing conditions to achieve the
desired product attributes. The sequence may also be repeated as necessary to address
deficiencies in preferred formulations through the incorporation of other functional
additives. Selection of the final formulation can then be made based on a body of
data covering the key performance metrics of the system, ensuring robust product
performance prior to scale-up and FIM manufacturing.

7.3 Formulation Considerations for Melt Extrusion

During melt extrusion, a strong interplay between the formulation and process is
observed, such that both factors significantly influence the final product attributes,
as well as one another (DiNunzio et al. 2012; Crowley et al. 2007; Repka et al.
2007; Schenck et al. 2011). Thus, it is not possible to truly decouple formulation
considerations from process requirements and vice versa. For example, melt vis-
cosity is a strong function of composition and temperature for most pharmaceutical
systems. Increasing temperature to reduce viscosity is bounded by the upper limit
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of the stability for the composition. Changes to the composition to reduce viscosity
are possible, for example, the addition of a plasticizer; however, such a change im-
pacts the molecular mobility of the system and may compromise key attributes of
the dispersion. Proper design of composition and process is predicated on the devel-
opment of a fundamental understanding of the individual materials and their related
interactions. This understanding is achieved through a combination of basic mate-
rial characterization, small-scale experimentation, and in silico modeling, which can
lead to rational design selection supporting a structured development approach.

7.3.1 Drug Substance

Detailed characterization of the pharmaceutical drug substance is conducted to sup-
port Chemistry, Manufacturing and Controls (CMC) development and regulatory
filings for FIM studies and commercial approval. This information includes a large
number of experimentally determined and derived values, encompassing a range
of physicochemical attributes. Many of these properties identify the need for solu-
bility enhancement and the potential applicability of melt extrusion in comparison
with other amorphous manufacturing technologies. A list of major properties related
to amorphous formulation development is provided in Table 7.1. Many of the ex-
perimentally determined values can be assessed using compendial methodologies.
Derived values are calculated from information based on molecular structure assess-
ment or calculation using experimentally determined values. These properties are not
an “all-encompassing” list but rather those that are important for quickly assessing
the viability of amorphous formulation design and suitability of melt extrusion for
production.

Table 7.1 Relevant properties of drug substance for amorphous formulation development, with key
properties related to amorphous-form viability and production technology selection presented in
italics

Molecular Physical Biopharmaceutical

Molecular formula Number of polymorphs BCS classification

Molecular weight Melting temperature of Biorelevant solubility
polymorphs

H-bond donor groups Glass transition temperature pH solubility

H-bond acceptor groups T/Tg Log P

Solubility parameter Degradation onset Permeability
temperature

Chiral centers Hygroscopicity CYP450 behavior

Acid/base Morphology PGP behavior

pKa Particle size

Solubility in organic solvents ~ Density

BCS biopharmaceutics classification system, T, glass transition temperature, 7,, melting tempera-
ture, CYP450 cytochrome P450
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Solubility of a solute in a solvent is described by the enthalpy of solution and the
entropy of mixing, where the enthalpy of solution is related to the melting tempera-
ture (7,,) of the drug substance and lattice energy associated with the melting event
(Brouwers et al. 2009). As the melting temperature increases and lattice energy be-
comes more significant, the benefit of an amorphous form becomes greater. Melting
temperature is easily measured by standard differential scanning calorimetry (DSC)
methods. Rapid cooling and testing of the second heating cycle using modulated
DSC (mDSC) can also be used for assessment of the glass transition temperature
(Tg) of the compound. By evaluating the melting behavior of the drug substance, it
is possible to quickly assess the potential benefits of an amorphous form and provide
critical information for design of the solid dispersion formulation. For example, the
low-melting point drug darunavir (7,, = 105 °C) has been developed as a crystalline
material because of the limited benefit of an amorphous form (Thommes et al. 2011;
Van Gyseghem et al. 2009), whereas itraconazole (7,, = 168 °C) (Six et al. 2002) is
a commercially marketed ASD.

If an amorphous form may provide the needed solubility advantage, or if all other
conventional means have been exhausted, the appropriate initial manufacturing tech-
nique may quickly be determined by a comparison of thermal stability and solubility
in volatile organic solvents. Thermal stability will be measured by the behavior of the
compound under heating using thermal gravimetric analysis (TGA), with the evalu-
ation generally conducted from 25 to 300 °C to cover a range of potential processing
temperatures while also providing some insight into melt stability (Hughey et al.
2010). Isothermal methods may also be performed at anticipated processing temper-
atures and/or above the melting temperature of the compound, followed by purity
analysis. Compounds should generally provide acceptable stability in the anticipated
temperature range, with impurity levels not more than fivefold the anticipated spec-
ification limit. This fivefold rule of thumb has been established based on historical
experience with extrusion process optimization to reduce impurities below the levels
observed during initial screening. It should be noted that the level of allowable im-
purity will vary on the basis of the properties of the parent compound and the nature
of the impurity (i.e., genotoxic vs. nongenotoxic). Similarly, solubility evaluation in
organic solvents such as acetone, methanol, ethanol, isopropanol, and methyl ethyl
ketone should be performed using standard methodologies. Compounds suitable for
spray drying will exhibit solubility of 10 mg/ml and preferably 50 mg/ml or greater
to support commercial applications. Additional solvents such as dichloromethane,
tetrahydrofuran, and chloroform may also be considered; however, their applica-
tion must be considered in relation to the toxicity of material. By weighing the
benefits of each manufacturing technology, it may be possible to select the most
appropriate process early in development. It should also be noted, however, that
differences in solid dispersion density, surface area, and degree of homogeneity be-
cause of manufacturing technology selected have also been reported (Patterson et al.
2007). Following proof-of-concept formulation development, additional manufac-
turing process consideration should be given to ensure selection of the appropriate
technology.
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Stability of the amorphous form will become a function of the drug substance and
stabilizing polymers used in the solid dispersion. When examining the properties of
the drug substance, molecular structure and 7,,/7, ratio have been shown to be key
predictors of stability (Angell 1995, 2002). Generally, compounds exhibiting planar
and easily “stack-able” structures tend to recrystallize rapidly, whereas those existing
as racemic mixtures with greater structure diversity are generally more stable in the
amorphous form. The ability to form intermolecular interactions with stabilizing
polymers has also been shown to improve physical stability of the formulation. The
glass behavior of the drug substance is also related to the physical stability of the
system. Evaluating the T7,,/T, ratio provides an indication of glass strength, with
strong glasses having values less than ~ 1.3. For these systems, higher drug loadings
will be possible and greater physical stability is anticipated.

Miscibility of the drug substance with common pharmaceutical carriers must also
be considered. The most basic method for determining miscibility is performed by
evaluating the solubility parameters of the proposed materials (Greenhalgh et al.
1999). Solubility parameters are a measure of cohesive energy density calculated by
group contribution theory, related to the dispersive (84), polar (§,), and hydrogen-
bonding (8,) components of the material, as shown in Eq. 7.1. In general, materials
having solubility parameter differences less than 7 MPa'/? are considered miscible,
whereas those having differences greater than 10 MPa'/? are considered immiscible.
More detailed analysis comparing the partial solubility parameters via a Bagley
diagram can provide even greater predictability of the miscibility by evaluating
dispersive and polar components as a combined factor (Albers et al. 2011).

8 =08;+08 45, (7.1)

Fundamental properties of the drug substance also influence the nature of the melt
extrusion process. By mapping critical properties of the drug substance, it is possible
to understand the nature of the extrusion process that will be used in manufacture.
Melt extrusion manufacturing is conducted in one of two regimes to yield an amor-
phous formulation based on the processing temperature in relation to the melting
temperature of the drug substance. Miscibility regime processing occurs when the
processing temperature is greater than the melting temperature of the drug substance.
Manufacturing in the solubilization regime occurs when the processing temperature
is less than the melting temperature of the drug substance, relying on melt solubiliza-
tion to generate an ASD. The 7,,/T ratio for a pharmaceutical compound describes
the nature of the glass and the likelihood for amorphous stability (Friesen et al. 2008).
It is also related to the maximum attainable drug loading. In general, as the 7,,/T,
ratio increases, the degree of difficulty for generating an ASD of sufficient drug load-
ing increases as well. Similarly, as the melting temperature of the drug substance
increases, the processing temperatures required become higher, until processing via
melt solubilization is required to prevent degradation of the materials. Described
graphically and shown in Fig. 7.2, it is possible to understand how the properties of
the drug substance will influence the processing conditions in melt extrusion.
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Fig. 7.2 Process mapping for melt extrusion based on drug substance properties

7.3.2 Excipients

Excipients used in amorphous melt-extruded formulations are classified into two
general categories: stabilizing polymers and functional additives. Stabilizing poly-
mers, as the name suggests, serve as the carrier for the amorphous drug and are
the material in which the active pharmaceutical ingredient (API) is homogeneously
dispersed to create the final solid dispersion. These materials are generally higher
molecular weight amorphous polymers that provide appropriate melt viscosities for
manufacturing and sufficient glass transition temperatures for stabilization of the
amorphous form. Functional additives include solubilizers, plasticizers, and pore
formers. These materials are included into the formulation to influence the process-
ability or critical product attributes of the solid dispersion. Material selection, both of
stabilizing polymer and optional functional additives, will strongly influence many
aspects of the manufacturing and drug product performance. Therefore, a detailed
understanding of the material properties is necessary to ensure appropriate excipient
selection.

Looking at the available materials for preparing amorphous dispersions, presented
in Table 7.2, one notes only a limited number of pharmaceutically acceptable poly-
mers for use with melt extrusion. Of these materials, the vast majority were originally
developed for other applications, and it is only within the last several years that ma-
terials specifically designed for melt extrusion, such as Soluplus®, have reached the
market. Given this, it is a pleasant surprise to see that these materials have been
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Table 7.2 Common polymeric pharmaceutical excipients for use in melt extrusion

Polymer T, (°C) Taeg (°C) Grades
Vinylpyrrolidone 90-170* 175-250* Povidone® K12, K17,
K30, K90;
Plasdone® K25,
K29/32, K90
Vinylpyrrolidone— 101 230 Kollidon® VA 64;
vinylacetate Plasdone® S630
copolymer
Polyethylene glycol, 70 250 Soluplus®

vinyl acetate, vinyl
caprolactam graft

copolymer
Polymethacrylates 130 155 Eudragit® 1100,
L100-55
Hypromellose acetate 120-135? 185 AQOAT®-L, M, H
succinate
Amino methacrylate 56 > 200 Eudragit® E PO
copolymer

T, glass transition temperature; 7., degradation temperature
4Dependent on the grade of the material selected

successfully used to produce a range of ASDs. Polymer selection for melt extrusion
will be driven by considerations related to manufacturability, oral bioavailability,
and stability of the dispersion. These product attributes are directly related to the
fundamental properties of the materials and careful evaluation can aid in polymer
selection a priori.

Stability considerations refer to both the initial stability and long-term stability of
the dispersion, and are impacted by miscibility and glass transition temperature of
the final solid dispersion. Evaluation of solubility parameters provides an indication
of miscibility for drug and polymer, allowing for initial screening of those materials
exhibiting a parameter difference greater than 10 MPa'/2. Polymeric materials having
higher glass transition temperatures will also generally result in solid dispersions
with higher glass transition temperatures and lower molecular mobility, although it
must be noted that stability will also be strongly influenced by specific intermolecular
interactions and moisture absorption during storage. Therefore, consideration should
also be given to the chemistry of the polymer in relation to the drug substance, as well
as the hygroscopic nature of the carrier polymer. Chemical stability of the polymer
will also factor into the decision, noting that performance is a function of temperature
and processing conditions.

Manufacturability is governed by the melt viscosity, glass transition temperature,
and thermal stability of the materials. Preferred materials will have a wide range
between degradation onset and glass transition temperature. As the window for pro-
cessing is narrowed, it does not eliminate the ability to process with the material but
may require the drug to function as a plasticizer or require the use of functional ex-
cipients to improve the processing range. Melt viscosity will also strongly influence
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manufacturability, impacting motor load during production as well as melt diffusivity
according to the Stokes—FEinstein equation (Eq. 7.2). Careful consideration should
be given for the selection of high melt viscosity materials when processing in the
solubilization regime due to the impact of diffusion rates on process performance.

_ ksT

D =
6 nr

(7.2)

Oral bioavailability of the solid dispersion is perhaps the most critical of the three
product attributes, since exposure limitations will typically be the rate-limiting step
in developing the compound and the driver for application of ASD technology. Se-
lection of the polymer will be largely determined by specific interactions between
the drug and candidate excipients, to which the performance cannot be predicted a
priori. The ability of the system to supersaturate free drug levels and maintain these
levels is necessary to increase the driving force for absorption in the gut. Both ionic
and nonionic polymers have been shown to improve the level of supersaturation,
although generally the ionic enteric polymers tend to show the greatest stabiliza-
tion and best performance as concentration-enhancing polymers. While a number
of mechanisms have been proposed, it is currently believed that the stabilization
potential is owing to hydrophobic interactions between the drug and polymer with
a contribution from colloidal charge due to ionization of ionic materials (Friesen
et al. 2008; Alonzo et al. 2010; DiNunzio et al. 2010). The reader is referred to
Chap. 8 for additional discussion of the mechanisms for supersaturation. Utilization
of early-stage screening technologies and prototype manufacturing will be able to
provide sufficient insight into performance to allow for selection of the appropriate
drug—polymer systems based on free drug concentration. Beyond the ability to su-
persaturate and maintain free drug concentrations in vitro, a detailed understanding
of the biopharmaceutical properties of the drug substance is necessary for selection.
For example, a compound not absorbed in the later stages of the gastrointestinal tract
may not benefit much from the application of high pH dissolving enteric polymers,
whereas a compound well absorbed throughout may exhibit excellent performance.
In other cases, where exposure is limited by solubility and metabolism, alternate
strategies such as boosters may need to be evaluated to ensure sufficient exposure.
Coupling performance evaluation in relevant preclinical animal models will be nec-
essary to ensure accurate assessment of performance in relation to biopharmaceutical
constraints.

The incorporation of functional additives is generally undertaken to address defi-
ciencies of binary drug—polymer systems and include a range of materials that serve
as boosters, plasticizers, solubilizers, pore formers, and antioxidants. Although it
may be possible to identify the need for certain materials prior to prototype manu-
facturing, many of these materials will be incorporated after the initial evaluation.
Consideration of the type of system being designed and mode of incorporation are
also necessary, as these materials span a range of physical states at room tempera-
ture. While the incorporation of these materials is intended to address the deficiency
in the system, it must also be noted that the presence of these additives may also
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Table 7.3 Common pharmaceutical functional additives for use in melt extrusion

Plasticizers Surfactant/solubilizer Antioxidant

Triethyl citrate Pluronic Butylated hydroxytoluene
Dibutyl sebecate Span Butylated hydroxyanisole
Citric acid Tween Edetate disodium

Butyl stearate Vitamin E TPGS

Glycerol monostearate Docusate sodium

Diethyl phthalate Cremophor

influence every other critical product attribute. For example, a solubilizer intended
to improve dissolution rate may also reduce the glass transition temperature and/or
inhibit intermolecular interactions between the drug and polymer, resulting in phys-
ical instability during storage. A range of commonly used functional additives are
presented in Table 7.3.

In addition to a range of biopharmaceutics classification system (BCS) II com-
pounds currently in development, a number of new chemical entities are BCS IV
compounds that are permeability-limited because of p-glycoprotein (Pgp) efflux or
cytochrome P450 (CYP450) metabolism. For compounds where these limitations
significantly reduce exposure, formulations may be developed to increase solubility
as an amorphous form while also incorporating another material to saturate or in-
hibit the permeability barrier. These materials are referred to as boosters and include
excipients as well as active moieties. A commonly cited example using this strategy
is Kaletra®, where ritonavir is used to boost the systemic concentrations of lopinavir
(Breitenbach 2006). Excipients can also be used for this purpose, with several com-
mon materials such as Tween 80, Cremophor® EL, and vitamin E TPGS having been
used for this purpose.

For many drug—polymer formulations, particularly those relying on high molec-
ular weight materials, a high melt viscosity will be observed during manufacturing.
This may be particularly difficult to address using modification of process parameters
if the drug does not provide significant plasticizing effect. This may also become
a rate-limiting step for systems processed in the solubilization regime. The incor-
poration of a plasticizer can reduce melt viscosity. These materials increase free
volume between polymer chains, reducing viscosity and glass transition temperature
(Aharoni 1998). As a result, the incorporation of these additives can have a marked
impact on the physical properties of the systems. Addition of plasticizers has been
shown to alter tensile strength and elastic modulus. Physical stability also decreases
because of the greater molecular mobility caused by the reduction of glass transition
temperature. Even with these changes to mechanical attributes, a number of materi-
als have been successfully used to plasticize melt-extruded formulations, including
polyethylene glycol, triethyl citrate, and dibutyl sebecate. Commercially, plasticizers
have also been incorporated into Rezulin®, a melt-extruded solid dispersion that was
approved by the FDA but withdrawn from the market because of safety concerns not
related to extrusion.
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The solubility limitations faced by systems cannot often be addressed in the
confines of binary drug—polymer amorphous formulations. The incorporation of
solubilizers, such as surfactants-like poloxamer and polysorbate, to increase solubil-
ity and dissolution rate has also been reported for the development of melt-extruded
systems (Ghebremeskel et al. 2007). These materials enhance wettability of the solid
dispersion and can be very effective at low concentrations to improve the dissolution
rate of drug products. It is also a convenient aspect that many of these materials also
provide functionality as boosters and plasticizers, allowing these materials to serve
multiple functions within melt-extruded formulations.

Particularly applicable for controlled-release systems, pore formers are incorpo-
rated as functional materials to increase the surface area for mass transport from the
system. For extruded dispersions, these can be incorporated to achieve a homoge-
neous dispersion or as a secondary phase. Within the design of the system, these
materials are intended to dissolve at a faster rate than the other components of the
matrix, yielding a more porous structure with greater surface area. Given the nature
of incorporation, a range of amorphous, crystalline, and semicrystalline materials
can be used for this function. Having been shown to improve drug release from a
number of extruded matrices intended for controlled-release application, little utility
to date has been shown for these materials for improving oral bioavailability from
ASDs.

Chemical stability of melt extrusion systems is also critical to the development of
a viable drug product. During processing, temperatures up to 185 °C are routinely
used, exposing materials to conditions at which reactions occur at velocities ap-
proximately 50,000 times faster than at room temperature.' Minor incompatibilities
observed during preformulation testing can become significant limitations in devel-
oping melt-extruded formulations. Of the common degradation pathways, oxidation
is a major concern for many pharmaceuticals. If process modification is not pos-
sible to alter the microenvironmental conditions, additives may be incorporated to
reduce impurity formation (Wu and McGinity 2003; Crowley et al. 2002). Oxygen-
scavenging antioxidants such as ascorbic acid can be incorporated into the system to
provide protection by preferential oxidation, preserving the drug substance. Chelat-
ing agents can also reduce degradation rates by complexing with metal ions that
catalyze oxidation (Crowley et al. 2007).

7.3.3 Early Evaluation of Binary and Multicomponent Systems

Prior to manufacturing prototype formulations, a number of methodologies are avail-
able for characterizing the performance of binary and multicomponent systems using
material sparing approaches. These range from simple glass transition temperature
calculations to phase diagram mapping and can provide a wealth of information

! Assuming reaction rate doubles for every 10 °C temperature increase.
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Fig. 7.3 Three-dimensional plot of glass transition temperature using Fox equation for a solid
dispersion where the drug substance 7 is 50 °C and polymer 7}, is 170°C

regarding the composition and required processing conditions. Based on the fun-
damental solid-state aspects of ASDs, the primary aim of early evaluation is to
identify unsuccessful formulations using a minimum amount of drug substance so
that prototype production is conducted on systems most likely to provide success.

Some of the earliest characterization of amorphous materials was undertaken by
Fox et al., proposing the Fox equation to describe the composite glass transition tem-
perature of a homogeneous system. Expressed in Eq. 7.3, it is possible to rearrange
for calculation of glass transition temperature as a function of composition. Apply-
ing the rule of 50, it becomes easy to identify maximum theoretical drug loading
for stability for compositions having 7, values greater than 90 °C (Yoshioka et al.
1995). This approach can provide a simple method for identifying appropriate drug
loadings in prototype dispersions. Further derivation can also allow for evaluation
of the impact of moisture on the basis of the known hygroscopicity profile for the
stabilizing polymer. Shown in Fig. 7.3, a three-dimensional plot can be generated
to understand the impact of drug loading and moisture content on dispersion glass
transition temperature.

Equation 7.3: Fox equation for glass transition temperature of amorphous
dispersions

—=) — (7.3)
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Fig. 7.4 Phase diagram showing stable, metastable, and unstable regions as a function of
temperature and composition

More detailed modeling can also be performed on the basis of Flory—Huggins theory
and using limited experimental testing of melting point depression to understand the
drug—polymer interaction parameter (Marsac et al. 2006; Zhao et al. 2011). In these
models, it is assumed that the drug—polymer pair is analogous to the solute—solvent
pair in the Flory—Huggins lattice model, allowing for description of miscibility based
on Gibbs free energy change before and after mixing. Application of melting point
depression trials through the incorporation of low levels of polymer into the drug
substance allow for determination of the Flory—Huggins interaction parameter ().
Evaluation of the free energy—drug loading relationship at different temperatures, as
well as determination of the binodal and spinodal curves via evaluation of the first
and second derivatives, allows for the development of a phase diagram depicting
stability, metastability, and instability as a function of temperature and composition.
A representative diagram is presented in Fig. 7.4. By utilizing such diagrams, it is
possible to estimate drug loadings attainable under different processing conditions,
as well as estimate the risks associated for long-term stability at different conditions.
Care should be taken to avoid blindly applying this information in place of actual
processing or stability data, as the model does not account for lattice dissociation
energies or kinetic storage phenomena such as moisture uptake during storage. Ad-
ditionally, this approach may be limited when working with compounds having very
high melting points.
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Fig. 7.5 High-throughput amorphous formulation screening design. (Reproduced with permission
from Shah et al. 2012)

Material sparing high-throughput methodologies also exist to simulate the behav-
ior of ASDs, although the majority of these involve the preparation of dispersions via
solvent or precipitation methodologies (Vandecruys et al. 2007; Lauer et al. 2010; Van
Eerdenbrugh and Taylor 2010). In most of these cases, a large range of formulations
can be tested at varying drug loadings and compositions, as shown in Fig. 7.5. The
design of these systems allows for rapid sequential evaluation of amorphous nature,
homogeneity, kinetic solubility, and physical stability. Several of these systems have
been reported in the literature and have been shown to provide an excellent platform
for screening a large number of potential compositions. While these systems can pro-
vide important insight into drug—excipient interactions and the subsequent impact
on stability and kinetic solubility, there are inherent differences in the performance
of solid dispersions prepared by different methodologies. It has been demonstrated
that based on the processing technology, uniformity differences can exist between
compositionally identical dispersions (Dong et al. 2008). It has also been shown that
differences in manufacturing method can impact the biopharmaceutical performance
of the solid dispersion. Given this, a need still exists for high-throughput systems
to simulate melt extrusion. Although a number of methodologies have been tested
to simulate extrusion in material sparing modes, such as repeated thermal cycling
of physical blends and hot-stage microscopy of physical mixtures, these techniques
lack the high shear critical to melt extrusion performance. The absence of shear in
melt extrusion simulating systems can often lead to false negatives, and care must
be taken when applying the results of solvent processing high-throughput methods
to the selection of formulations for melt extrusion prototype manufacturing.
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7.4 Process Design for Early-Stage Melt Extrusion

Melt extrusion exhibits a strong interplay between formulation and process, requiring
careful consideration of the impact of manufacturing conditions on critical product
attributes. Prior to prototype manufacturing, it is necessary to define some general
processing conditions to be used during initial studies. These conditions will be
based on the physicochemical properties of the drug substance, the properties of the
excipients, and also considerations regarding the interplay during extrusion. On the
basis of the melting temperature of the drug substance in relation to the processing
temperature, two unique regimes can be identified (DiNunzio et al. 2012). In the
miscibility regime, the processing temperature will be greater than the melting tem-
perature, which requires designs capable of providing greater distributive mixing to
intersperse the two liquid phases. Although shear and residence time distribution
may impact the level of mixing, these properties are less critical than if processing in
the solubilization regime. For systems processed in the solubilization regime, kinetic
aspects of the dissolution process should be adjusted through processing control to
maximize mass transfer rates. Therefore, greater specific energy (SE) input should
be applied, along with more aggressive screw designs to increase shear and extend
residence time. This will aid in the formation of an amorphous form, although exces-
sive designs may result in unnecessary impurities being formed during production.
Anticipated polymer melt viscosities can also influence the choice of screw design,
noting that high viscosity systems may not be able to support a large number of
kneading elements owing to torque constraints. Further preliminary consideration of
processing temperatures and drug loading of the systems can be gained by examina-
tion of the phase diagrams. For compositions that require high temperature to achieve
the target drug loading within the stable range, it is advisable to consider reducing
the drug loading in order to demonstrate proof of concept. Additional consideration
can also be given when dealing with heat-sensitive materials, specifically focusing
on reducing the residence time of the formulation and minimizing the temperatures
required. Through judicious application of the initial characterization information, it
is possible to select processing conditions most likely to yield initial success; how-
ever, it is important to understand that process development will be a comprehensive
activity that only begins at the prototype manufacturing stage.

7.5 Prototype Manufacturing

Application of structured early-stage characterization can provide critical insight into
the anticipated performance of the solid dispersion formulations while also helping
to design the manufacturing to be used for prototype manufacturing. Through this
process, it is possible to identify target excipients, drug loadings, processing temper-
atures, and even process section designs. Once the systems have been rank ordered
on the basis of desired product attributes, the next stage is a campaign-style series
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Fig. 7.6 Melt pressure and motor load plots measured in-line during twin-screw extrusion

of manufacturing trials designed to assess the manufacturability, bioavailability, and
stability of ASDs prepared by melt extrusion.

Depending on drug substance availability, prototype manufacturing of initial for-
mulations is generally performed on laboratory-scale extruders ranging in size from
7 to 16 mm diameters and capable of supporting batch sizes of approximately 20 g. If
constrained by drug substance availability, even smaller units may be used; however,
care should be given to ensure similar energy inputs for representative evaluation of
process performance. During this stage, key information regarding process temper-
ature, motor load, melt pressure, and screw speed will be evaluated. Most systems
are capable of providing real-time displays for these critical attributes, as shown in
Fig. 7.6, which can then be used to assign a rank order performance. Processing
conditions of systems showing opaque materials should be modified to achieve an
amorphous form. If processing conditions are unable to yield a clear glass, the system
can be eliminated owing to the presence of residual crystallinity, although it should
be noted that heterogeneity of the dispersion may lead to a semitransparent nature.
This type of at-line characterization should also be supported by the implementation
of polarized light microscopy and can be further supported by the implementation
of process analytical technology (PAT). Secondary issues such as high melt pres-
sure and motor load may also be addressed at this stage through regulation of screw
speed, feed rate, and zone temperatures; however, it is advisable to conduct a more
thorough evaluation of process parameters for lead formulations identified from the
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Fig. 7.7 Free drug concentration—time profiles of two different formulations compared to the
crystalline drug substance. (Reproduced with permission from Agere Pharmaceuticals)

prototype manufacturing after completion of the initial screening. Following extru-
sion, acceptable product will be milled as needed using conventional technologies
to support further evaluation of the drug product.

The oral bioavailability for BCS II compounds is related to the solubility of the
drug substance. Careful measurement of kinetic solubility can provide a rank order
for dispersion performance by accurate measurement of free drug concentration.
Similarly, formulations that show a relationship between free drug and total drug
can use total drug measurements as a surrogate free drug concentration. Free drug
and total drug dissolution profiles, shown in Fig. 7.7, can then be used to provide
a performance rank order for the different formulations. Some insight can also be
gained by comparison of this rank order to that projected in high-throughput solvent
evaporation-based screening to identify differences associated with the manufactur-
ing process. In cases where the compound is a BCS IV molecule, more detailed
studies may be required to assess the performance of the dispersions. In all cases, it
is recommended to support the decision of lead dispersions with testing in relevant
animals models. Retrospective comparisons should also be made to identify accuracy
of preclinical models in relation to in vitro methodologies.

Physical and chemical stability of the dispersion after manufacturing and on
long-term storage are prerequisites in the development of an acceptable drug prod-
uct. Chemical stability is evaluated using drug-specific methodologies capable of
identifying impurities generated during manufacture and storage. Preformulation
evaluation will help to identify potential interactions, and systems can be rank ordered
on the basis of impurity formation. Similarly, physical stability is evaluated using a
series of conventional techniques, including mDSC, x-ray diffraction (XRD), Raman
spectroscopy, polarized light microscopy, and scanning electron microscopy. Qual-
itative techniques will provide an early indication of stability, while more sensitive
techniques may be able to identify systems with levels at or below 2 % residual crys-
tallinity (Newman et al. 2008). Preferred compositions will show no recrystallization
during storage, particularly under conditions required to support regulatory approval
of the drug product. Failure of products observed in more aggressive conditions
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outside regulatory requirements will not preclude the use of the dispersion formula-
tion for subsequent development; however, care should be given to understand the
mode of failure and how the system may be modified in subsequent development
to reduce instability. For example, systems exhibiting recrystallization as a result
of excessive moisture uptake during prototype manufacturing can be developed in
moisture-protective drug products or in moisture-resistant packaging to reduce the
influence of water on storage stability.

Key aspects from each of the major phases (manufacturability, bioavailability,
and stability) will contribute to the overall ranking of the system. The extent of char-
acterization is fully dependent on the approach of the individual scientist. Systems
showing inappropriate performance may be dropped from future studies or carried
through to better understand the specific modes of failure. A cumulative evaluation
of all formulations will be necessary to provide final rank order. It is also highly
recommended that evaluation of bioavailability be conducted in relevant preclini-
cal models, and if necessary, even in man to screen performance. Stability in both
standard and aggressive storage conditions is also highly recommended to provide a
rapid identification of system stability. In general, priority ranking will be given to
oral bioavailability as this property will be the most critical metric. Physical stability
is the next most important metric for evaluation of the prototype formulation, noting
that options exist for modifying the drug product formulation and restricting storage
conditions to enhance stability. Finally, manufacturability will be considered. Sys-
tems with high motor loads or excessive impurities may be further improved during
optimization to minimize the impact of these issues. Ultimately, by thoroughly rank
ordering the solid dispersion formulations, it is possible to identify the lead com-
position for good laboratory practice (GLP) and FIM studies, although additional
optimization may be required prior to initiation.

7.6 Optimization for GLP and Good Manufacturing Practice
(GMP) Manufacturing

7.6.1 Considerations for Selection of Prototypes for GLP and
Clinical Stages

By following the structured design approach to developing melt-extruded ASDs
and establishing a rank order as detailed earlier, typically the formulation scientist
will arrive at a small group of viable formulations. When prototype screening is
conducted very early in the development program, prior to entry into GLP studies,
the formulation scientist must judiciously select the most appropriate formulations
for preclinical and clinical studies from this group. In many cases, the optimal
formulation will be utilized for both phases of development. In other instances,
the system utilized for GLP studies will be different from the formulation employed
in clinical studies. It simply depends on the product requirements at both stages and
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how the formulation fulfills those requirements. When the GLP system does not
optimally satisfy the clinical need, and vice versa, different formulations should be
employed. In this section, the formulation requirements for GLP studies and clinical
studies will be discussed in the context of selecting the appropriate melt-extruded
ASD prototype for each phase.

7.6.1.1 Formulation Selection for GLP Studies

ASD systems are becoming increasingly more utilized for GLP toxicology studies
as new molecular entities are becoming increasingly more insoluble, not only in
aqueous media but also in common nonaqueous vehicles. Inadequate exposures dur-
ing toxicity studies can lead to misleading safety evaluations that can delay entry
into the clinic and jeopardize the development program (Zheng et al. 2012). Sub-
stantial solubility enhancement of NMEs through formulation intervention is often
required for these studies where steep ascending dose designs up to very high doses
(hundreds to thousands of mg/kg of body weight) are required to achieve target
safety margins for entry into humans (Kwong et al. 2011). Supersaturating ASDs
have become compound-enabling strategies in these cases as they typically provide
vast improvements in dose linearity and overall exposure, thus permitting thorough
toxicity profiling of the compound (Moser et al. 2008a, b).

The properties of an optimal GLP formulation may not necessarily be the same
as those of the optimal clinical or commercial formulation owing to the different
demands of a GLP formulation. First, an ASD formulation for GLP studies is typi-
cally dosed as a suspension in an aqueous vehicle. A large quantity of the suspension
formulation is prepared and group dosing is performed from a single lot. Dosing
can require as much as several hours to complete, and therefore, the ASD formula-
tion must remain physically stable in suspension for the duration of constitution and
dosing. One must consider this as a critical feature of the GLP formulation when
selecting from melt-extruded prototypes. Systems largely comprising a carrier that is
soluble in the aqueous vehicle can lead to dissolution of the API followed by recrys-
tallization prior to dosing. Recrystallization of the amorphous form will negatively
impact the performance of the formulation and diminish the results of the toxicity
assessment.

Perhaps the best strategy to employ for GLP ASD formulations is to utilize a pri-
mary carrier that is insoluble in an aqueous vehicle. It is strongly advised to consider
melt-extruded ASDs containing anionic polymeric carriers, such as hypromellose
acetate succinate or methacrylic acid copolymers type A and C. Amorphous systems
with carriers such as these can typically be dosed in aqueous vehicles that have been
titrated to a pH of 4.0-5.0 with acceptable physical stability in suspension. Stabil-
ity evaluation of such systems in suspension can be accomplished according to the
method described by Moser et al. (Moser et al. 2008a). Several authors have demon-
strated these systems to achieve target performance with respect to dose linearity and
exposure (Zheng et al. 2012; Kwong et al. 2011; Moser et al. 2008a, b).
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Table 7.4 Attributes of an ideal melt-extruded ASD formulation for preclinical studies

Remains amorphous in aqueous suspension for ~ Provides linear increases in exposures with

suitable duration for group dosing (2—4 h) ascending dose

Enables achievement of exposures suitable for ~ Easily dispersed in vehicle and results in a
toxicity profiling and establishment of safety stable homogenous suspension
margins

Sufficient drug loading to facilitate high doses ~ Amorphous powder is stable on storage for
duration of study or for sufficient time for
resupply

Forms a homogenous suspension that is easily

dosed through gavage needle and/or feeding
tube

The formulation scientist must be aware of the solids limitations for dosing ASD
formulations in suspension and balance this with the appropriate drug loading. Gener-
ally, total solids loading in suspension is limited to approximately 200 mg/ml, beyond
which the suspension becomes prohibitively viscous to dose via gavage. Also, dosing
volume for aqueous vehicles is limited to about 10 ml/kg; hence, the approximate
maximum amount of deliverable solids per dose administration is 2,000 mg/kg. The
maximum API dose deliverable depends on drug loading in the ASD formulation,
i.e., at 10 % drug loading, the maximum API dose is 200 mg/kg, whereas at 50 % drug
loading, the top dose is 1,000 mg/kg. Drug loading must be optimized to achieve the
target high dose while balancing the demands of physical stability and bioavailabil-
ity. The optimization of drug loading with respect to bioavailability and suspension
stability should be conducted as enabling development to ensure the suitability of an
ASD formulation for GLP studies.

Particle size is a key factor to consider in the design of a melt-extruded ASD prod-
uct for GLP studies. Therefore, downstream processing of the amorphous extrudate
is critical to the success of the formulation. Particle size must be optimized and
sufficiently controlled to ensure rapid dispersal and the formation of a homogenous
suspension when the ASD powder is constituted in the vehicle. Particle size must
also be controlled to ensure that the formulation can be easily administered through a
gavage needle and/or feeding tube. Suspendability studies and gavageability studies
should be conducted on formulations milled under varying conditions to identify the
optimum particle size distribution.

Shelf-life stability for a melt-extruded ASD system intended for GLP use is less
critical than a clinical formulation because study durations are typically much shorter,
frequent product resupply is often not an issue, and refrigerated storage is usually
a viable option. Therefore, systems that may have not performed optimally with
regard to physical stability during prototype evaluation could be considered for GLP
use, assuming acceptable stability in suspension. This allows for utilization of ASDs
with higher drug loads, which is often necessary to achieve the target high dose.
Physical stability of an ASD for GLP studies is important; however, there are options
to mitigate instability, such as refrigerated storage, shorter expiration dates, and
intermittent resupply, for longer studies (Table 7.4).
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7.6.1.2 Formulation Selection for Clinical Studies

Selecting the appropriate formulation for clinical studies should directly follow from
the rank order established during prototype screening. The composition should be
optimal with respect to bioavailability, stability, and manufacturability. Further, the
absorption characteristics of the active molecule as well as the desired pharmacoki-
netic (PK) profile for the therapy must be considered when selecting the clinical ASD
formulation. Careful consideration must also be paid to the impact that the ASD com-
position will have on the performance, convenience, and manufacturability of the
final clinical dosage form. In this section, the critical attributes of melt-extruded ASD
systems as they relate to the performance and manufacturability of clinical dosage
forms will be discussed.

Selection of the appropriate formulation for clinical studies must involve consid-
eration of the absorption properties of the active and the PK/pharmacodynamic (PD)
profile of the therapy. For drugs that exhibit site-specific absorption, an ASD system
that is designed to release just prior to, or at the site of, absorption in the gastroin-
testinal (GI) tract should be selected. When a drug is predominantly absorbed in the
proximal small intestine, a nonionic system may be preferred as drug release can
be initiated and supersaturation maintained in the stomach, increasing the free drug
concentration as the stomach contents enter the duodenum. In contrast, a drug that
is well absorbed over the entire intestinal tract may benefit from an anionic system,
which can sustain supersaturated drug concentrations for the duration of intestinal
transit (DiNunzio et al. 2010; DiNunzio et al. 2008; Miller et al. 2008). Further,
therapies that benefit from release of supersaturated drug concentrations in the distal
regions of the GI tract are best formulated as anionic systems designed to release at
pH levels of 6.5 or greater. For drugs that have toxicity associated with elevated Cyax,
the appropriate ASD system should be designed to blunt peak concentrations while
keeping total exposure constant. Enteric carriers can be useful in this case along with
higher molecular weight nonionic polymers.

Drug loading is a critical aspect to consider when selecting and optimizing an ASD
formulation for clinical studies. For low-to-moderate dose therapies, drug loading
should be optimized entirely with respect to bioavailability and physical stability as
described previously. For high-dose therapies, maximizing ASD drug loading is crit-
ical to minimizing dosage form size and/or number of units per administration toward
optimizing patient comfort, convenience, and compliance. Drug loading must be
maximized while balancing performance and stability aspects to arrive at the optimal
drug product. An appropriate experimental campaign must be conducted to identify
the highest acceptable ASD drug loading that provides acceptable biopharmaceutical
performance and stability.

For moderate-to-high dose capsules, the scientist must optimize drug loading in
the ASD to maximize the API quantity that can be loaded into the desired capsule
shell. Bulk density is also important in this regard as will be discussed in a subsequent
section. For high-dose tablets, it is also critical to optimize drug content in the ASD
formulation to maximize API load within the geometric limitation of the tablet. How-
ever, solids fractions for tablets are significantly greater than capsules, allowing for
superior API loads. Hence, for most high-dose ASD applications, tablets are preferred
to capsules, as dose administration can be achieved with smaller and fewer units.
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Selecting and optimizing a melt-extruded ASD prototype for clinical use re-
quires forethought as to how the ASD system will impact performance of the final
dosage form and how this can be managed to accommodate the clinical requirements.
Specifically, the ASD composition chiefly influences capsule dispersion, tablet dis-
integration, and ultimately API dissolution. For low-to-moderate dose therapies, this
influence can be mitigated by external excipients to ensure desired performance.
However, for high-dose therapies where there is less capacity for external excipients
in the formulation, the ASD composition will largely dictate critical performance
attributes.

For capsules, formulation optimization must be conducted to achieve dispersion
of the capsule’s powder contents following dissolution of the shell. It is often the
case that ASD systems tend to form an insoluble plug when improperly formulated
as a capsule dosage form, leading to a sustained release of the active rather than
the desired immediate release. Serajuddin et al. (1988) explained the mechanism
of plug formation as the faster dissolution of the hydrophilic carrier at the surface
leading to the formation of a hydrophobic drug-rich layer that becomes a retardant to
release. Some ASD carrier polymers, specifically nonionic polymers, tend to form
plugs because of more rapid surface dissolution as well as coalescence on hydration
leading to viscous hydrogel formation at the plug surface. The ancillary excipients
both internal and external to the ASD system must be optimized to ensure adequate
dispersion of capsule contents. Such excipients include surfactants, wetting agents,
soluble fillers, insoluble fillers, disintegrants, and the like. These excipients func-
tion to promote wetting, sterically interfere with hydrophobic interactions and gel
formation, and physically forcing adjacent particles apart, thereby acting synergis-
tically to promote dispersion of capsule powder contents. Anionic carriers tend to
have less issue with respect to plug formation, and thus external capsule formulation
optimization is often more straightforward.

For tablets, nonionic polymers commonly used for melt-extruded ASD systems,
such as hypromellose, povidone, and copovidone, typically act as binders on com-
pression and hydration. ASD formulations designed with nonionic carriers typically
form nondisintegrating matrices when compressed into tablets at high solid disper-
sion fractions. Additionally, these polymers can act to retard disintegration by a fusion
mechanism on hydration. By either mechanism, the end result is an eroding tablet
with slow drug release. Often, these systems cannot be formulated into disintegrating
tablets, and thus effort must be spent optimizing the internal ASD composition as
well as the external composition to achieve a rapidly eroding system. The Kaletra and
Norvir tablets are two commercial examples of nondisintegrating tablets that have
been elegantly designed for rapid erosion (Kanzer et al. 2010). Enteric polymers tend
to be poor binders; therefore, high-dose tablets designed with anionic ASD systems
tend to be faster disintegrating. This makes optimizing for dissolution performance
more straightforward; however, achieving acceptable compression profiles and tablet
hardness can be more challenging with ionic ASDs.

Almost all melt-extruded ASD systems are milled prior to incorporation into a
final dosage form. The purpose of milling is primarily to generate a granular or
powder intermediate that can be further processed into a final dosage from. Milling
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also increases surface area to enhance dissolution properties and ultimately maxi-
mize the biopharmaceutical performance of the dosage form. Melt-extruded ASDs
typically exhibit high bulk densities, making them ideal for capsule filling and tablet
compression, particularly in high-dose applications. Milling will impact bulk den-
sity. Particularly in fine milling applications, powder density of finely milled product
tends to be lower. An optimum must be established with respect to particle size and
density to achieve the desired performance attributes while not adversely impacting
fill volumes for capsule and table manufacturing. Milling can also play an important
role in tablet compression for high-dose tablets where external excipient content is
constrained. Particularly for polymer carriers that are poor dry binders, i.e., anionic
polymers, increasing surface area provides greater surface for bonding interactions,
thus providing improved compression profiles and tablet hardness. For nonionic ASD
carriers that act as efficient dry binders, particle size distribution is less critical. For
capsules or disintegrating tablet systems, particle size will also impact the dissolu-
tion rate of the ASD following powder dispersion or tablet disintegration with fine
milling typically leading to rapid dissolution. For eroding systems, milling enhances
water permeation into the monolith to accelerate erosion. In summary, the optimum
particle size distribution of an ASD system must be identified during development
and milling conditions must be optimized such that the final ASD powder facilitates
performance and manufacturability of the final dosage form.

7.6.2 Process Development and Optimization for GLP and GMP
Manufacturing

Manufacturing of prototype formulations and drug product for preclinical non-GLP
studies is typically conducted in R & D laboratories on small-scale equipment. As a
drug development program transitions into GLP and clinical development phases, the
manufacturing operations transition into a GMP environment, and typically to larger-
scale equipment. Particularly in the case of chronic toxicology studies and large
clinical studies, batch sizes increase substantially. By this point, the melt extrusion
process for the ASD system must be scaled up and optimized to ensure robust process
performance and the avoidance of deviations during manufacturing campaigns. In
this section, process development considerations for transitions into GLP and GMP
manufacturing of melt-extruded ASD formulations will be discussed in detail. For
a more in-depth discussion of twin-screw extrusion and extrusion systems in GMP
environments, the reader is referred to Chap. 2.

7.6.2.1 Process Length

Process length is the length of the extrusion system and is described in dimensionless
units as the ratio of length to the diameter of the screw (L/D). For modular systems,
process length can be adjusted by multiples of the barrel segment length, typically
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four times the screw diameter (4D) (Dreiblatt 2003). For clamshell systems, the
process length is dictated by the furthest upstream location. Typically, process lengths
are in the range of 20:1 to 40:1, or longer up to a limit of about 50 to 60 times the
screw diameter at which point torque and maintenance of clearances become issues
(Dreiblatt 2003; Crowley et al. 2007). For detailed information on process length
and barrel design, the reader is referred to Chap. 2.

Process length is dictated by the number of different unit operations that are re-
quired to consistently achieve the desired quality attributes for the ASD system.
When melt processing to achieve ASD systems, the critical unit operations are dic-
tated by the processing regime: miscibility, or solubilization. The miscibility regime
is the more straightforward of the two, and melting and dispersive mixing operations
are most critical. Because of the heat and mass transfer efficiency of twin-screw ex-
trusion systems, homogenous melt mixing can occur quite rapidly. Therefore, when
processing above the melting point of the API, melting of the drug substance with
simultaneous mixing with the carrier system can occur over a very short process
length. By the simplest scenario, the required unit operations will be (1) feeding the
preblend, (2) melting the API while simultaneously rendering the polymer molten,
(3) distributively mixing the API into the polymer, and (4) pressurizing the homoge-
nous molten system through the die. Generally, a length of 4D can be assigned to
each operation, and hence the total process length would be 16D. If additional unit
operations are required for venting, liquid injection, extended metering for greater
die pressurization, etc., barrel modules would be added to this basic process, increas-
ing the length by about 4D per operation. Although adding additional process length
may be required for additional unit operations, consideration must be given to the
increased thermal stress resulting from a greater residence time distribution RTD.
In the case of extended metering zones for greater die pressurization as in the case
for direct product shaping, consideration must be paid to increased thermal stress
resulting from a greater RTD and melt pressure.

When processing in the solubilization regime, it is likely that an extended process
length will be required to accommodate several dispersive mixing operations and ex-
tended residence times required to solubilize the drug substance. Solubilization is a
kinetic process, and when formulation components and temperature profile are fixed,
the key process variables are shear and time. The extent to which greater shear and
time are required for solubilization will depend on the difference between the maxi-
mum processing temperature and the melting temperature of the API (AT vp—process)-
As this value increases, so too will the shear stress required to reduce the drug’s
domain size to molecular levels and the time required to complete the operations
homogenously throughout the melt. In the simplest scenario, the required unit op-
erations will be (1) feeding the preblend, (2) rendering the polymer molten, (3)
dispersively mixing the API into the molten polymer, and (4) pressurizing the ho-
mogenous molten system through the die. Additional dispersive mixing operations
with appropriate shear intensities should be added to this basic design until the de-
sired ASD system is achieved. Additional process length will also be required when
secondary feed streams are needed or additional unit operations are required.
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7.6.2.2 Temperature Profile

Extrusion systems are designed to allow for temperature control in the various zones
of the extruder. The temperature at each zone depends on the composition being pro-
cessed and the unit operations being performed in each zone. Each zone is equipped
with heating and cooling mediums controlled by a programmable logic controller
(PLC) that balances heat and cooling inputs to maintain the set point. During an
extrusion process, the system imparts a substantial amount of mechanical energy
at the interface between the screw, the material, and the barrel wall leading to a
significant heat generation (Kapp and Palmer 2003). However, external heating is
often required to bring the extruder segments and die up to the operating tempera-
ture and to maintain temperature during the process (Kapp and Palmer 2003). When
mechanical forces generate excessive thermal energy, the PLC triggers the cooling
mechanism to reduce the temperature in that segment to the set point. It is important
during process development phases to identify the optimum temperature for each
zone according to the unit operations being performed in the respective segment.

When processing in the miscibility regime, it is critical that the API be completely
melted to ensure molecular mixing with the polymer. Hence, temperature set points
in the melt zones should be at or above the melting point of the drug. A plateauing
temperature profile will be typical in this case in which the temperature ramps up
from the feed zone to at or above the API melting point in the melt, mixing, and
metering zones.

When processing an ASD system in the solubilization regime, it may be necessary
for a significant portion of the process length to be near the maximum temperature
(typically dictated by the thermal stability of excipients) to facilitate complete sol-
ubilization of the API and the achievement of a single-phase amorphous system.
The key determinant of temperature profile in the solubilization regime will be the
AT Mp—process- As this difference increases, API dissolution rate in the viscous poly-
mer decreases, and a maximum number of barrel segments must be set at the peak
temperature to accelerate dissolution. The temperature in the feed and conveying
zones must be sufficiently low to enable efficient conveying into the melt zones.
Once in the melt zone, the temperature profile may remain constant through the die.

7.6.2.3 Screw Design

As described in Chap. 2, twin-screw extrusion systems have segmented screw designs
allowing for unique configuration of the screw to meet specific product require-
ments. Screw elements essentially consist of conveying and mixing elements. Mixing
elements can be further broken down to distributive elements, e.g., combing ele-
ments and dispersive mixing elements, e.g., kneading elements. Distributive mixing
elements are less shear-intense and support mixing of low viscosity phases into
high-viscosity phases. Dispersive mixing elements are more shear-intense and are
designed for reducing domain sizes of a minor phase into the primary phase of a
melt. This section will briefly discuss screw design as it specifically pertains to the
manufacture of ASD formulations. For a detailed discussion of screw design, the
reader is referred to Chap. 2.
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As one progresses from prototype manufacturing into GLP/GMP production, par-
ticular attention must be paid to screw design to achieve the desired and consistent
product properties. Again, for ASD systems, a key consideration for screw design
will be whether processing is occurring in the miscibility regime or the solubiliza-
tion regime. As discussed earlier, judicious polymer selection in this case should
include in silico and empirical data supporting complete miscibility of the drug sub-
stance and the carrier at relevant ratios. Melt mixing miscible components should
be a somewhat low-shear operation when compared with melt solubilization. There-
fore, distributive mixing elements should be employed to perform mixing operations
during the process. Mixing should essentially consist of dividing and subdividing
the melt until homogenous. Depending on the affinity of the different molten com-
ponents, homogenous mixing could be achieved in a short distance of the process
length. Process development from prototype manufacturing to GLP/GMP produc-
tion should include iterative titration of the number of mixing operations performed
along the screw length as well as the length of the individual mixing operations. In
general, a common screw design for processing an ASD composition in the misci-
bility regime should include the following operations: (1) feed conveying, (2) melt
pumping, (3) mixing (predominately distributive), and (4) metering of the homoge-
nous melt product at pressure. For venting operations, a low-pressure conveying
operation can be incorporated to provide a low-pressure and high-surface area sec-
tion for removal of volatiles. Note that these are very simplified descriptions of screw
operations intended only to provide the reader with general guidance toward design-
ing the appropriate screw. Again, the reader is referred to Chap. 2 for more detailed
discussion.

As discussed previously, when processing in the solubilization regime, shear is a
key process variable dictating the amount of drug that can be solubilized within resi-
dence time distribution of the process. An adequate screw for this regime will include
sufficient dispersive mixing operations to ensure the entire drug content is consis-
tently solubilized prior to exiting the barrel. The aggressiveness of the screw will
depend on the magnitude of the AT yp_process parameter. The larger this parameter,
the more aggressive the screw design must be and the greater the SE input. However,
the aggressiveness of the screw must be balanced against the shear sensitivity of the
excipient materials, as many polymers can degrade under high shear. Titration of
shear, meaning total process length consisting of shear elements and the degree of
intensity of the shear components, should be conducted between prototype manu-
facturing stages and GLP/GMP production stages. The optimum shear intensity and
SE input will be identified when a homogenous ASD product is consistently pro-
duced without excessive degradation of the excipient materials. Such optimization
should be conducted moving from low-to-high shear screw systems, making at-line
observations regarding transparency of the extrudate. Additional kneading elements,
or more aggressive kneading elements, can be added iteratively to the screw until
the extrudate appears consistently transparent at line. Thorough analytical charac-
terization of the product should be conducted to confirm a single-phase system with
minimal degradation of the excipient materials before identifying the screw design
as optimum. Representative screw designs for early development are presented in
Fig. 7.8.
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Screw design directly impacts process residence time. In general, as the percentage
of mixing operations in the total process length increases, so does the residence
time distribution for a given feed rate and screw speed. This should be considered
in the context of minimizing thermal stress for processing of heat-labile materials.
Reducing the number of mixing elements to a minimum is also important to maximize
process throughput, as these elements typically have minimal forwarding capacity.
When working to minimize mixing elements, care must be taken to ensure that all
required product attributes (amorphous, homogeneous) are achieved prior to the die
region. Evaluation of these properties can be achieved using in-line monitoring or
sampling from the postmixing to predie region. By ensuring that critical product
attributes are achieved within the length of the screw and not because of processing
in the die region, it is possible to avoid unnecessary issues during scale-up.

Complete optimization of screw design is critical between the prototype manu-
facturing and GLP/GMP manufacturing stages of development because the screw
design developed during this phase will largely determine the screw design that is
employed in later stage and even in commercial production. The principles of scale-
up of twin-screw extrusion system are well defined for geometrically similar systems.
Therefore, in order to ensure seamless transfer between scales, the screw design ide-
ally would not change between scales. Consequently, screw design at early stages
of development has a direct impact on the scale-up and high-volume manufacturing.
Adequate resources should be applied to this task and proper experimental design
should be executed to ensure success of the melt extrusion process and ultimately
the product.

7.6.2.4 Specific Energy

As defined earlier in this chapter and elsewhere in this text, SE is the amount of
energy input by the extrusion system per unit mass of feed. It is important to define
the optimum SE during initial process development in preparation for GLP/GMP
manufacturing because SE will be a key scale-up factor and critical process parameter
throughout the life of the process. An appropriate experimental design should be
executed to identify the optimum SE by varying the ratio of screw speed (rpm)
to feed rate and evaluate the resulting effects on key product properties. Once the
optimum range of SE is defined for a given process configuration, it should be held
constant, e.g., if throughput is increased, the screw speed should be correspondingly
increased to maintain SE.

The criticality of SE for the production of ASD systems will depend on the pro-
cessing regime. In the miscibility regime, the key operations are melting the API and
distributing the liquid active into the molten carrier. These operations require effi-
cient heat transfer with the barrel wall and relatively low shear input. Additionally,
product properties are typically more robust with respect to variances in SE.

In the solubilization regime, achieving a homogenous amorphous system will be
highly dependent on shear input from the system per unit mass. Therefore, optimiza-
tion of SE is critical to consistently producing product with the desired attributes. A
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Table 7.5 Attributes of a melt

. Miscibility regime Solubilization regime
extrusion process for
production of ASD systems in Higher feed rates Lower feed rates
the miscibility and Lower shear Higher shear focused on
solubilization regimes dispersive mixing
Shorter process lengths Longer process length
Lower specific energy Higher specific energy
Bulk API properties less Bulk API properties are
critical critical
Bulk excipient properties Bulk excipient properties
less critical can be critical
Primarily distributive Primarily dispersive
mixing mixing

API active pharmaceutical ingredient

higher amount of shear will be required per unit mass to solubilize the drug vs. melt
mixing; hence, SE will be greater relative to processing in the miscibility regime.
The SE ratio will also increase with the difference in AT yvp_process» 1.€., the further
the processes deviates from the API melting point, the more shear energy is required
to solubilize the drug. The degree of fill will be lower and screw speed higher with
respect to processing in the miscibility regime, and hence throughput is typically
lower for solubilization processes. Considering the criticality of SE to the properties
of an ASD product produced in the solubilization regime, it is essential to establish an
acceptable processing space with respect to SE prior to transitioning into GLP/GMP
manufacturing. Moreover, SE is a critical scale-up parameter, and therefore it is vital
to establish the optima early in development as it will propagate into each stage of
manufacturing (Table 7.5).

7.6.2.5 Feed Material Properties

As with any pharmaceutical unit operation, establishing specifications for feed ma-
terials to ensure product consistency and quality is critical. For production of ASD
systems by melt extrusion, the feed materials will be the API, polymer(s), ancillary
excipients (surfactants, pore formers, glidants, etc.), and processing aids. Since the
API and polymer carrier are the primary components of a melt-extruded ASD system,
this section will focus on defining feed properties for these materials. The principles
of establishing the key feed properties for these materials will also apply to additional
formulation components.

In terms of API, it is of the utmost importance to ensure that the bulk drug sub-
stance meets specifications with respect to purity, morphology, melting point, and
particle size. Therefore, it is the role of the formulation scientist to define the crit-
ical API properties for achieving the desired product properties prior to GLP/GMP
manufacturing and to see the maintenance of these properties for all manufacturing
campaigns. Particularly in the GLP stages, purity of the API can vary. It is important
for the formulation scientist to identify if and how these impurities can influence
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product performance. Moreover, GLP toxicology studies can provide an opportunity
to increase limits for potential process-related degradation products by intentionally
incorporating API into these studies with elevated levels of the target impurities.
Identifying negative influence of API impurities on the properties of melt-extruded
ASD will require dialogue between the formulation development and API synthesis
groups to ensure that the purity specifications are met. By the time a program has
moved into the clinic, the API synthesis process should be well established and purity
should no longer be an issue.

The same is true for the interrelated properties of morphology, crystal habit, and
melting point. These API properties can vary at early stages of development and
can impact the quality of melt-extruded ASD systems. Obviously, changes in crystal
structure that influence the thermal properties of the drug substance can significantly
impact melting or solubilization of the API during extrusion. The formulation sci-
entist should ensure that the specifications for drug substance are met prior to ASD
manufacture for preclinical studies. Again, as the synthesis process is established
moving into FIM studies, these properties should not vary and should not pose
issues to ASD manufacturing.

Particle size is a property that can vary at all stages of development and can have
a substantial impact on an HME process and ASD product. It is therefore essential
for the formulation scientist to conduct thorough studies regarding the influence of
API particle size on ASD product properties and establish an acceptable particle size
distribution range for the HME process. In the miscibility regime, it is important to
ensure that the drug particles are below an established limit to avoid incomplete or
variable melting during the process.

In the solubilization regime, API particle size is often a critical parameter. As
described previously, in this regime, solubilization of the API in the molten carrier
is analogous to a dissolution process and can be described by the Noyes—Whitney
equation. Examination of this equation reveals that increasing the surface area of
the solute increases the rate of dissolution. Putting this in terms of a melt extrusion
process, increasing the surface area of the API increases the amount of drug that
can be solubilized within the residence time of the extrusion process. Once again,
the criticality of API particle size will depend on the magnitude of the AT yvp—_process
parameter as well as the target drug loading. The greater the AT and drug loading,
the finer the API particles must be to achieve the desired product. In very challenging
cases, micronization of the API may be required to achieve the desired product. The
formulation scientist must diligently evaluate a range of particle size distributions in
the melt extrusion process to determine the effect on ASD properties and establish
particle size specifications.

API particle size and bulk density can also have a significant impact on throughput
of an extrusion system. Maximizing the feed volume with a low bulk density API can
still result in low mass flow and poor product output. When faced with this issue, the
ideal solution is to mitigate the problem on the API synthesis side. If this cannot be
accomplished, another option is to preprocess the API to improve bulk density, e.g.,
by roller compaction. Another option is to utilize a crammer feeder that densifies
the API in the process of feeding into the barrel. Yet another option is to implement
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shovel elements that can convey larger powder volumes than conventional conveying
elements. Once again, API density issues should be identified early and a solution
implemented prior to drug product manufacturing.

Moisture content (water and/or solvents) can greatly influence melt processing
and properties of ASD formulations. Water content in the bulk API is typically
not an issue for PWS drugs; however, water content can be detrimental to drug—
polymer miscibility and can also influence the process feed. At a minimum, a cursory
analysis of API water content should be conducted to identify any potential issues to
processing or product performance. More common, particularly at preclinical stages,
is residual organic solvent content in the API from synthesis. Residual solvent can
have a number of effects on an HME process and resulting ASD composition. The
formulation scientist should therefore monitor residual solvent content in the API
at all stages and be aware of the potential effects on the process and product. It
is recommended that during and following prototype development, the bulk API
be dried in a vacuum oven to minimize residual solvent content as this will be
more representative of future bulk API properties. Residual organic solvents that are
evaporated during processing can impact the process feed in the absence of proper
barrel configuration. To ensure appropriate devolatilization during extrusion, it is
recommended to place one vent port in the metering zone. If off-gassing in the
feed region is observed, baffled feed inserts can be used to improve vapor removal.
Processing can be further enhanced by the removal of residual moisture from drug
substance and excipients, although this process may not be desirable for long-term
production. Again, through open dialogue with the API synthesis group, these issues
can be resolved on scale-up and development of the synthesis process; therefore, by
FIM studies, moisture in the bulk API should not be an issue.

For excipient materials, the critical properties to monitor and specify are purity,
moisture content, and particle size. Purity is almost always ensured by the supplier
and verified with a certificate of analysis for each lot. This property is therefore
straightforward to monitor and verify. In some rare instances, lot-to-lot variability
within the manufacturer’s specifications can cause unwanted variability in the product
properties of melt-extruded ASD systems. Such sensitivity should be identified early
in development and dialogue with the supplier should be initiated to ensure delivery
of excipient materials within the product specifications.

Moisture content of excipients can in some instances negatively influence feeding.
Off-gassing through the feed port can occur, causing residual moisture and solvents
to condense at various locations leading to powder agglomeration, reduced feed
flow, and bridging. Options for dealing with these issues include employing special
coatings, such as Teflon, on surfaces in the solids feeding region and baffled hopper
designs. Over time, this agglomeration becomes substantial, forming large chunks of
agglomerated feed that can eventually lead to bridging and choking of the feed to the
extruder. One simple solution is to place a vent port between the evaporation point and
the feed throat to evacuate vapors before they can impact the feed. Another possible
solution is to minimize residual moisture by controlled excipient storage conditions
or preprocessing to remove excess moisture. Any of these strategies can be effective
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and it is the role of the formulation scientist to identify issues with residual moisture
and implement the most effective solution prior to GLP/GMP manufacturing.

Perhaps the most important excipient property to optimize and control is particle
size distribution. Particle size of the primary carrier components can impact the
feed and the mixing efficiency of the process for a given configuration. With regard
to the process feed, larger particle sizes tend to increase the feeding efficiency of
the extrusion process. Finer excipient particles can lead to poor hopper flow in
gravimetric feeder systems leading to erratic mass flow to the extrusion system. Fine
excipient particles are also more prone to aeration and agglomeration in the feed
throat of the barrel that can lead to bridge formation and feed choking. Although
aeration can be partially addressed with feeder height positioning, these effects are
largely dependent on the polymer itself, and these aspects must be monitored during
process development prior to GLP/GMP manufacturing. If feed issues are identified
relating to particle size of the excipient carrier, a coarser grade should be evaluated.
Fine polymer grades also tend to have a lower bulk density, which can negatively
impact mass flow into the system and consequently product output. If a coarser
polymer grade cannot be utilized to improve mass flow, the implementation of shovel
screw elements in the feed zone of the extruder are recommended for utilization of
a crammer feeder to increase feed density and improve throughput.

Excipient particle size can also impact mixing efficiency and homogeneity of
the ASD product. This is the case primarily when processing in the solubilization
regime where intimacy of contact between drug and polymer particles can be critical
to complete solubilization of the API. When considering the solubilization of an
API by melt extrusion from the perspective of the Noyes—Whitney equation, an
increase in surface area accelerates solubilization of the solute. In the case of melt
processing, increasing the surface area of the solute (drug substance) and the solvent
(polymer carrier) are both applicable. Therefore, by reducing the particle size of the
polymer, one can effectively increase the surface area for drug—polymer interactions
and increase the amount of the drug substance that is able to be dissolved within the
residence time distribution of the extrusion process. Proper design of experiments
should be conducted to identify the optimum and acceptable limits of excipient
particle size distribution with respect to ASD homogeneity. These specifications
should be implemented prior to drug product manufacturing.

The bulk properties of the excipient carrier tend to be less critical to product
properties when processing in the miscibility regime. Because processing is con-
ducted above the melting point of the API and the 7, of the polymer, mixing occurs
between two liquid phases, and hence surface area considerations are not overly
critical. However, one should avoid excipient materials that are too coarse, as this
could potentially lead to polymer-rich regions within the ASD system. DSC analysis
of ASD product can be utilized to detect such issues during prototype development
allowing for proper definition of excipient properties prior to manufacturing.

The earlier discussion focused on the primary excipient carrier; however, the
same issues apply to ancillary excipients as well, with the magnitude of the impact
depending upon the concentration in the formulation. The same attention should be
paid to purity, water content, particle size distribution (when relevant), and viscosity
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(for liquid feeds). Potential issues should be identified prior to manufacturing stages
in order to mitigate process disruptions.

7.6.2.6 Feed Configuration

During prototype manufacturing, the ASD formulation components are typically fed
to the extrusion system preblended either manually, with a single-screw auger, or a
small twin-screw gravimetric feeder system. On bench-scale extrusion systems, there
is often only a single feeding port, making feed configuration a moot issue. However,
when scaling the process up in preparation for manufacturing, there are several
different options to consider with respect to feed configuration. First, the formulation
components can be fed together or separately by individual feed systems. Second,
when feeding components individually, they can be fed at the same position on the
barrel or they can be fed at different ports depending on specific requirements. In this
section, feed configuration will be briefly discussed as it pertains to the development
of an ASD manufacturing process in preparation for drug product manufacturing.

In early process development and manufacturing, small batch sizes often dictate
preblending and metering the formulation from a single feeder. Also, feed system
availability, familiarity with single-feed orientations, and the bias of pharmaceutical
manufacturing toward batch weighing often lead to utilization of a single-feed orien-
tation in early development. A benefit of a preblend is that, excluding the possibility
of segregation in the hopper, the content uniformity of the extruded product is depen-
dent on the blending operation and largely independent of the extrusion and feeding
system (Dreiblatt 2003). However, as process development progresses toward larger-
scale manufacturing, metering the individual components via multiple feeders should
be evaluated as it simplifies the overall process by eliminating dispensing and pre-
blending operations. In this case, the content uniformity of the extruded product
depends on the accuracy and precision of the individual feeders (Dreiblatt 2003).
However, metering individual components with multiple feed systems is common
practice for extrusion operations in a number of industries, including pharmaceu-
ticals. Modern gravimetric feeders provide the required precision and accuracy to
generate content uniformity within USP standards, and the extrusion system is typi-
cally sufficient to dampen brief feed variations (Schenck et al. 2011). As the program
advances through development, additional resources can be implemented to leverage
in-line monitoring and real-time quality control. Successful in-line monitoring has
been used for late-stage developmental products to ensure appropriate uniformity of
multiple feed streams (Bigert and Smith-Goettler 2011).

As discussed previously, utilization of a crammer feeder or side stuffer is a com-
mon means managing low-bulk density formulation components. By individually
force feeding these components, higher feed rates can be achieved, improving process
efficiency and product output.

In the case of thermally labile APIs, downstream feeding of the drug substance
into the already molten carrier reduces the residence time distribution and minimizes
thermal stress on the active. Downstream feeding can be accomplished by top feed-
ing with a gravimetric feeder or side feeding with an auger system. The same is
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true for shear-sensitive materials, where downstream feeding avoids shear stresses
encountered when the materials are most viscous, i.e., prior to and during the melt
transition.

Liquid injection nozzle systems should be employed when the ASD formulation
calls for feeding of liquid or molten components. These are typically equipped with
mass flow meters or loss-on-weight reservoir systems to monitor and control the mass
flow. Examples of liquid components used in ASD formulations include wetting
agents (Tween or Span), surfactants (vitamin E TPGS or docusate sodium), and
plasticizers (TEC or DBS). In the case of semisolid, they can be fed via a heated
system such that the semisolid component is fed as a liquid. Liquid injection systems
should be employed early in process development and product manufacturing to avoid
the need for a pregranulation operation in GLP/GMP manufacturing. This improves
the overall process efficiency as well as product uniformity.

In summary, preblending and feeding ASD formulation components as a sin-
gle feed is often the preferred option in early GLP/GMP manufacturing owing to
relatively small batch sizes. Separate component feeds can be required when for-
mulation components exhibit poor flow, are thermally sensitive, or are nonsolids. In
these cases, the optimal feed configuration should be established early in process
development in preparation for drug product manufacturing. Finally, component
feeding should be evaluated and implemented prior to high-volume manufacturing
to improve overall process efficiency and product uniformity.

7.6.2.7 Shaping and Downstream Processing

A vast majority of ASD compositions produced by melt extrusion will be milled
prior to incorporation into a final dosage form. Therefore, the shaping operation
performed at the die is often not critical. Strand dies are most typically used, but
the strand diameter and number of strands is of limited relevance to downstream
milling. However, die geometry can be critical to process development as it is a
key determinant of die pressurization. Melt temperature increases with increasing
pressure due to viscous dissipation. Therefore, one must be mindful of the pressure
formed at the die as it relates to the thermal stress imparted on processed material.
As a general rule, a die with the largest open area cross section should be utilized to
minimize die pressure while providing an appropriate linear velocity. Obviously, this
is most critical when one or more of the ASD formulation components is thermally
unstable. Strand dies with numerous and large-diameter orifices or sheet dies are
recommended in these cases. Mating of gear pumps can also improve performance
and mitigate issues due to back pressure and viscous dissipation.

Back pressure at the die leads to product hold-up at the end of the barrel in
proportion to the magnitude of the pressure. Stagnant product at the end of the barrel
is subjected to prolonged shear and thermal stress, which can adversely affect the
impurity profile of the product (Puaux et al. 2000). As mentioned previously, this
can present a degradation issue for sensitive materials. However, this is also an
issue as it relates to the quality of an ASD formulation. The ASD product exiting
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the extrusion system should not be dependent on stagnant compounding to achieve
the desired properties. That is to say that if the desired product is only achieved if
material is allowed to collect at the die and experiences elevated temperatures and
prolonged shear, then the process is not robust. In this case, the product properties
are dependent on pressure at the die, which can fluctuate significantly with the
feed, and hence disruption in the feed can lead to out-of-specification product. The
desired ASD product properties should be attained irrespective of die geometry.
It is therefore advised to develop the process in the absence of a die initially to
be certain that the desired product properties are achieved independent of the die.
Alternatively, sampling or in-line monitoring of melt material prior to the die region
can also be used to ensure attainment of desired critical properties. In this way, a more
robust process is ensured that produces the desired ASD product independent of feed
perturbations.

Calendering, in which a molten feed is forced between two calender rollers to
produce films, flakes, or sheets of tablet cores or pellets (Breitenbach 2002), is an
operation that has been utilized for commercial production of ASD systems by melt
extrusion. However, in solubility enhancement applications, direct shaping for the
formation of a final dosage form is almost never employed. This is because the high
density of the shaped article eliminates the possibility for a disintegrating system
and substantially limits surface area and porosity, reducing the rate at which the
article can erode. More often, direct shaping is utilized to control the geometry of
the melt-extruded product to ensure that a consistent particle size distribution results
from the downstream milling operation. Milling of calendared intermediates greatly
increases surface area, thus allowing for disintegrating or rapidly eroding systems,
which are desired in solubility enhancement applications.

7.6.2.8 Scale-Up

The key to scale-up of a melt extrusion process for ASD formulations is to optimize
the process early in development, fix key parameters, maintain geometric similarity
between scales, and maintain a constant SE. Optimization of the key parameters has
been discussed earlier, but to reiterate, these parameters are feed material proper-
ties, feed configuration, process length, screw/barrel design, temperature profile, die
design, and feed rate to screw speed ratio. Identifying target specifications and ac-
ceptable operating spaces for each of these parameters will significantly increase the
likelihood for successful process transfer between scales. In maintaining geometric
similarity between scales, it is recommended to adhere to the same design of extruder
(modular or clamshell) and ideally remain with the same equipment make. Changing
extrusion system type between scales can introduce unforeseen issues on scale-up
and prolong transfer between scales. Finally, it is critical that SE remains constant
between scales for the manufacture of ASD systems. This is particularly true when
processing in the solubilization regime where energy input per unit mass is critical
to achieving the desired product attributes. Therefore, if an increase in throughput is
desired, screw speed should be increased congruent with the increased feed rate. In
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summary, when scaling up a melt extrusion process for the manufacture of an ASD
drug product, one should adhere to target specifications, ensure geometric similarity
between scales, and maintain a fixed SE. For a more detailed discussion regarding
scale-up of melt extrusion processes, the reader is referred to Chap. 2.

7.6.2.9 Quality-by-Design and Process Analytical Technology

Melt extrusion is a complex process with multiple independent variables that af-
fect multiple dependent variables in a convoluted manner. Successful process design
principally involves understanding the interplay between both sets of variables and
decoupling their interactions in the mapping of process space. Process development
requires rigorous and in-depth analysis of the influence of each independent variable
as well as interactions between independent variables, as they influence the process-
dependent variables and ultimately key product attributes. A statistical experimental
design approach will aid in structuring process development work, managing ex-
perimental data, and decoupling multivariate interactions. By adhering to a design
approach, one can arrive at a thorough understanding of the process and identification
of the operating space boundaries.

PAT is a powerful tool to employ toward process development and product man-
ufacturing that leverages process modeling and in-line measurements to provide
real-time control. PAT is essential to mapping process space as it provides real-time
chemical composition data and allows for monitoring of product property responses
to input variations/system fluctuations. The incorporation of PAT during process
development allows for monitoring of product quality following normal system per-
turbations to ensure the process is sufficiently robust. Continued development and
use of PAT during product manufacturing assist in the identification and isolation
of out-of-specification product. At present, several late-stage products have incorpo-
rated such technology for real-time product release based on analytical data collected
during production (Bigert and Smith-Goettler 2011).

PAT is typically not implemented until high-volume melt extrusion manufacturing
has commenced. However, in-line monitoring can be useful at all manufacturing
scales to ensure drug product quality. The proper in-line analytical technique and
implementation should be investigated prior to entry into a manufacturing setting and
applied to the process as early as it is feasible. Implementation of techniques such as
near-infrared spectroscopy (NIR) can provide vital in-process data to ensure that a
substantially amorphous product is achieved throughout a melt extrusion campaign.
At steady state, no changes in product attributes should be observed and product
quality is ensured. However, if a disruption in the process occurs, an in-line analytical
technique becomes essential for determining when process recovery is complete and
product collection should resume. There are a few different analytical techniques and
PAT strategies that can be applied to melt extrusion manufacturing of ASD systems.
A detailed discussion of these techniques and strategies is beyond the scope of this
chapter. The inquiring reader is referred to Chap. 16 for further information regarding
PAT strategies and implementation.
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7.7 Summary

Driven by the ever changing needs of new compounds, drug delivery limitations
are becoming increasingly common, necessitating technologies that can enable ther-
apy. Melt extrusion has emerged as one of the premier technologies, supporting
high-volume manufacturing of novel formulations. Seen by many as the first-line
technology, the development of amorphous formulations using extrusion requires
an intimate knowledge of material science and process engineering. Given these
challenges, it is natural to develop these products within the scope of a structured
development strategy encompassing early characterization and stepwise process op-
timization. As summarized within this chapter, key experiments must be developed
for each compound to assess the bioavailability enhancement, stability, and manu-
facturability of the formulations. As these challenges are met through compositional
and process modification, key advantages of later-stage development and production
can be leveraged using extrusion to yield a highly efficient and cost-effective man-
ufacturing process. The adaptability of the technology to continuous manufacturing
and in-line measurement for PAT support, as discussed in later chapters, position
melt extrusion as a key industry enabling technology as the production paradigm
shifts away from batch manufacturing. Currently supporting 13 approved products,
this number is only going to increase as new therapies in development reach the
market.
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Chapter 8
Nonsink In Vitro Dissolution Testing
of Amorphous Solid Dispersions

Jeff T. Gautschi

Abstract Solid dispersion technology has been used over the last three decades to
improve the dissolution and oral absorption of poorly soluble compounds. While
the characterization of dissolution performance of crystalline pharmaceutical sys-
tems has long been established, the dynamic nature of the amorphous dissolution
processes requires the use of unique methodologies. The in vitro differentiation of
the drug and drug-containing species of these systems is crucial to accomplishing
the measurement of the critical-to-performance free drug concentrations as a func-
tion of time. This chapter describes the theoretical aspects of amorphous dissolution
and recent examples applying free drug dissolution testing to the oral bioavailability
assessment of solid dispersion formulations.

8.1 Introduction

Amorphous solid dispersions (ASDs)! have long been noted for their potential ad-
vantages to the pharmaceutical industry (Chiou and Reigelman 1971; Goldberg et al.
1965). More than ever before, however, ASDs are being embraced in the formulation
development and manufacturing of oral drug candidates that have solubility-limited
absorption. Such insoluble Biopharmaceutics Classification System (BCS) II and
IV compounds (Amidon et al. 1995) are increasingly filling drug development
pathways? as newer and better biological targets demand hydrophobic interactions for

! Amorphous solid dispersion (ASD) is used to describe a homogenous dispersion of noncrystalline
API and excipient(s) at molecular compositions. Similar systems are often described as solid dis-
persions, amorphous molecular dispersions, solid solutions, solid liquids, and others.

21t is typically stated that between 40 and 70 % of new chemical entities under development in the
pharmaceutical industry are insoluble (van de Waterbeemd and Gifford 2003; Benet and Wu 2006).
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selectivity and therapeutically balanced potency. It is well known that ASDs can en-
hance dissolution, provide large supersaturation, and maintain that supersaturation
in aqueous media for these poorly soluble, but otherwise promising, active pharma-
ceutical ingredients (APIs; reviewed in Janssens and Van der Mooter 2009; Yu 2001;
Leuner and Dressman 2000).

Commercial products recently launched with ASD solubilization technology are
shown in Table 8.1,> and many more are reported to have entered human clinical
trials (Friesem et al. 2008). The most used commercial processing methods to manu-
facture ASDs are hot-melt extrusion (HME; Repka et al. 2007; Crowley et al. 2007;
DiNunzio et al. 2008; Breitenbach 2002) and spray drying (SD; Patel and Suthar
2009; Ronald 1997; Oakley 1994; Shoyele and Cawthorne 2006; Vehring 2008) be-
cause these processes are mature (Breitenbach 2002; Patel and Suthar 2009; Ronald
1997), scalable (Breitenbach 2002; Oakley 1994), and controllable (Repka et al.
2007; Crowley et al. 2007; Shoyele and Cawthorne; Vehring 2008). Additional pro-
cess methodologies to produce ASDs exist, but until recently, only SD and HME
were employed on a commercial scale. The current exception is the use of antisol-
vent controlled precipitation processes to make Roche’s Zelboraf® (vemurafenib),*
the most recently launched ASD product (see Table 8.1). It is anticipated that ASDs
will continue to gain momentum in the industry as enabling formulation strategies
owing to the recent commercial launches of ASDs on the market, the well-known oral
bioavailability enhancements to be gained, and the increasing amount of promising,
but poorly soluble, candidates entering drug development pipelines.

From formulation design and development, to cGMP manufacturing and commer-
cialization, amorphous molecular dispersions (AMDs) undergo similar treatment and
testing to that of traditional drug formulations. These ASDs, however, require special
considerations that extend to the material’s critical-to-performance attributes, such as
dissolution, physicochemical properties, and stability. For example, Fig. 8.1 depicts
the intestinal dissolution events for a low soluble drug formulated as a crystalline
drug (Fig. 8.1a), and formulated as an ASD (Fig. 8.1b). As a consequence of the
formulation-derived drug species (Fig. 8.1b, box), the dissolution performance of a
low soluble drug in an ASD (and any formulations thereof) follow more complex
dissolution pathways than crystalline forms.

The dissolution rate to produce freely solvated drug (i.e., “free drug”) is often
the rate-limiting step to overall oral drug absorption for low soluble drugs (e.g.,
BCS II compounds). This rate can therefore greatly impact the oral bioavailability.
Fundamental factors affecting this rate for crystalline material are described by the
well-known modified Noyes—Whitney expression:

dm_DDS
d ~ V-h

[Cs =Gl

3 (a) Zelboraf (vemurafenib) CDER (2011), (b) Incivek (telaprevir) Bottorf et al. (2007), (c) Inte-
lence (etravirine) Pomerantz (2007), (d) Kaletra (lopinavir and rotinavir) Rosenberg et al. (2008),
and (e) Cesamet (nabilone) Dong (2005).

4 Center for Drug Evaluation and Research Application No. 202429, Clinical Pharmacology and
Biopharmaceutics Review(s), www.accessdata.fda.gov.
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Table 8.1 Commercial products employing amorphous molecular dispersion (AMD) technology

Product Manufacturing Polymer Firm
Process (and Estimated
API Loading)
Anti-solvent HPMCAS Roche
Precipitation (20%—40%)
Zelboraf (vemurafenib)
\vg Spray Drying HPMCAS Vertex
N’\N - Oy nH (25-40%)
N 3 ’_&
S A
vNH
O/Y (\N t
H,C I CH) H
Incivek (telaprevir)
Spray Drying HPMC Tibotec/
(20%) Johnson &
Johnson
Intelence (etravirine)
Melt Extrusion PVP-VA Abbott
5*"3 E
Kaletra (lopinavir and rotinavir)
o Melt Extrusion PVP Valeant
(20%)

Cesamet (nabilone)

API active pharmaceutical ingredient, HPMC hydroxypropyl methylcellulose, HPMCAS hydrox-
ypropyl methylcellulose acetate succinate, PVP polyvinylpyrrolidone, VA vinyl acetate

where dmy/dt is the rate expressed at the change in the amount of freely dissolved
drug (m) per unit time (¢), Dp is the drug’s diffusivity in a uniform boundary layer,
S is the surface area, V is the volume of dissolution media, 4 is the thickness of the
uniform boundary layer, and C; — C, describes the difference in the concentration
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Fig. 8.1 Simple illustration of drug speciation absorption for a low soluble, orally administered
drug in a crystalline form (unformulated) and b amorphous solid dispersion (ASD) formulation.
Total formulation-derived drug species upon disintegration are shown in box for drug in ASD

of drug and the drug’s saturation solubility in the medium. Expressed as the integral,
free drug amounts can be written as:

D
m= 73(1 — exp (—K?1), where K = S - Dp/ h.

Limitations of this for describing ASDs are well known (Martinez and Amidon 2002;
Balakrishnan et al. 2004). Static surface areas and boundary layers, for example,
may not be fixed for ASD-formulated drugs as the primary particles disintegrate
into colloidal drug-containing species (see Fig. 8.1b) and these transit down the
gastrointestinal (GI) tract. While a crystalline drug deposited in the GI lumen is
limited in solubility by the crystalline equilibrium (see Fig. 8.1a), drug presented in
the higher energy amorphous state can achieve supersaturation that can be described
thermodynamically as:

Sa

AG,
— =exp| —= |, where AG, = AHy X
Se RT

(T, —T)T
T2

m

, and

where S,/S. is the ratio of the amorphous solubility to crystalline solubility, AH is
the heat of fusion, and 7, is the melting point of the crystalline material.
Successful ASD-formulated drugs are designed to achieve this supersaturation,
but this places the free drug in a thermodynamic regime that will promote rapid re-
crystallization or amorphous precipitation unless interference occurs. It is therefore
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critical to understand and manipulate the precipitation rate of amorphous drug at
supersaturations achieved by ASDs since the sustainment of any solubility enhance-
ments can greatly impact drug absorption for BCS II compounds. The “spring and
parachute” dissolution profile (Guzman et al. 2007) from ASD formulations (and
other insoluble drug formulations) is currently used to describe the events of drug
dissolution from a supersaturating formulation. This includes the rapid dissolution
(“spring”) of the amorphous form followed by the inhibition (“parachute”) of the
compound’s propensity to rapidly return to its most thermodynamically stable form.
Proper in vitro dissolution testing of these systems remains the important empirical
approach to accurately determine free drug enhancement and differentiation among
different ASDs. This chapter will focus on the in vitro dissolution performance test-
ing of ASDs to measure the absorbable free drug species in solution separately from
the other drug-containing species in solution.

8.2 Sink In Vitro Dissolution

For oral, immediate-release final drug products, the importance of dissolution testing
is exemplified by the regulated use of United States Pharmacopeia (USP) method
< 711> .3 Guidelines take into consideration the apparatus, sample preparation, sam-
pling procedure, and other aspects of the methodology. In the context of quality
control testing of final drug product per USP methodology and guidelines (US De-
partment of Health and Human Services, Food and Drug Administration, Center
for Drug Evaluation and Research (CDER) 1997, 2000), the goal is twofold. First,
testing the dissolution-rate consistency of the product provides some insight on the
potential in vivo consistency. Second, dissolution testing also provides a performance
metric for the manufacturing processes used to produce the ASD. Currently, USP
methodology is the gold standard for in vitro dissolution testing of final drug prod-
uct. Consequently, final drug products containing ASD solubilization technology are
tested for complete dissolution over the course of a practical testing duration.

In order to establish this complete release metric, USP dissolution testing for final
drug product is developed under sink conditions. The in vitro volumes are based
on the accepted values for human GI volumes. For example, in the fasted state, the
volumes are considered to be around 250 mL. A soluble compound as determined by
the BCS categorization (i.e., BCS I, III; Amidon et al. 1995) is therefore considered
one that is soluble in less than 250 mL of test media at its highest dose. Insoluble
compounds, on the other hand, are those that are not soluble in these media volumes
at their expected doses. For these compounds, sink dissolution conditions cannot be
achieved in conventional aqueous media like 0.1 or 0.01 N HCI (gastric mimic pH = 1
or 2, respectively), or phosphate-buffered saline (PBS, intestinal mimic pH =6.5).

Sink conditions are established during analytical method development to ensure
that the drug product completely releases the API as free drug over a brief period

3 http://www.pharmacopeia.cn/v29240/usp29nf24s0_c711.html.
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Table 8.2 Dissolution

Stage Dissolution testing outcomes
testing outcomes by drug
development stage Discovery Performance screening of leads
Formulation design Performance screening of formulation
prototypes
Formulation Performance screening of formulation
development compositions
Formulation process Performance variability as a function
development of process variables
Formulation process Performance variability as a function
scale-up of process variables
Manufacturing Performance quality control

of time (e.g., <3h). For insoluble compounds, the appropriate use of ionic and
nonionic surfactants in the media to achieve sink conditions has been discussed
(Gowthamarajan and Singh 2010). Likewise, the merits of the four established ap-
paratuses (i.e., apparatus 1, basket; apparatus 2, paddle; apparatus 3, reciprocating
cylinder; and apparatus 4, flow-through cell) to test products containing low soluble
compounds under sink conditions have also been reported (Uddin et al. 2011; Brown
et al. 2004). Understanding these parameters for the release testing of clinical trial
materials (CTMs) that contain AMDs and their insoluble molecules continues to be
discussed. Currently, however, this is addressed similarly to release testing of soluble
drug products.

8.3 Physiologically Relevant Dissolution

In vitro dissolution testing is not relegated to testing final drug products, though. This
valuable performance assessment is utilized extensively at all stages of oral drug de-
velopment. Table 8.2 lists the rationale for dissolution testing at various stages of
drug/formulation development. Even discovery groups are utilizing dissolution test-
ing of formulations for lead compound selection (Padden et al. 2011). By measuring
the drug candidate’s ability to disintegrate, dissolve, and release free drug into phys-
iologically relevant media, performance can be established and tracked against a
number of design, development, and manufacturing variables.

In the best-case scenario, the in vitro dissolution testing predicts the in vivo
performance. Toward this end, there has been considerable attention paid to in vitro—
in vivo correlation (IVIVC; Cardot et al. 2007). In general, IVIVC efforts continue to
focus on dissolution apparatus and methodology (Fotaki and Vertzoni 2010), media
(Taupitz et al. 2013; Otsuka et al. 2013; Arndt et al. 2013; Reppas and Vertzoni
2012; Bevernage et al. 2010), and physiologically based pharmacokinetic (PBPK)
modeling and statistical analyses (Zhao et al. 2011). In some cases, remarkable
correlations have been reported; however, achieving universal methods for accurate
IVIVC remains elusive.
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Nevertheless, it is reasonable to still strive toward the development of physiolog-
ically relevant dissolution procedures. This is especially important during the design
and development of performance-enhancing solubilized formulations like ASDs. By
incorporating in vitro performance assays during formulation development, com-
parisons between formulations, and between formulated and unformulated API can
be assessed for rank ordering, process-to-performance metrics, and stability sample
performance. Rank ordering formulations based on in vitro performance can greatly
reduce the number of in vivo studies necessary to screen different formulations.
During downstream formulation development and manufacturing scale-up, in vitro
dissolution of ASDs can be used to assess performance improvements or detriments
of altering the formulation composition or unit operation processes.

8.4 Nonsink In Vitro Dissolution

In order to accomplish in vitro dissolution performance for insoluble drug candi-
dates, nonsink conditions should be utilized since this more closely represents the
physiological situation. For example, if a moderate-to-low potency compound is
to be examined in a fasted-state simulated intestinal fluid (FaSSIF), the projected
highest dose may be > 250 mg, especially for in vivo (nonhuman) PK and toxicol-
ogy studies. This would require the solubility of the API to be > 1.0 mg/mL in the
dissolution media to be considered sink conditions. Compounds requiring solubi-
lization formulation strategies such as those incorporated into ASDs, are typically
much lower in solubility and it is often not possible to adjust the media to reach
these levels without the concomitant loss of relevance to in vivo physiology. Thus,
nonsink dissolution assays are most often applied to test poorly soluble API during
the formulation development stages.

Using nonsink dissolution procedures to examine the performance of ASDs pro-
vides the dissolution rate, amorphous API solubility supersaturation enhancement,
and the potential sustainment inherent to successful ASDs. Importantly, the nonsink
dissolution affords insight into the biorelevant API precipitation rates. For exam-
ple, Fig. 8.2 shows the dissolution profiles for the amorphous insoluble compound
fenofibrate presented in a 1:3 API: HPMCAS-M ASD (blue line) made via SD and
comparatively as the unformulated API (red line). The profile exhibited by the ASD
has been described as a “spring and parachute” dissolution profile (Brouwers et al.
2009). The hallmarks of this profile are that the higher energy amorphous API dis-
solves rapidly, reaches a supersaturation state that is sustained for some period of
time, and eventually precipitates as a lower energy crystalline form, or as an amor-
phous solid. In contrast, the unformulated API only reaches a very low solubility of
about 0.35 pg/mL after 60 min in the dissolution media.
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Fig. 8.2 In vitro nonsink dissolution of 1:3 fenofibrate: HPMCAS-M (blue line) and unformulated
fenofibrate (red line)

8.5 Drug Speciation of AMDs and Free Drug Analyses

An important aspect to consider when testing the in vitro dissolution performance of
ASDs is the different drug-containing species that can occur in the media. Figure 8.1
differentiates this drug speciation as it occurs for crystalline API during dissolution
(Fig. 8.1a), and as it transpires for AMD dissolution (Fig. 8.1b). In the case of the
crystalline API, two or three physiologically relevant drug species can be present
during testing. These are crystalline drug, freely dissolved drug (or “free drug”), and
drug in micelles, if micelles are present in the media. It is critical to separate the
crystalline drug from the mixture and to measure the free drug as a function of time
in the media since it is only the free drug that is absorbed in vivo. This is relatively
straightforward to do and is typically accomplished by filtering and/or centrifugation
steps in the sample processing.

In contrast to the dissolution of crystalline API, Fig. 8.1b shows the various drug
species that are formed during the dissolution of drug from an ASD. As shown, the
ASD produces similar drug species as that of unformulated API (i.e., free drug, crys-
talline drug, drug in micelles); however, there also exists drug—excipient interactions
that can lead to physiologically relevant API-excipient complexes and colloid species
during dissolution. These colloidal materials form during the wetting and disinte-
gration of the primary particles of the ASD and vary in size and density according
to the physicochemical and solution properties of the particular drug—excipient in-
teraction (Bikiaris 2011). For example, a high degree of API-polymer interaction
(e.g., hydrophobic or hydrogen bonding) in one polymeric ASD can lead to a longer
duration of API chain disentanglement and therefore a potentially greater amount of
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colloidal material, as compared to an ASD made from a different polymer (Balata
et al. 2010).

Removing the colloidal species during the sample preparation, and separately
measuring free drug as a function of time, can be challenging. Traditional in vitro dis-
solution sample preparation methodologies may not sufficiently remove the resulting
submicron and/or nanometer-sized colloidal material that can form. Instrument-
intensive methodologies such as nuclear magnetic resonance (NMR) have been
employed to examine complex dissolution profiles for API-excipient systems (Ko-
jima et al. 2012; Abhishek and Chandrakumar 2011; Dahlberg 2010; Zhang et al.
2011), but it is desirable to be able to measure free drug using more practical disso-
lution setups. More recently, several authors have adapted diffusion and partitioning
methodologies to the assessment of free drug in solution. In a study by Alonzo et al.
(2011), researchers used dialysis bags to conduct free drug dissolution testing by
measuring the diffusion across the membrane. While effective at determining the
free drug concentration, dialysis methods similar to this can be time and labor inten-
sive thus limiting the throughput of the technology. Other, more resource-efficient
methods have also been reported, including the use of immiscible liquids to deter-
mine the free drug concentration via partitioning into the water immiscible phase
(Shi et al. 2010). Although researchers have shown acceptable correlations, many
concerns, immiscible phase, including the incorporation of colloidal material into
the water immiscible phase remain. Despite the difficulties in assaying for free drug
during ASD dissolution, proprietary methods have been developed that can greatly
impact the formulation design of polymeric ASDs.

8.6 Case Study 1

It is often the case that the formulation scientist will utilize an in vitro dissolu-
tion assessment to screen different ASDs during formulation development studies.
Screening efforts can help rank order a larger set of formulations and reduce the scope
of in vivo studies by selecting a smaller set of materials to test. It is therefore impor-
tant to measure the free drug, in addition to measuring the total drug species, during
in vitro performance assessments of ASDs (see also Fig. 8.2). Fenofibrate is currently
marketed as an adjunctive therapeutic to treat hypertriglyceridemia or mixed dys-
lipidemia in adult patients. Fenofibrate is considered a BCS II molecule because of
its dose and physicochemical properties (e.g., maximum dose of 120 mg/day; aque-
ous solubility << 480 pg/mL; log P~ 5.3). Five amorphous molecular dispersions
of fenofibrate and polymer were produced at a 25 % API loading by weight using
laboratory-scale SD techniques (Smithey et al. 2010) and these compositions are
shown in Table 8.3.

The 1:4 fenofibrate : polymer ASDs were assessed for in vitro performance in
PBS (pH =6.5) media, and dosed as dry powders at 1 mg active equivalent (4 mg
ASD) per milliliter of media (i.e., nonsink conditions) in scintillation vials stirred
at approximately 150 rpm. Aliquots of media were removed at set time points
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Table 8.3 Compositions API loading (%)  Polymer Manufacturing process
f fenofi hous -
;olzrézlalirztizpaer:ggi Sous 25 Soluplus® Spray drying
25 HPMCP-H55  Spray drying
(AMDs) and the processes .
to manufacture them 2 CAP Spray drying
25 HPMCAS-M  Spray drying
25 PVP-VA Spray drying

API active pharmaceutical ingredient, HPMCP hydrox-
ypropyl methylcellulose phthalate, CAP cellulose acetate
phthalate, HPMCAS hydroxypropyl methylcellulose acetate
succinate, PVP polyvinylpyrrolidone, VA vinyl acetate

(i.e., T=10, 20, 40, 90, 120, 180 min), and both the total drug and free drug
concentrations (see Fig. 8.1b) were processed and measured separately. Total drug
was assessed using a procedure similar to microcentrifuge methodologies previously
described (Friesem et al. 2008). Free drug was measured by proprietary means.

Figure 8.3 depicts the Cp,x results of the total drug and free drug analyses for
these five ASDs. Although there is some differentiation of the different solubilized
formulations when assessing total drug species only, the Cp,x for these dispersions
are very similar (see Fig. 8.3a). If a rank order were to be produced from the total
drug analysis, it would be HPMCAS-M > CAP > HPMCP-HS55 > Soluplus > PVP-
VA >>> crystalline API. In contrast, when free drug is assessed (see Fig. 8.3b), there
is a much greater distinction among the ASDs. Moreover, the rank ordering results
are completely different than that which arise from the total drug analysis. Using the
free drug concentrations at Cp,,y, the rank ordering is Soluplus > HPMCP-H55 >
CAP > HPMCAS-M > PVP-VA > crystalline API.

By obtaining the concentrations of the true free drug portion of the drug speciation
that occurs during nonsink dissolution of ASDs, more accurate computational calcu-
lations can also be made than if total drug values are used. Using the fenofibrate free
drug concentrations of the five compositions, the calculated fraction absorbed can be
estimated as a function of free drug concentrations and dose. Figure 8.4 displays these
calculations using the physiological parameters for beagle dogs. The fraction ab-
sorbed for unformulated, crystalline fenofibrate is also calculated, and an overlay of
the range of in vivo performance is estimated from previous reports (Chen et al. 2009).

8.7 Case Study 2

Clearly the in vitro nonsink dissolution free drug analyses can be important during
the selection of excipients in the formulation design stages. These measurements can
also be used to determine the extent of performance advantages and disadvantages of
different API loadings in ASDs. Figure 8.5 shows the in vitro and in vivo dissolution
profiles for two ASDs, each produced with the same polymeric excipient, but at
two different API loadings (i.e., 25 and 40 % w/w). As in the previous fenofibrate
example, the in vitro performance was measured in PBS (pH = 6.5), at a dry powder
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Fig. 8.3 Cix values for five amorphous molecular dispersions (AMDs) of 1:3 fenofibrate: polymer
as determined for in vitro nonsink dissolution measurements of a total drug species and b free drug
species

dose of 1 mg active equivalent per milliliter of media (i.e., nonsink conditions). The
in vivo PK analysis was carried out on Sprague Dawley rats (n =3) at a 30 mg/kg
dose of SDI suspension.

In Fig. 8.5, the total drug analyses would suggest that little or no performance
differences would be expected between the 25 and 40 % API loadings. The free
drug analysis, however, forecasts greater performance for the ASD with the lower
API loading. This result is not surprising because lower drug loading often leads to
a dose-equivalent enhanced performance for ASDs made with the same excipient.
This is due, in part, because there is more polymer present in solution to help sustain
the API supersaturation state. It is therefore also no surprise that the in vivo study
results show a better relationship with the in vitro free drug analysis as compared to
the total drug analysis.

The aforementioned case studies demonstrate the importance of proper in vitro
dissolution studies for ASDs. When accomplished in nonsink conditions, and ana-
lyzed for free drug concentrations as a function of time in the dissolution media, the
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results can be used to make informative decisions regarding excipient choice and
drug loading. This can also be extended to monitoring any process changes during
formulation development and scale-up.

8.8 Conclusion

The number of poorly soluble compounds in the pharmaceutical development
pipelines is increasing. Concomitantly, so too are the drug delivery systems suited for
oral delivery of promising, but low soluble, drug candidates. ASDs, however, remain
well known for their potential formulation advantages for BCS II and IV compounds.
More than ever before, ASD formulations are found in the marketplace as an answer
for formulating drugs with solubility-limited absorption. Critical-to-performance
attributes of ASDs, such as in vitro dissolution, require specialized knowledge and
testing procedures to accurately determine their potential for bioavailability enhance-
ments during formulation design and development, manufacturing, and commercial
production.
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Fig. 8.5 In vitro performance of total drug species and free drug species concentrations and
their in vivo relationship for two amorphous molecular dispersions (AMDs) of the same active
pharmaceutical ingredient (API) and polymeric excipient, but at two different drug loadings

An important aspect to consider when testing the in vitro dissolution performance
of ASDs is the different drug-containing species that can occur in the media. Remov-
ing the colloidal species during the sample preparation, and separately measuring
free drug as a function of time, can be challenging; however, accurately determining
the amount of free drug that is available for absorption remains an important empir-
ical measurement. Case studies discussed in this chapter are examples of how the
data obtained from such measurements can lend insight into the potential physiolog-
ical impacts of ASD formulations. Such test results allow for the proper formulation
design and selection, the efficient adjustments during formulation development, and
the monitoring of quality attributes during manufacturing.
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Chapter 9

Manufacture of Pharmaceutically Relevant
Materials by Mechanochemistry Using Twin
Screw Extrusion

Dominick Daurio, Karthik Nagapudi and Fernando Alvarez-Nuiiez

Abstract Mechanochemistry broadly refers to the class of chemical reactions that
are induced by the application of mechanical force. In the context of pharmaceutical
materials, mechanochemistry has been described in the literature for the prepara-
tion of cocrystals, salts, and amorphous complexes. In almost all these examples,
laboratory-scale mills have been used to demonstrate the production of the afore-
mentioned materials. While laboratory-scale mills demonstrate the utility of the
mechanochemical concept, they typically produce small quantities of material and
are not considered scalable processes. In this chapter, the application of twin-screw
extrusion (TSE) in the production of cocrystals, salts, and amorphous complexes is
described. Unlike other mechanical mixing procedures, TSE is a continuous process
and lends itself to scalability. TSE can be considered an efficient, scalable, and en-
vironmentally friendly process for the consistent manufacture of pharmaceutically
relevant systems.

9.1 Introduction

While extrusion technology has been in use since the 1930s in a variety of industries,
its application in the pharmaceutical industry spans within the few decades. The
applications of twin-screw extrusion (TSE), also known as hot melt extrusion (HME),
in the pharmaceutical field ranges from the early development of new and creative
drug delivery alternatives at the proof-of-concept level, to the routine manufacture of
marketed products. Based on this wide range of applications, it is clear that TSE has
been vetted as a manufacturing process and should be considered a mature technology
for the pharmaceutical industry.

The application of TSE for the development of oral drug delivery alternatives at
an early proof-of-concept stage has been widely published (Andrews et al. 2008;
Chokshi et al. 2008; Di Nunzio et al. 2010; Ghosh et al. 2011; Hasa et al. 2011a;
Kalivoda et al. 2012; Lyons et al. 2007; Roblegg et al. 2011; Windbergs et al. 2009)
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and was recently captured in two review articles (Crowley et al. 2007; Repka et al.
2007). TSE now seems to be a routine tool that pharmaceutical scientists consider for
the development of advantageous oral delivery systems, as well as to overcome other
formulation challenges such as taste masking (Maniruzzaman et al. 2012). Keeping
pace with the number of publications, the number of patents on the application of
TSE in pharmaceutics also shows a linear increase since early 1990s (Crowley et al.
2007).

There are a number of commercial products in the market that are made us-
ing extrusion technology. Kaletra® (Abbott), Rezuiln®, which was withdrawn from
the market due to toxicological issues (Parke-Davis/Pfizer), Gris-PEG® (Novar-
tis), Cesamet® (Eli Lilly), NuvaRing® (Merck), Implanon® (Merck), Zoladex®
(AstraZeneca), and Ozurdex® (Allergan) are some examples of successfully com-
mercialized drug molecules that utilize TSE/HME technology. These successes have
served to increase the level of confidence of the pharmaceutical industry in TSE tech-
nology and correspondingly the investment in extrusion equipment has also increased
in the last decade. In addition, clinical trial material for several active clinical pro-
grams is being supplied with formulations that utilize TSE in different ways, further
showing the increased acceptance of extrusion processes. This increasing interest in
TSE is due to its well-known advantages such as versatility, small foot print, solvent-
free or green process, continuous manufacturing capability, and PAT-friendly tool
that lends itself to a quality-by-design (QbD) paradigm.

In spite of the increased use of TSE in the pharmaceutical field, the applications
so far have been restricted to the manufacture of systems where no clearly defined
molecular-level interactions are produced. On the contrary, TSE or HME processes
where chemical reactions occur in situ have been employed in the polymer industry
for decades. This chapter will elaborate on a new opportunity for the pharmaceutical
industry, namely the in situ modifications of solid forms of active pharmaceutical
ingredients by mechanochemistry using TSE technology.

Mechanochemistry broadly refers to the class of chemical reactions that are in-
duced by the application of mechanical force. While mechanochemistry is an old
field, the practical and theoretical aspects of mechanochemistry are less understood
when compared to other classes of reactions such as thermochemistry, photochem-
istry, and electrochemistry (Beyer and Clausen-Schaumann 2005). Nevertheless,
applications of mechanochemistry have been reported in a diverse variety of mate-
rials such as polymers, metal alloys, inorganic oxides and composites, and organic
molecular crystals (James et al. 2012). The primary advantage of mechanochem-
ical reactions is that they use little to no solvent. As such, these reactions can be
considered environmentally friendly and, where applicable, can dramatically reduce
solvent consumption. In addition, mechanochemistry may also provide a route to
induce chemical reactions at reduced temperature and pressure.

In the context of pharmaceutical materials, mechanochemistry has been gaining
traction over the last decade primarily in the preparation of cocrystals (Delori et al.
2012). In addition to cocrystallization, examples of salt and amorphous complex
formation through mechanochemical means have also been reported in pharmaceu-
tical literature (Friscic et al. 2012; Hasa et al. 2011b; Trask et al. 2006a; Bahl
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and Bogner 2006; Bahl et al. 2008). In almost all these examples, laboratory-scale
mills have been used to demonstrate the production of the aforementioned mate-
rials. While laboratory-scale mills are suitable for demonstrating the utility of the
mechanochemical concept, they typically produce small quantities of material and
are not considered scalable processes.

TSE was recently introduced as a scalable and solventless process that provides
a viable route to scale up mechanochemical reactions (Daurio et al. 2011; Medina
et al. 2010). This chapter elaborates on the application of TSE in the production of
the following classes of pharmaceutically relevant materials: (a) cocrystals, (b) salts,
and (c) amorphous complexes.

9.2 Twin-Screw Extrusion—Equipment Operation and Design
Considerations

TSE was selected to enable intimate mixing of pharmaceutically relevant materials
using little or no solvent with the ultimate goal of modifying the final solid form. A
Prism PharmalLab 16 mm corotating twin-screw extruder (25:1 L/D) equipped with
a Brabender single-screw volumetric feeder was used for all experiments.

The extruder was equipped with four controllable temperature zones (including
the die zone). The temperature zone set points varied according to the model system
studied as each system had unique physicochemical properties that needed to be con-
sidered. In general, the temperature was set below the melting point of the desired
final product to enable collection of a solid powder from the extruder. Although col-
lection of a solid powder was not typically critical to the success of the experiments,
it allowed for less postprocessing of the extruded material (e.g., milling or grinding
of extrudate). For these experiments, the die zone was not utilized. It was found that
when a die was used, it would lead to surplus powder backing up behind the die
plate, increasing the extruder torque, and ultimately leading to automatic shutdown
of the system.

The extruder screws were designed to have a high mixing capacity and relatively
long residence time of powders in the barrel in order to enhance conversion from
the initial state to the desired final state (cf. Fig. 9.1). The screw design was set up
with alternating 16-mm segments of Zone A and B throughout the barrel. Zone A
is a purely conveying zone with minimal mixing capacity and is a single element
that is 16 mm in length with a pitch of 7.5 mm. Zone B is a highly mixing zone
with neutral conveying capacity and is composed of four distributive elements that
are 4 mm in length, each for a total of 16 mm. The elements in Zone B are offset
by 90° between each element (accomplished by combining alternating 0° and 90°
distributive elements). Monitoring torque during processing is critical as this screw
design can require a tremendous amount of power output, especially at lower speeds,
potentially leading to automatic shutdown of the extruder.

Appropriate stoichiometric blends of the starting components were prepared in
an initial mixing step. Once the materials were uniformly mixed, they were charged
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Zone A (Conveying) Zone B (Mixing)

Fig. 9.1 Screw design employed for twin-screw extrusion showing conveying and mixing elements

to extruder manually or through a Brabender single-screw volumetric feeder that fed
directly into the extruder hopper at a 5 % feed rate. Hand feeding of the material was
utilized when the batch sizes were not suitable for the volumetric feeding system.
Liquid-assisted extrusion was performed with appropriate amounts of solvent added
to the powder blends prior to extrusion. All remaining details of the extrusion exper-
iments are provided in the discussion section for each of the systems studied. Each
experiment processed anywhere between 20 and 100 g of material.

9.3 Examples of Mechanochemistry Using Twin-Screw
Extrusion

9.3.1 Production of Cocrystals

Cocrystals have been defined as crystalline materials that comprise two or more
components that are solids at room temperature (in order to distinguish them from
hydrates and solvates) held together by noncovalent forces (Bond 2007; Desiraju
2003; Dunitz 2003). The distinction between a salt and a cocrystal lies in the fact
that there is no proton transfer occurring between the constituents of a cocrystal.
There has been an increased interest in cocrystals in the last few years and a number
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of publications have highlighted the beneficial properties of cocrystals (Chen et al.
2007; Childs et al. 2004; Remenar et al. 2003; Trask et al. 2006b; Variankaval et al.
2006). Traditionally, cocrystals have been prepared by grinding the constituents to-
gether. More recently, liquid-assisted grinding has been developed as a more effective
method to make cocrystals (Friscic et al. 2006; Trask et al. 2004). In this section,
we describe the TSE process to make cocrystals of carbamazepine—saccharin and
theophylline—citric acid (Daurio et al. 2011). These cocrystals have been extensively
studied, thus the data generated from the TSE process could be compared with
literature data to gauge the effectiveness of the TSE process in making cocrystals.

9.3.1.1 Carbamazepine-Saccharin Cocrystal

Cocrystals made from carbamazepine and saccharin have been extensively inves-
tigated. Rodriguez-Hornedo et al. have investigated the formation of this cocrystal
using grinding methods (Jayasankar et al. 2006). They observed that cocrystal forma-
tion was mediated by generation of the amorphous phase. The extent of amorphous
formation was dependent on grinding temperature with higher levels of amorphous
phase being produced upon cryogrinding. The amorphous phase was found to con-
tinuously crystallize on storage into the anhydrous cocrystal Form I. The extent of
cocrystal formation from the amorphous phase at room temperature was impacted by
relative humidity upon storage. The extent of cocrystal formation was dependent on
the hydration state of the starting material. For example, if carbamazepine dihydrate
was used in place of anhydrous carbamazepine, the rate of cocrystal formation was
accelerated when grinding was conducted under similar conditions. This result was
rationalized by the fact that water in starting material serves as a plasticizer aiding
in decreasing the glass transition temperature of the amorphous phase, thereby pro-
viding a better chance to crystallize during grinding. This system was selected as a
model cocrystal to determine if TSE can produce cocrystals where the mechanism
of formation is mediated by the amorphous phase.

The X-ray powder diffraction (XRPD) patterns of the material generated using
TSE of anhydrous carbamazepine and saccharin are shown in Fig. 9.2a. No con-
version to the cocrystal was observed when the extrusion was conducted at 50 °C
with a screw speed of 25 RPM (XRPD pattern B). However, cocrystal formation
was observed when the anhydrous materials were coground for 30 min in a ball mill.
The final bulk temperature after the milling process was found to be 45 °C. Thus,
the extrusion result does not match the milling result using similar temperature con-
ditions. These results may be explained considering the milling intensity, milling
time, and the amount of material processed. Ball milling is a much more energy-
intensive process than TSE. Ball milling can therefore lead to a greater disruption
of the crystalline lattice as compared to extrusion. It was also demonstrated by Nair
et al. that even with these levels of intensive energy generated by the ball mill, at least
30 min of milling time is required to achieve a cocrystal conversion of about 90 %. In
contrast, the processing time (residence time) in the extruder is in the order of about
2-5 min. This value cannot be significantly altered due to practical considerations of
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Fig. 9.2 a X-ray powder diffraction (XRPD) of materials obtained from the twin-screw extrusion
(TSE) of carbamazepine and saccharin: A Physical blend prior to extrusion, B Extrusion at 50 °C, C
Extrusion at 190 °C, D Extrusion with water at 100 °C, E: Reference Form I cocrystal pattern calcu-
lated from the published crystal structure obtained from the Cambridge structural database (CSD).
b Differential scanning calorimetry (DSC) thermogram showing comparison of carbamazepine, sac-
charin, and the 1:1 carbamazepine—saccharin cocrystal. The dotted line in b represents the extrusion
temperature

extrusion processing. The amount of material processed in the extruder was another
point of difference as compared to ball milling. The total amount processed at any
given time is about 20 times higher in an extruder than that of a ball mill. Owing to
practical considerations, the amount that is processed cannot be reduced below 10 g
in the extruder. Based on this discussion, it is clear that cogrinding results using ball
milling of anhydrous starting components were not representative of the conditions
used in extrusion and should not be expected to yield the cocrystal.

In order to improve cocrystal formation using TSE, the temperature in the extruder
was altered. A temperature of 190 °C was selected, which was close to the onset of
melting of carbamazepine. XRPD pattern of the material obtained after TSE at 190 °C
shows near complete conversion to the cocrystal (XRPD pattern C). Approximately,
95 % conversion to the cocrystal was calculated using '3C solid-state nuclear mag-
netic resonance (SSNMR) spectroscopy. Consistent with the '3C SSNMR data, the
XRPD pattern also showed the presence of unreacted material (marked with an arrow
in Fig. 9.2a). In addition to increasing the temperature, further optimization of the
extrusion parameters can achieve better conversions to the cocrystal.

An evaluation was also conducted to determine if TSE could replicate the pub-
lished results, which show the rate of cocrystal formation increased by the presence
of water. In previous reported studies, carbamazepine dihydrate was used as the
starting material and the water in the dihydrate was found to increase the cocrys-
tal conversion (Jayasankar et al. 2006). This can be considered as an equivalent of
liquid-assisted grinding where liquid is intentionally added to the system to facilitate
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cocrystal formation. Jones et al. have extensively reviewed liquid-assisted grinding
(Karki et al. 2007). Liquid-assisted grinding was found to be superior to neat grind-
ing in most cases in effecting cocrystal transformation. The liquid is typically used
in small amounts and could end up in the final product resulting in the formation of
a solvated phase. In the case of anhydrous carbamazepine—saccharin cocrystal, the
liquid is expected to have only a catalytic role as the cocrystal is anhydrous.

In our studies, liquid-assisted extrusion was investigated by processing the an-
hydrous starting components in the presence of water. About 5ml of water was
added to 10.4 g of a 1:1 molar blend of anhydrous carbamazepine and saccharin
and the extrusion was carried out at 100 °C. Water was chosen as the model lig-
uid phase since use of water does not require any additional environmental controls
and 100 °C temperature was chosen to obtain a product, free of water. The XRPD
pattern of the material obtained from this experiment shows that while conversion
to the cocrystal has occurred, the degree of conversion is less than what was ob-
tained with neat extrusion (XRPD pattern D). Approximately, 87 % conversion to
the cocrystal was calculated using '*C SSNMR spectroscopy. Since this experiment
was only intended to demonstrate proof of concept, it was not further optimized. It
is believed that with further optimization, using a gradient temperature in the barrel,
better conversions will be observed. The use of hydrated starting material could also
be used as a means of improving the extent of cocrystal formation. The differen-
tial scanning calorimetry (DSC) thermograms of carbamazepine, saccharin, and the
1:1 carbamazepine—saccharin cocrystal are shown in Fig. 9.2b. The melting temper-
ature onset (171.6 °C) of the cocrystal was found to be lower than that of the starting
components and in good agreement with published data.

Matzger et al. have reported the formation of another anhydrous polymorph (Form
II) of carbamazepine and saccharin (Porter et al. 2008). This polymorph was prepared
from an ethanol solution in the presence of poly(4-methyl 1-pentene) as heteronuclei.
TSE was attempted to produce anhydrous Form II by mixing carbamazepine and
saccharin with ethanol and poly(4-methyl 1-pentene). The temperature along the
barrel for this experiment was increased from 20 to 80 °C. The final temperature was
selected to purge all the ethanol from the system. The experiment resulted in the
production of Form I cocrystal. While Form II polymorph could not be produced,
this experiment showed that either water or ethanol could be used in the liquid-
assisted extrusion process to make the Form I cocrystal. Notably, the use of catalytic
amounts of solvents led to a lowering of experimental temperatures required to form
the cocrystal in the extruder.

9.3.1.2 Theophylline-Citric Acid Cocrystal

Theophylline and citric acid are known to cocrystallize in both the anhydrous and
hydrated forms (In the hydrated form, all three components are present in equal
stoichiometric proportions). Jones et al. have reported a systematic study of the
system and the outcome of their work is summarized in Table 9.1 (Karki et al. 2007).
Briefly, the anhydrous cocrystal was formed when neat grinding of the anhydrous
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Table 9.1 Outcome of grinding experiments performed with theophylline—citric acid system. The
data have been summarized from the work of Jones et al. (Karki et al. 2007)

Component 1 Component 2 Type of grinding Product
TA CA Neat AC
TA CM Neat HC
™ CA Neat HC
™ CM Neat HC
TA, TM CA,CM Water-assisted HC

AC anhydrous cocrystal, CA citric acid anhydrous, CM citric acid monohydrate, HC hydrated
cocrystal, TA theophylline anhydrous, TM theophylline monohydrate

Table 9.2 Outcome of twin-screw extrusion (TSE) experiments performed with theophylline—citric
acid system

Lot number Component 1 Component2 Type of extrusion Temperature  Product

TCl1 TA CA Neat 153 AC +
unreacted®

TC2 TA CM Neat 153 AC +
unreacted®

TC3 ™ CA Neat 153 AC +
unreacted®

TC4 TA CM Neat 50 AC

TC5 TA CA Ethanol-assisted 20 AC

TC6 TA CM Neat 20 HC

TC7 TA CM Water-assisted 20 HC

AC anhydrous cocrystal, CA citric acid anhydrous, CM citric acid monohydrate, HC hydrated
cocrystal, TA theophylline anhydrous, TM theophylline monohydrate
# Unreacted starting material was observed by X-ray powder diffraction (XRPD)

reactants was carried out at room temperature. However, the hydrated cocrystal
results when either reactant was a hydrate or when both reactants were hydrates.
The hydrated cocrystal could also be produced when catalytic amounts of water
were added to the system. In the case of liquid-assisted grinding with water, the
nature of the starting materials becomes immaterial as the externally added water
acted to produce the hydrated cocrystal. In contrast to the previous example, for the
theophylline—citric acid case, the liquid component ends up in the final cocrystal
product. Thus, theophylline—citric acid was selected as an additional model system
to examine if TSE is capable of making both anhydrous and hydrated variety of the
cocrystal.

The list of TSE experiments conducted with this system along with the outcome
of the experiments is summarized in Table 9.2. The outcome of the TSE experiments
mirrored the findings observed with the grinding experiments. However, TSE exper-
iments differed in one important aspect as compared to grinding. The difference was
that as opposed to grinding experiments, a wider range of controlled temperatures
could be used with TSE experiments. The temperature control is achieved by heating
and cooling the extruder barrel as needed to maintain an appropriate heat source or
heat sink. As with the grinding experiments, hydrated cocrystal was produced in
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Fig. 9.3 X-ray powder diffraction (XRPD) of materials obtained from the extrusion of theophylline
and citric acid. The descriptions of samples TC1 through TC7 are provided in Table 9.2. a Samples
producing the anhydrous cocrystal phase and b Samples producing the hydrated cocrystal. The
dotted line in a tracks the peak at 12.8° 26 and provides information about unreacted starting
material in the extruded samples

TSE at room temperature when the starting reactant contained water. As an example,
the TSE at room temperature of a blend of anhydrous theophylline and citric acid
monohydrate (sample TC6 in Table 9.2) produced the hydrated cocrystal. Hydrated
cocrystal was also produced when the sample blend was subjected to TSE with a
catalytic amount of water added to it (sample TC7 in Table 9.2). The XRPD patterns
of TC6 and TC7 are shown in comparison with a reference hydrated cocrystal pat-
tern in Fig. 9.3b. In contrast to extrusion at 20 °C, extrusion of a blend of anhydrous
theophylline and citric acid monohydrate at 50 °C produced the anhydrous cocrystal
(sample TC4 in Table 9.2). Thus, by simply modifying the extrusion temperature, the
same blend of starting materials could be made to produce the anhydrous cocrystal.

When the extrusion temperature was increased to 153 °C, as expected, the anhy-
drous cocrystal was formed (sample TC2 in Table 9.2). Regardless of the starting
components (samples TC1, TC2, and TC3 in Table 9.2) when the extrusion was
carried out at 153 °C the anhydrous cocrystal was produced. The XRPD patterns
of the materials TC1 through TC4 are shown in comparison to the reference anhy-
drous cocrystal in Fig. 9.3a. Following the reflection at 12.8° 26 (characteristic of
anhydrous theophylline), it is clear that samples TC1 through TC3 have unreacted
starting components. Only sample TC4 was found to be converted almost entirely
to the cocrystal. In addition, the extent of conversion to the anhydrous cocrystal was
found to be higher for TC2 and TC3 when compared to TC1.

Thus, when extrusion was carried out at 20 °C (TC6), water resided in the crystal
lattice in the form of a hydrated cocrystal. However, when extrusion was carried
out at 50 °C (TC4), water served to aid in the cocrystal formation of the anhydrous
phase. Even when extrusion was carried out at 153 °C (TC2 and TC3), water aided
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Fig. 9.4 The '3C solid-state
nuclear magnetic resonance
(SSNMR) spectra of samples
TA anhydrous theophylline
(no peaks in this ppm range), TCS
CM citric acid monohydrate,
TC1, TC2, TC3, TC4, and
TCS (sample descriptions
shown in Table 9.2). The
extent of conversion to the TC4
cocrystal followed the order
TC1 <TC3 <TC2<TC4=
TC5
TC3

TC2

TC1

CM

TA

I
180 175 ppm

in conversion to the anhydrous, albeit not completely. However, in the absence of
water, when extrusion was carried out at 153 °C (TC1), the extent of conversion to
the cocrystal was found to be the lowest. These observations point to the fact that
the presence of a liquid phase (water that came through the starting reactants) aided
in formation of the anhydrous and hydrated cocrystal. In order to further show the
utility of liquid-assisted extrusion, TSE of a blend of anhydrous theophylline and
anhydrous citric acid was carried out at 20 °C in the presence of ethanol (sample TC5
in Table 9.2). In this case, complete conversion to the cocrystal was observed. The
13C SSNMR data in the region of the carboxyl group are shown for materials TC1,
TC2, TC4, and TCS in comparison to the starting materials in Fig. 9.4.

The peak at 178.9 ppm corresponding to citric acid monohydrate was followed
to determine the extent of conversion to the cocrystal. These data clearly show that
conversion, scales as TC1 < TC3 < TC2 < TC4 = TCS. Thus, as seen in the previous
case study with carbamazepine and saccharin, liquid-assisted extrusion was able to
facilitate cocrystal formation at lower temperatures and resulted in an increased
extent of conversion when compared to neat extrusion. These findings using TSE
nicely paralleled those observed with grinding experiments.
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9.3.2 Production of Salts

The screening of salts of pharmaceutical materials is an essential activity during
drug development (Serajuddin 2007; Serajuddin and Pudipeddi 2011). The forma-
tion of a salt can help in purification of the drug substance as well as in physical
property optimization. For example, careful selection of salts could lead to improved
physical and chemical stability, improved pharmacokinetic profiles and improved
bulk mechanical properties. Typically, the screening for salts is done via high-
throughput solution-based experiments. Recently, a mechanochemical approach,
such as grinding (solventless or liquid-assisted), was introduced as a viable method
for the screening of crystalline salts (Trask and Haynes 2006). In the industrial setting,
however, the large-scale synthesis of salts has always been performed via solution
crystallization route (Wermuth and Stahl 2011 ). In this section, we illustrate for the
first time, the production of pharmaceutical salts by mechanochemistry using TSE.
Two salt systems were investigated: (a) pyrimethamine maleate and (b) naproxen
sodium.

9.3.2.1 Pyrimethamine Maleate

Pyrimethamine is an antimalarial compound that is known to make salts with a wide
variety of acidic counter ions. Mechanochemical production of pyrimethamine salts
has been reported by Jones et al. (Trask et al. 2006a). In their study, they reported
the formation of salts of pyrimethamine with formate, acetate, maleate, fumarate,
succinate, glutarate, and salicylate. Of particular interest was the pyrimethamine
maleate system. This salt system could only be produced by solvent-assisted grinding
and not by neat grinding. Catalytic amounts of methanol were used in production of
the salt by solvent-assisted grinding. Due to the relative complexity in forming this
salt system, it was chosen to test the utility of TSE in acidic salt formation.
Appropriate quantities of pyrimethamine and maleic acid were blended together
prior to extrusion. The powder was then manually fed into the extruder. Two types
of extrusion experiments were conducted on the system: (a) Neat extrusion at
35, 100, and 150 °C and (b) solvent-assisted extrusion using methanol as the catalytic
solvent with progressively increasing temperature in the extruder (First zone 26 <
second zone 33 < third zone 75 °C). The final zone was increased to 75 °C in order
to dry off the methanol solvent. The XRPD patterns of the extruded materials are
shown in comparison to the physical blend and the ball-milled material in Fig. 9.5.
Ball milling of the physical blend was performed under published conditions using
solvent-assisted grinding with methanol. It is clear from the XRPD in Fig. 9.5 that
ball milling produces the pyrimethamine maleate salt. However, extrusion conducted
at 35 and 100 °C does not produce the salt. The XRPD of the extrusion conducted
under these conditions shows production of amorphous material with no obvious
conversion to the salt. However, extrusion conducted at 150 °C clearly shows con-
version to the salt. The conversion was found to be incomplete as peaks from original
physical blend (marked with an arrow in Fig. 9.5) were also seen in the XRPD of the
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Fig. 9.5 X-ray powder diffraction (XRPD) of materials obtained from the extrusion of
pyrimethamine and maleic acid. A Physical blend prior to extrusion, B Ball-milled sample, C
Extrusion at 35 °C, D Extrusion at 100 °C, E Extrusion at 150 °C, and F Extrusion with methanol
using a temperature gradient (26-75 °C)

sample extruded at 150 °C. However, since this was a proof-of-concept experiment,
the extrusion conditions were not further optimized. 150°C is above the melting
point of maleic acid (Ty, = 135 °C) but below the melting point of pyrimethamine
(T =233.5°C). Thus, TSE when conducted above the melting point of the counter
ion led to salt formation. This was to be expected as melting of the maleic acid led
to more intimate mixing of the counter ion and the drug in the extruder resulting in
salt formation. This result was in contrast to what was published with ball milling,
where no conversion to the salt was observed under neat grinding conditions. There-
fore, TSE, with its access to larger temperature range than ball milling, was able to
produce the salt. In addition, solvent-assisted extrusion of the system was conducted
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with methanol using a temperature gradient from 26 to 75 °C. Conversion to the salt
was observed with solvent-assisted extrusion, showing that methanol addition was
able to produce the salt at a decreased temperature relative to the 150 °C required for
neat extrusion. These results are consistent with what was observed for the cocrystal
systems described in the previous section.

9.3.2.2 Naproxen Sodium

A second example, the production of a sodium salt of naproxen was investigated. In
contrast to the previous example, which was an acidic salt, this example discusses
a basic salt to show the capability of TSE in producing all varieties of salts. Two
types of extrusion experiments were conducted on the system: (a) Neat extrusion at
175°C and (b) solvent-assisted extrusion with sodium hydroxide introduced from
a concentrated water solution at 175 °C. For the neat extrusion experiment, appro-
priate quantities of naproxen and sodium hydroxide were physically blended and
hand fed into the extruder. In earlier descriptions of solvent-assisted extrusion, both
components needed were introduced as powders and then catalytic amount of the
appropriate solvent was added. In contrast, for the solvent-assisted extrusion exper-
iment in this case, sodium hydroxide was dispensed from a 10 N solution into the
naproxen powder. This was the first demonstration where one of the constituents was
introduced through a solvent medium.

As literature data did not exist for the production of this salt using ball milling,
it was decided to proceed directly to the extrusion experiment. Figure 9.6 shows the
XRPD patterns of the extruded materials shown in comparison to the physical blend.
It was clear from the data presented that both neat extrusion and solvent-assisted
extrusion were able to produce the naproxen sodium salt. Nevertheless, the solvent-
assisted process is preferable from an operational standpoint as the process is much
gentler on the extruder.

9.4 Production of Amorphous Complexes

Use of the amorphous phase to improve the oral bioavailability of poorly soluble
drugs is well known. From the standpoint of maximizing exposure, the amorphous
phase is of great interest for pharmaceutical scientists. It is at higher energy and
offers the promise of higher solubility and faster dissolution rate, and thereby the
potential to increase bioavailability (Kennedy et al. 2008; Yu 2001). Along with these
advantages, amorphous materials possess the inherent risks of physical and chemical
stability issues, as well as processing difficulties (Serajuddin 1999). Physical insta-
bility leads to the transformation of the amorphous state to the thermodynamically
favored crystalline state. The typical approach to improve the physical stability of
amorphous pharmaceuticals is to combine them with inactive ingredients such as
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Fig. 9.6 X-ray powder diffraction (XRPD) of materials obtained from the extrusion of naproxen
and sodium hydroxide. A Physical blend prior to extrusion, B neat extrusion at 175°C, and C
solvent-assisted extrusion in water at 175°C

polymers to form amorphous solid dispersions. There are a number of reports in lit-
erature describing the use of organic polymers to make amorphous solid dispersions
and the solubility and dissolution advantage that can be obtained with these systems
both in vitro and in vivo (Janssens et al. 2008; Janssens et al. 2010; Konno et al.
2008; Law et al. 2004; Miyazaki et al. 2004; Rumondor et al. 2009).

In contrast to organic excipients, the application of inorganic materials to im-
prove the physical stability of amorphous API has not been explored in great detail.
There have been a few reports of stabilization of acidic drugs with silicates (Bahl and
Bogner 2006; Gupta et al. 2003; Kinoshita et al. 2002; Mallick et al. 2008; Watanabe
etal. 2002a, b). In almost all these studies, the amorphous complex between the drug
and silicate was formed by ball milling. In this section of the chapter, we describe the
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production of amorphous complex of an acidic drug, sulindac, with Neusilin by both
ball milling and HME. The physicochemical stability and dissolution behavior of
these amorphous complexes were investigated. While ball milling provided a conve-
nient route to generate small quantities of sulindac-Neusilin amorphous complexes
in the laboratory, it is not a scalable process. The full descriptions of the results have
been published at length in a separate publication (MacLean et al. 2011).

The 13C SSNMR spectroscopy was used to monitor the progress of the amorphous
complex formation subsequent to HME. The '*C SSNMR data in the carboxyl region
for samples made by HME are shown in Fig. 9.7. HME was initially attempted at
150°C at two screw speeds 50 and 200 rpm to investigate whether the complex
formation occurs below the melting point of sulindac (184.6 °C). Different screw
speeds were used to change the residence time of the material in the extruder barrel.
It is clear from the '*C SSNMR data presented that no conversion was observed
at this temperature, irrespective of the screw speed used. However, conversion of
the crystalline material to the amorphous complex was observed when HME was
conducted at a temperature of 200 °C (above the melting point of sulindac). Thus,
temperatures above the melting point of sulindac are required to affect the conversion
to the amorphous complex. Consistent with ball milling data, HME produced samples
containing a mixture of the amorphous sulindac (Peak “b”’) and amorphous sulindac-
Neusilin complex (Peak “c”’). Notably, the amount of the complex formed was found
to be greater than that achieved from ball milling for 60 min. The amount of complex
formed, remained about the same irrespective of the starting composition of sulindac
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Fig. 9.8 Dissolution profiles in 0.1N HCI: (o) Crystalline sulindac; () Sulindac:Neusilin 1:1
ball-milled; (A) Sulindac:Neusilin 1:1 HME; and (l) Sulindac:Neusilin 1:2 HME

to Neusilin. This shows that Neusilin amounts greater than 1:1 did not serve to
increase the amount of complex formed under these experimental conditions. About
100 g of 1:1 and 1:2 complexes were produced using HME at 200 °C with a screw
speed at 50 rpm. The sample was recovered as a powder from the HME apparatus. The
HME samples were analyzed by high-performance liquid chromatography (HPLC)
and were found to be free of chemical degradation. HME thus provided an efficient
and a convenient route to the continuous production of sulindac-Neusilin amorphous
complexes. Moreover, all amorphous complexes produced by HME were found to
be physically and chemically stable when stored at 40 °C/75 % RH for a period of 3
months.

Dissolution profiles of crystalline sulindac and sulindac-Neusilin amorphous com-
plexes in 0.1N HCI are shown in Fig. 9.8. Crystalline sulindac is poorly soluble in
the medium and reaches a solubility of 3 jLg/ml in about 60 min. In contrast, the



9 Manufacture of Pharmaceutically Relevant Materials . . . 239

sulindac-Neusilin amorphous complexes showed faster dissolution rate and higher
solubility. The HME samples show a peak concentration and a plateau concentration.
For the 1:1 HME sample, the peak concentration was 19.4 g/ml while the peak
concentration for the 1:2 HME sample was 32.1 pg/ml. The plateau concentration
for both samples was around 13.2—13.4 jug/ml. In contrast, the ball-milled 1:1 sample
showed a peak concentration of 15.1 pg/ml and a plateau concentration of 14.4
pg/ml. The peak-to-plateau ratio followed the order 1:2 HME > 1:1 HME > 1:1
ball-milled. The peak concentration for all samples was attained within 10—17 min.
In summary, amorphous sulindac-Neusilin complexes are able to provide enhanced
dissolution rate and solubility when compared to the as-received crystalline material.
Thus, HME was shown to be a scalable process to make physically and chemically
stable amorphous complexes of sulindac and Neusilin that provide a dissolution
advantage over the crystalline material.

9.5 Conclusions

The application of TSE/HME in the continuous production of cocrystals, salts, and
amorphous complexes has been demonstrated. TSE provides highly efficient mixing
and close material packing of components, which in turn lead to improved surface
contact between components, thereby facilitating compound formation without the
use of solvents. The presence of intimate mixing, which promotes surface contacts
and accessibility to a wide range of temperatures, was found to be a critical factor
that influenced the formation of pharmaceutically relevant systems during extrusion
processing. The extruder configuration is customizable in terms of mixing and con-
veying elements and therefore can be optimized for yield and bulk properties of the
final solid form. For the first time, liquid-assisted extrusion to form pharmaceuti-
cally relevant materials has also been demonstrated. The addition of small amounts
of liquids adds another processing dimension to the extrusion process, thereby allow-
ing for further flexibility in optimizing compound production using TSE. Moreover,
liquid-assisted extrusion can promote compound formation at lower temperatures
obviating the need of high-temperature processing. Unlike other mechanical mixing
procedures, TSE is a continuous process and lends itself to scalability. As shown,
extrusion can be considered an efficient, scalable, and environmentally friendly pro-
cess for the manufacture of pharmaceutically relevant systems providing a viable
alternative to solution crystallization processes.

Acknowledgments We wish to thank Cesar Medina, Jennifer Maclean, and Robert Saw for con-
ducting some of the experiments described in this chapter. We wish to acknowledge Francisco
Alvarez for providing the management support to conduct this research. We also wish to thank to
following people for numerous contributions to this chapter: Julie Calahan, Kim Gochioco, Janan
Jona, Chandra Ma, Eric Munson, Matt Peterson, Saroj Vangani, and Tian Wu.



240 D. Daurio et al.

References

Andrews GP, Jones DS, Diak OA, McCoy CP, Watts AB, McGinity JW (2008) The manufacture
and characterisation of hot-melt extruded enteric tablets. Eur J Pharm Biopharm 69:264-273

Bahl D, Bogner RH (2006) Amorphization of indomethacin by co-grinding with neusilin US2:
amorphization kinetics, physical stability and mechanism. Pharm Res 23:2317-2325

Bahl D, Hudak J, Bogner RH (2008) Comparison of the ability of various pharmaceutical silicates
to amorphize and enhance dissolution of indomethacin upon co-grinding. Pharm Dev Technol
13:255-269

Beyer MK, Clausen-Schaumann H (2005) Mechanochemistry: the mechanical activation of covalent
bonds. Chem Rev 105:2921-2948

Bond AD (2007) What is a co-crystal? Cryst Eng Comm 9:833-834

Chen AM, Ellison ME, Peresypkin A, Wenslow RM, Variankaval N, Savarin CG, Natishan TK,
Mathre DJ, Dormer PG, Euler DH, Ball RG, Ye Z, Wang Y, Santos I (2007) Development of a
pharmaceutical cocrystal of a monophosphate salt with phosphoric acid. Chem Commun (Camb)
28(4):419-421

Childs SL, Chyall LJ, Dunlap JT, Smolenskaya VN, Stahly BC, Stahly GP (2004) Crystal engi-
neering approach to forming cocrystals of amine hydrochlorides with organic acids. molecular
complexes of fluoxetine hydrochloride with benzoic, succinic, and fumaric acids. J Am Chem
Soc 126:13335-13342

Chokshi RJ, Shah NH, Sandhu HK, Malick AW, Zia H (2008) Stabilization of low glass transition
temperature indomethacin formulations: impact of polymer-type and its concentration. J Pharm
Sci 97:2286-2298

Crowley MM, Zhang F, Repka MA, Thumma S, Upadhye SB, Battu SK, McGinity JW, Martin C
(2007) Pharmaceutical applications of hot-melt extrusion: part I. Drug Dev Ind Pharm 33:909-
926

Daurio D, Medina C, Saw R, Nagapudi K, Alvarez-Nunez F (2011) Application of twin screw
extrusion in the manufacture of cocrystals, part I: four case studies. Pharmaceutics 3:582—-600

Delori A, Friscic T, Jones W (2012) The role of mechanochemistry and supramolecular design in
the development of pharmaceutical materials. Cryst Eng Comm 14:2350-2362

Desiraju GR (2003) Crystal and co-crystal. Cryst Eng Comm 5:466-467

Di Nunzio JC, Brough C, Hughey JR, Miller DA, Williams RO III, McGinity JW (2010) Fusion
production of solid dispersions containing a heat-sensitive active ingredient by hot melt extrusion
and Kinetisol dispersing. Eur J Pharm Biopharm 74:340-351

Dunitz JD (2003) Crystal and co-crystal. A second opinion. Cryst Eng Comm 5:506

Friscic T, Jones W (2012) Application of mechanochemistry in the synthesis and discovery of new
pharmaceutical forms: co-crystals, salts and coordination compounds. RSC Drug Discovery
Series 16:154-187

Friscic T, Trask AV, Jones W, Motherwell WDS (2006) Screening for inclusion compounds and
systematic construction of three-component solids by liquid-assisted grinding. Angew Chem
Int Ed 45:7546-7550

Ghosh I, Snyder J, Vippagunta R, Alvine M, Vakil R, Tong W-Q, Vippagunta S (2011) Comparison
of HPMC based polymers performance as carriers for manufacture of solid dispersions using
the melt extruder. Int J Pharm 419:12-19

Gupta MK, Vanwert A, Bogner RH (2003) Formation of physically stable amorphous drugs by
milling with neusilin. J Pharm Sci 2(92):536-551

Hasa D, Perissutti B, Grassi M, Zacchigna M, Pagotto M, Lenaz D, Kleinebudde P, Voinovich D
(2011a) Melt extruded helical waxy matrices as a new sustained drug delivery system. Eur J
Pharm Biopharm 79:592-600

Hasa D, Voinovich D, Perissutti B, Grassi M, Bonifacio A, Sergo V, Cepek C, Chierotti MR, Gobetto
R, Dall’Acqua S, Invernizzi S (2011b) Enhanced oral bioavailability of vinpocetine through
mechanochemical salt formation: physico-chemical characterization and in vivo studies. Pharm
Res 28:1870-1883



9 Manufacture of Pharmaceutically Relevant Materials . . . 241

James SL, Adams CJ, Bolm C, Braga D, Collier P, Friscic T, Grepioni F, Harris KDM, Hyett G,
Jones W, Krebs A, Mack J, Maini L, Orpen AG, Parkin IP, Shearouse WC, Steed JW, Waddell
DC (2012) Mechanochemistry: opportunities for new and cleaner synthesis. Chem Soc Rev
41:413-447

Janssens S, Armas HN de, D’ Autry W, Van Schepdael A, Van den Mooter G (2008) Characterization
of ternary solid dispersions of Itraconazole in polyethylene glycol 6000/polyvidone-vinylacetate
64 blends. Eur J Pharm Biopharm 69:1114-1120

Janssens S, De Zeure A, Paudel A, Van Humbeeck J, Rombaut P, Van den Mooter G (2010) Influence
of preparation methods on solid state supersaturation of amorphous solid dispersions: a case
study with itraconazole and eudragit e100. Pharm Res 27:775-785

Jayasankar A, Somwangthanaroj A, Shao ZJ, Rodriguez-Hornedo N (2006) Cocrystal formation
during cogrinding and storage is mediated by amorphous phase. Pharm Res 23:2381-2392

Kalivoda A, Fischbach M, Kleinebudde P (2012) Application of mixtures of polymeric carriers for
dissolution enhancement of fenofibrate using hot-melt extrusion. Int J Pharm 429:58-68

Karki S, Friscic T, Jones W, Motherwell WDS (2007) Screening for Pharmaceutical cocrystal
hydrates via neat and liquid-assisted grinding. Mol Pharm 4:347-354

Kennedy M, Hu J, Gao P, Li L, Ali-Reynolds A, Chal B, Gupta V, Ma C, Mahajan N, Akrami
A, Surapaneni S (2008) enhanced bioavailability of a poorly soluble VR1 antagonist using an
amorphous solid dispersion approach: a case study. Mol Pharm 5:981-993

Kinoshita M, Baba K, Nagayasu A, Yamabe K, Shimooka T, Takeichi YI, Azuma M, Houchi H,
Minakuchi K (2002) Improvement of solubility and oral bioavailability of a poorly water-soluble
drug, TAS-301, by its melt-adsorption on a porous calcium silicate. J Pharm Sci 91:362-370

Konno H, Handa T, Alonzo DE, Taylor LS (2008) Effect of polymer type on the dissolution profile
of amorphous solid dispersions containing felodipine. Eur J Pharm Biopharm 70:493-499

Law D, Schmitt EA, Marsh KC, Everitt EA, Wang W, Fort JJ, Krill SL, QiuY (2004) Ritonavir-PEG
8000 amorphous solid dispersions: in vitro and in vivo evaluations. J Pharm Sci 93:563-570

Lyons JG, Hallinan M, Kennedy JE, Devine DM, Geever LM, Blackie P, Higginbotham CL (2007)
Preparation of monolithic matrices for oral drug delivery using a supercritical fluid assisted hot
melt extrusion process. Int J Pharm 329:62-71

MacLean J, Medina C, Daurio D, Alvarez-Nunez F, Jona J, Munson E, Nagapudi K (2011) Manu-
facture and performance evaluation of a stable amorphous complex of an acidic drug molecule
and neusilin. J Pharm Sci 100:3332-3344

Mallick S, Pattnaik S, Swain K, De PK, Saha A, Ghoshal G, Mondal A (2008) Formation of
physically stable amorphous phase of ibuprofen by solid state milling with kaolin. Eur ] Pharm
Biopharm 68:346-351

Maniruzzaman M, Boateng JS, Bonnefille M, Aranyos A, Mitchell JC, Douroumis D (2012) Taste
masking of paracetamol by hot-melt extrusion: an in vitro and in vivo evaluation. Eur J Pharm
Biopharm 80:433—442

Medina C, Daurio D, Nagapudi K, Alvarez-Nunez F (2010) Manufacture of pharmaceutical co-
crystals using twin screw extrusion: a solvent-less and scalable process. J Pharm Sci 99:1693—
1696

Miyazaki T, Yoshioka S, Aso Y, Kojima S (2004) Ability of polyvinylpyrrolidone and polyacrylic
acid to inhibit the crystallization of amorphous acetaminophen. J Pharm Sci 93:2710-2717

Porter WW 111, Elie SC, Matzger AJ (2008) Polymorphism in carbamazepine cocrystals. Cryst
Growth Des 8:14-16

Remenar JF, Morissette SL, Peterson ML, Moulton B, MacPhee JM, Guzman HR, Almarsson O
(2003) Crystal engineering of novel cocrystals of a triazole drug with 1,4-dicarboxylic acids. J
Am Chem Soc 125:8456-8457

Repka MA, Battu SK, Upadhye SB, Thumma S, Crowley MM, Zhang F, Martin C, McGinity
JW (2007) Pharmaceutical applications of hot-melt extrusion: part II. Drug Dev Ind Pharm
33:1043-1057

Roblegg E, Jaeger E, Hodzic A, Koscher G, Mohr S, Zimmer A, Khinast J (2011) Development
of sustained-release lipophilic calcium stearate pellets via hot melt extrusion. Eur J Pharm
Biopharm 79:635-645



242 D. Daurio et al.

Rumondor ACF, Marsac PJ, Stanford LA, Taylor LS (2009) Phase behavior of poly (vinylpyrroli-
done) containing amorphous solid dispersions in the presence of moisture. Mol Pharm
6:1492-1505

Serajuddin ATM (1999) Solid dispersion of poorly water-soluble drugs: early promises, subsequent
problems, and recent breakthroughs. J Pharm Sci 88:1058-1066

Serajuddin ATM (2007) Salt formation to improve drug solubility. Adv Drug Delivery Rev 59:603—
616

Serajuddin ATM, Pudipeddi M (2011) Salt-selection strategies. In: Stahl PH, Wermuth G (Eds).
Handbook of pharmaceutical salts 2nd edn. Wiley, New York.

Trask AV, Motherwell WDS, Jones W (2004) Solvent-drop grinding: green polymorph control of
cocrystallisation. Chem Commun (Camb) (7):890-891

Trask AV, Haynes DA, Motherwell WDS, Jones W (2006a) Screening for crystalline salts via
mechanochemistry. Chem Commun (Camb) (1):51-53

Trask AV, Motherwell WDS, Jones W (2006b) Physical stability enhancement of theophylline via
cocrystallization. Int J Pharm 320:114-123

Variankaval N, Wenslow R, Murry J, Hartman R, Helmy R, Kwong E, Clas S-D, Dalton C, San-
tos I (2006) Preparation and solid-state characterization of nonstoichiometric cocrystals of a
phosphodiesterase-IV inhibitor and L-tartaric acid. Cryst Growth Des 6:690-700

Watanabe T, Hasegawa S, Wakiyama N, Kusai A, Senna M (2002a) Prediction of apparent equilib-
rium solubility of indomethacin compounded with silica by 13C solid state NMR. Int J Pharm
248:123-129

Watanabe T, Hasegawa S, Wakiyama N, Usui F, Kusai A, Isobe T, Senna M (2002b) Solid state
radical recombination and charge transfer across the boundary between indomethacin and silica
under mechanical stress. J Solid State Chem 164:27-33

Wermuth CG, Stahl PH (2011) Selected procedures for the preparation of pharmaceutically accept-
able salts. In: Stahl PH, Wermuth G. (Eds). Handbook of pharmaceutical salts 2nd edn. Wiley,
New York.

Windbergs M, Strachan CJ, Kleinebudde P (2009) Tailor-made dissolution profiles by extruded
matrices based on lipid polyethylene glycol mixtures. J Control Release 137:211-216

Yu L (2001) Amorphous pharmaceutical solids: preparation, characterization and stabilization. Adv
Drug Delivery Rev 48:27-42



Chapter 10
Melt Extruded Controlled Release Dosage Forms

Justin M. Keen and James W. McGinity

Abstract Hot-melt extrusion is a proven pharmaceutical processing technology, en-
abling the formation of matrices and structures designed to control drug release.
Controlled drug release formulations are important for reducing side effects, im-
proving bioavailability, and patient compliance. Melt extrusion has been applied in
the production of various controlled-release dosage forms: including pellets, tablets,
films, and drug reservoirs. Controlled-release dosage forms prepared by extrusion
have been demonstrated for oral delivery as well as in producing implants and trans-
mucosal devices. This chapter reviews extruded controlled-release dosage forms,
highlighting the importance of material properties and structure. The mechanisms
by which drugs are released from different materials and structures are reviewed
using examples from current literature.

10.1 Introduction

Over the last several decades, hot-melt extrusion has emerged as an effective formu-
lation tool for enhancing and/or enabling drug therapy. Extrusion technology was
developed many decades before its application in pharmaceutical technology and,
certainly, the evolution of synthetic thermoplastic pharmaceutical-grade polymers
has enabled the translation of the technology to drug delivery. The utility of poly-
mers in controlled drug delivery was first realized in the 1960s (Hoffman 2008).
However, widespread industry adoption has only recently occurred, which reflects
advances over the last two decades in understanding the thermodynamic and kinetic
factors responsible for the solid-state configuration of extruded compositions and,
arguably more important, those that control their stability (Janssens and Van den
Mooter 2009). In addition, over the last few decades the industry has been evolv-
ing toward continuous processing, which is inherent to extrusion processing and
fully enables process analytical technology (PAT). The application of PAT is use-
ful for fully controlling product quality and is considered a critical component of

J. W. McGinity (0<) - J. M. Keen
The University of Texas at Austin, Austin, TX 78712, USA
e-mail: mcginity.jw @austin.utexas.edu

J. M. Keen
DisperSol Technologies, LLC, Georgetown, TX 78626, USA

M. A. Repka et al. (eds.), Melt Extrusion, 243
AAPS Advances in the Pharmaceutical Sciences Series 9,
DOI 10.1007/978-1-4614-8432-5_10, © American Association of Pharmaceutical Scientists 2013



244 J. M. Keen and J. W. McGinity

the quality-by-design (QbD) methodology encouraged by the Food and Drug Ad-
ministration (FDA; Yu 2008). Furthermore, the drug molecules being presented to
formulators are becoming increasingly difficult to solubilize (O’Driscoll and Griffin
2008), which is required prior to absorption, driving an interest in newer and more
versatile technologies.

While a significant portion of recent research in hot-melt extrusion focuses on
applications of the amorphous state for improving the bioavailability of poorly sol-
uble drugs, early applications focused on controlled-release technology. Extruders
were described a handful of times in the 1970s and 1980s for producing controlled-
release dosage forms, with significant research activity in this area starting in the
1990s. Detailed reviews of these early experiments are available for the interested
reader (McGinity and Zhang 2003; Breitenbach 2002; Crowley et al. 2007; Repka
et al. 2007). Recent efforts in solubilizing drugs using hot-melt extrusion and other
solvent-based techniques have made the evaluation of amorphous solid dispersions
commonplace. As these therapies enter the market, there will be an increasing need
to combine the amorphous form with a controlled release system to reduce dosing
frequency, the strategies for accomplishing this are taking shape (Tran et al. 2011).
As such, melt extrusion has come full circle and will become increasingly important
as a tool to create formulations that combine the benefits of amorphous solid dis-
persions (Newman et al. 2012) with those of controlled release (Uhrich et al. 1999).
On the whole, technologies such as melt extrusion are required to transform today’s
poorly water-soluble drug candidates, which should be designed to improve safety
and efficacy by maximizing bioavailability, minimizing side effects, and minimizing
dosing frequency. This chapter summarizes the various dosage forms prevalent in
the literature and commercial products considering in detail the nature of the mate-
rials used to form them. In addition, the mechanisms by which a drug releases from
controlled release melt extrudates are examined.

10.2 Melt-Extruded Dosage Forms for Controlled Release

In the simplest cases, melt extrusion processes intimately mix a drug and excipients.
Most commonly, this involves grinding or milling the output of an extrusion process
for preparation of a powder, which could be used directly or further processed into
a dosage form, such as a capsule or tablet. Extrudates are readily formed directly
into films or rods, which may be cut into pellets or tablets. Multiple extruders can
be combined, known as coextrusion, to produce structured dosage forms having
multiple layers. Following compounding in an extruder, the melt may be transferred
to an injection-molding machine and formed into complex shapes. Together, the
geometry, composition, and processing conditions can be manipulated to control the
release of drug.

Melt extrusion has been utilized for a variety of controlled release applications
in which the extrudate is ground or milled to produce granules or a process inter-
mediate. Liu et al. (2001) prepared lipid matrix extrudates, which were then milled
into granules and used in a conventional compression process to prepare sustained
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release tablets. When compared to a melt granulation process, the granules pro-
duced harder tablets and had improved drug content uniformity across the particle
size distribution. The water-soluble drug, phenylpropanolamine hydrochloride, was
released from Precirol® and Sterotex® K matrices over 12 h or more depending on
the exact composition and pore former included in the tablets. Milled extrudates of
enteric polymer formulations were prepared to facilitate a dry coating process by
Sauer et al. (2007). In conventional film coating processes, solvents are beneficial
to distribute plasticizers in the film-forming polymer, melt extrusion was demon-
strated as an alternative approach to generating a plasticized coating material for
a dry coating process. The resulting extrudate-coated tablets were found to exhibit
pH-dependent release.

Early controlled release matrix tablets prepared by traditional processes, such as
wet granulation, melt granulation, or direct compression, are often observed to have
variable dissolution properties during aging due to curing of the matrix (Murthy
and Ghebre-Sellassie 1993). Kidokoro et al. (2001) demonstrated the utility of melt
extrusion in preparing acrylic matrix tablets by hot-melt extrusion, which showed,
drastically reduced variation following curing than tablets prepared following melt
granulation or direct compression processes. The tablets were prepared by the three
processes using the same composition of ibuprofen in an Eudragit® RS PO matrix.
Following treatment at 40 °C, the dissolution rate from the melt-granulated and direct
compression formulations substantially decreased due to structural changes in the
tablet as a result of fusion of the polymer network. The melt-extruded tablets, having
an already fused structure, were observed at the initial time point to have a controlled
release profile that changed minimally upon storage.

Tablets cut from polymeric extrudates have also been designed to control drug
release within the stomach. In the plastics industry, foamed polymer matrices are
routinely prepared. Foamed dosage forms have low densities and are hypothesized
to float within the stomach, where a sustained release of a drug would continuously
release the active into the upper small intestine. This approach would be advanta-
geous for targeting drugs having an absorption window in the upper small intestine
to increase bioavailability (Streubel et al. 2006). Extrusion processes have been
demonstrated to prepare floating tablets through two mechanisms. Nakamichi et al.
(2001) prepared foamed hydroxypropyl methylcellulose acetate succinate (HPM-
CAS) tablets by injecting water into the extrusion barrel, which mixed the formulation
at high pressure and above the normal boiling temperature of water. At the die outlet,
the water vapor expands and forms a porous structure; this foaming mechanism has
also been explored in detail using supercritical carbon dioxide injection (Terife et al.
2012). Alternatively, thermal decomposition of sodium bicarbonate, resulting in the
off-gassing, has been demonstrated in the preparation of acrylic controlled-release
floating tablets (Fukuda et al. 2006a).

Young et al. (2005) investigated the addition of non-thermoplastic polymeric
gelling agents, included at low levels in a thermoplastic matrix, on the sustained
release properties of a pH-dependent acrylic matrix formulation. Carbopol® 974P
was effective in preparing pH-independent sustained release profiles when incorpo-
rated at 2.5, 5, and 10 % by weight in rod-cut tablets (Fig. 10.1). Rod-cut tablets
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have also been extensively studied using non-thermoplastic lipids. The temperature
profile must be carefully controlled to prepare a solid extrudate as complete melting
of the lipid matrix results in a pasty or liquid output (Reitz and Kleinebudde 2007).
In addition, the temperature profile and processing parameters must be carefully
considered to control the surface properties of lipid tablets (Reitz et al. 2008), con-
trol the polymorphic form of the lipid matrix (Windbergs et al. 2009), and to ensure
repeatable sustained release dissolution profiles.

Controlled release films have been extensively studied for transmucosal appli-
cations. Extruded release hydroxypropylcellulose (HPC)- based films have been
demonstrated in vivo as bioadhesive by Repka and McGinity (Repka and McGin-
ity 2001). The preparation of pharmaceutically elegant films requires the careful
selection of plasticizers to control the mechanical properties of the extrudate, such
as tensile strength and percent elongation (Repka and McGinity 2000). HPC-based
films, having a thickness of 600 j.m, were observed to sustain the release of lidocaine
over 12 h (Repka et al. 2005). The solubility of drugs in these compositions should
be carefully considered. When molecularly dispersed, small-molecule drugs act as
plasticizers for thermoplastic polymers, which in addition to altering the mechanical
properties have been demonstrated to improve polymer stability during processing.
However, if not fully miscible, the drug may recrystallize on the surface of the
extrudate upon cooling of the melt (Crowley et al. 2004b).

Multiparticulate dosage forms can be prepared from melt extrudates through the
careful application of downstream processing. Young et al. (2002) described a melt
extrusion process in which 1.22-mm-diameter rods were cut to the same length using
a strand pelletizer and then further processed in a spheronizer to produce round par-
ticles. Acrylic pellets prepared by this process were observed to sustain the release of
theophylline (Young et al. 2003). Verhoeven et al. (2006) studied 3 mm diameter by
2 mm cylindrical particles comprising a water-swellable polymer, xanthan gum, and
water-insoluble ethylcellulose in vivo. With increasing concentrations of xanthan
gum, the drug release rate increased allowing more complete release of ibuprofen
during transit along the gastrointestinal tract. The impact of xanthan gum concentra-
tions of 10, 20, and 30 % in the ethylcellulose matrix significantly impacted plasma
concentrations in dogs (Fig. 10.2).
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Fig. 10.2 Mean plasma concentration—time profiles after administration of 300 mg ibuprofen to
dogs. Extrudates: (e) 10, (4) 20, and 30 % (M) xanthan gum in ethylcellulose. Comparators: (o)
Ibu-Slow 600 (half tablet) and (A) Junifen (15 ml). (Verhoeven et al. 2006)

Advanced, long-acting extruded dosage forms are capable of delivering drugs over
several days to several weeks. Campbell et al. (2010) extruded ibuprofen containing
poly(e-caprolactone) (PCL) together with clay silicates (nanoplatelets). The clay sil-
icates created a tortuous path for ibuprofen, which diffused over several days from
the matrix. Cheng et al. (2010) evaluated PCL-based implants, which released prazi-
quantel in vitro over 4 weeks, or much longer depending on the amount of plasticizer
included in the formulation. The rod-form extrudates were implanted subcutaneously
in rats and plasma concentrations were detected for more than 7 weeks (Fig. 10.3). In
vitro release profiles lasting 40—60 days were observed for interferon-alpha (IFN-a)
from an extruded lipid matrix (Schulze and Winter 2009). IFN-a was first com-
plexed with hydroxypropyl-p-cyclodextrin (HP-B-CD) in solution and lyophilized.
The complex was then extruded into rods containing a combination of low- and
high-melting point acid triglycerides. The protein structure was not altered by the
extrusion process and due to the large size of IFN-a, diffusion occurred over 1-2
months.

Complex structures can be prepared using coextrusion processes, typically re-
sulting in a layered film or concentric cylinders, or through transferring the melt
to an injection molder. Quenten et al. (2011) prepared ejection-molded tablets for
sustaining the release of metoprolol tartrate from a xanthan gum and ethylcellulose
matrix. In a dog study, one of the studied compositions was found to be statis-
tically similar to a conventional marketed formulation. Coextruded compositions
have been described and marketed to prepare reservoir devices. Vaginal inserts, such
as NuvaRing®, are prepared using a coextrusion process (Groenewegen 1999). The
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Fig. 10.3 Praziquantel plasma concentration in rats following subcutaneous implantation of PCL-
extruded implants, n =4. (Cheng et al. 2010)

hormone(s) is contained in the core of the extrudate, which is formed as a rod. The
outer layer, coextruded with the core, forms a skin and acts as a diffusion barrier for
drug release. The concentric rod is cut into cylinders, which are formed into a toroid
by connecting the ends using an adhesive. Coextrusion processing for fixed dose
sustained release compositions was studied by Dierickx et al. (2012). This system
was a concentric coextruded rod, which was cut into minitablets. The core contained
metoprolol tartrate in the insoluble polymer PCL. The outer layer dissolved during
administration and released hydrochlorothiazide (Fig. 10.4). The formulation was de-
termined to be statistically bioequivalent for both drugs to a commercial formulation
following administration to dogs.

10.3 Drug Release Mechanisms

Drugs are released from extruded dosage forms by several different and well-known
mechanisms. Drug release also occurs in three phases: a burst or lag phase, the early-
time release phase, and the late-time or depletion phase. In reality, a combination of
release mechanisms is typically responsible for the release profile and the mechanism
of release may change depending on the release phase. Using recent melt extrusion
literature examples, these mechanisms are reviewed.
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Fig. 10.4 SEM images of coextruded cut tablet with a core composed of 45/55 % MPT/PCL and a
coat composed of 10/45/45 % HCT/PEO/PEG. (a) Immediately after production and (b) after fecal
recovery from dogs. (Dierickx et al. 2012)

At the molecular level, four processes are responsible for drug release: dissolution,
diffusion, erosion, and swelling. These processes are manipulated using excipients,
the extrusion process, and the dosage form structure. Excipients may be selected to
alter osmotic pressure, drug solubility, or create a porous network, to name a few
examples. The extrusion process alters the molecular distribution of the formulation
and may change the solid state of the drug. The dosage form structure may be chosen
to create diffusion barriers or target a specific geometry.

Dissolution is readily modeled and described for simple systems using the
well-known Noyes—Whitney equation, which at the most basic level describes the
relationship of drug concentration, C, to time, ¢, and the saturation solubility, Cs,
using a rate constant, k (Dokoumetzidis and Macheras 2006).

ac k(Cs—C
P (Cs )
Based on the work of Nernst and Brunner, we know that the rate constant is related
to the diffusivity of the drug, D, in the diffusion layer of thickness, A, the exposed
surface area, S, and the volume of the dissolution medium.
p=PS
Vh
Dissolution is rarely the only process involved in sustained release drug formulations;
otherwise many drugs would simply exist as crystals of various sizes for adminis-
tration. The dosage form may be designed to slowly release small particles of drug,
which then undergo rapid dissolution. Alternatively, dissolution will occur within
the dosage form and the drug released by diffusion. Diffusion is a stochastic process,
which can be modeled using the following form of Fick’s first law (in this case a
one-dimensional system):

aC aC
= —_sp—
dt 0x
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Table 10.1 Exponent, n of the power law and its relationship to the drug release mechanism for
various dosage form geometries (Siepmann and Peppas 2001)

Exponent, n Drug release
Slab Cylinder Sphere mechanism
0.5 0.45 0.43 Diffusion
05<n<1.0 0.45<n<0.89 043 <n<0.85 Anomalous
1.0 0.89 0.85 Case-II

This equation is applicable when the concentration gradient is modeled using a
constant activity source, or in other words, when the concentration at high position is
maintained at the initial level at all times (Baker 1987). When the initial concentration
at the high position changes with time, Fick’s second law also applies.

aC 02C

~ _pD——

ot dx?
Degradation, often referred to as erosion, is applicable to systems containing
biodegradable polymers and refers to the degradation of the polymer backbone.
The rate of erosion, when compared to the rate of penetrant diffusion, will determine
if erosion occurs at the surface or in the bulk. This, in turn, determines if the drug is
sloughed off during release or diffuses from the matrix. Erosion is a complex process
and requires modeling of the several mass transport processes along with reaction
rates (Sackett and Narasimhan 2011).

Swelling is important for polymer-based sustained release systems, especially
in those containing glassy water-soluble polymers. The Peppas research group has
studied swelling in polymer-based systems extensively. Swelling controls the rate of
water penetration into the dosage form for matrices formed from polymers exhibiting
thermogelation. The relative rates of water penetration and polymer dissolution will
control the thickness of the gel layer formed (Kaunisto et al. 2011). More importantly,
the rates of these processes will determine if a crystalline drug is released intact or
undergoes dissolution in the gel and is released by diffusion through the hydrated gel.
Based on the dosage form geometry, the Peppas equation can be applied to identify if
swelling and relaxation (Case-II Transport), diffusion, or both (anomalous) processes
controlled drug release.

M,

— ktn
Mo ’

where M is the amount of drug released and »n is the power law release exponent,
which following fitting to a drug release data set can be interpreted according to
Table 10.1 (Siepmann and Peppas 2001).

In the case of slab geometry, the Peppas equation reduces to the Higuchi equation,
which resulted from modeling of a pharmaceutical ointment formulation (Siepmann
and Peppas 2011).

Higuchi modeled the release of a low-concentration crystalline drug from a
noneroding insoluble matrix, which slowly released drug by diffusion. In this case,
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Fig. 10.5 Higuchi diffusion model fitting of the guaifenesin release data from matrix tablets pre-
pared by direct compression and hot-melt extrusion. (a) Matrix tablets prepared using “fine” ethyl
cellulose (325-80 mesh) and (b) matrix tablets prepared using “coarse” ethyl cellulose (80-30
mesh). (#) Direct compression, 10 kN, (H) direct compression, 30 kN, (A) direct compression,
50 kN, (e) hot-melt extrusion, 80, 85, 85, and 90 °C, ((J) hot-melt extrusion, 90, 105, 105, and
110°C (Crowley et al. 2004a)

drug diffusion from the matrix controls the rate at which the drug is dissolved in
the ointment. As the drug is dissolved in the matrix, a moving boundary between
crystalline and saturated drug continuously penetrates the slab. Practically speaking,
a linear dependence of drug release rate on the square root of time is indicative of a
diffusion boundary, although this should only be applied rigidly to slab geometry.

When the drug is dispersed in an insoluble matrix, drug diffusion occurs by two
pathways, through the macromolecular network and through pores inherent to the
dosage form or formed during the release process by the dissolving drug. Zhu et al.
(2002) studied the release of chlorpheniramine maleate from an Eudragit® RS PO
matrix. When tablets were prepared by direct compression, the release rate was rapid
and decreased substantially following heat treatment. However, tablets prepared by
melt extrusion exhibited sustained release properties with little effect from postpro-
cess thermal treatment. Crowley et al. (2004a) demonstrated the influence of melt
extrusion on the porosity and tortuosity of rod cut, ethylcellulose tablets, which were
determined to have significantly lower pore sizes, lower percent porosity, and higher
tortuosity than directly compressed tablets. Drug release from the ethylcellulose
tablets occurred by diffusion as evidenced by the near linear dependence of release
rate on the square root of time (Fig. 10.5).

Schilling et al. (2008) demonstrated the utility of water-soluble processing aids
in altering drug release. Citric acid was found to act as a processing aid during extru-
sion, which facilitated the solubilization of diltiazem hydrochloride (DIL HCI) in an
Eudragit® RS PO matrix. Drug diffusion was enhanced compared to formulations
containing other water-soluble additives, such as sucrose and sodium chloride. The
interactions, or lack thereof, of the additive with the polymer, impact the propensity
of the drug to release through the macromolecular network or the porous network
(Fig. 10.6). In this example, the formulation containing citric acid, released drug
faster than the more porous composition containing sodium chloride.
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Fig. 10.6 Scanning electron microscope (SEM) of hot-melt extruded tablets composed of 60 %
Eudragit® RS PO and (a) 40 % diltiazem hydrochloride (DIL HCI), (b) 20 % DIL HCl and 20 % citric
acid monohydrate, and (c¢) 20 % DIL HCI and 20 % NaCl. Pictures were taken before (al, b1, cI)
and after (a2, b2, c2) dissolution in phosphate buffer pH 6.0 over 12 h. (Schilling et al. 2008)

Almeida et al. (2011) studied the release of metoprolol tartrate from the semicrys-
talline thermoplastic polymer polyethylene-co-vinyl acetate (EVA). When the vinyl
acetate content in this polymer is increased, the percent crystallinity decreases. Crys-
talline domains act as diffusion barriers and, accordingly, the drug release rate was
observed to increase as the vinyl acetate component of the matrix increased from
9 to 28 %. However, when the vinyl acetate concentration was 40 %, the molecular
mobility of the polymer allowed for reforming of the matrix during dissolution, re-
sulting in a decrease in the diffusion rate as pores were not as readily available for
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drug diffusion out of the matrix. Sax et al. (2012) studied the diffusion of large IFN-a
protein molecules from a melt-extruded lipid matrix. The matrix was formed with
a mixture of triglycerides having differing melting ranges. Using single-molecule
wide-field fluorescence microscopy, single molecules were tracked during release.
The authors observed two populations of diffusing protein molecules, one present
in the solid fraction of the lipid matrix and the other relating to a molten lipid phase
present due to partial melting of the implant as the temperature release was studied.

Polymer swelling is instrumental in altering release profiles and for some poly-
mers, such as polyethylene oxide (PEO), the swelling properties control drug release,
which results in zero-order release profiles. A common problem with diffusion-based
drug formulations is that following transition from the early-time to the late-time re-
lease phase, or depletion phase, the drug release rate slows dramatically. This is
a result of increasingly lower concentrations of drug within the matrix, which de-
creases the driving force according to Fick’s law. This effect may be magnified in
vitro when the drug accumulates in the release medium as opposed to being absorbed
as would be expected in vivo. De Brabander et al. (2003) demonstrated the utility
of adding a swelling polymer, such as xanthan gum or HPMC, to ethylcellulose
matrices. The inclusion of soluble polymers not only affected the release rate, but
altered the release mechanism from a diffusion-controlled half-time dependency to
a zero-order swelling-controlled mechanism as determined by fitting to the Peppas
equation.

The pH-dependent swelling properties of Eudragit® S 100 were utilized to de-
velop a controlled release extruded composition of 5S-aminosalicylic acid (5-ASA) for
colonic delivery (Bruce et al. 2005). At pH 1.2, the formulation released little drug. At
pH 7.4, cumulative drug release at 2 h was 20 % and at 12 h was 80 %. The release pro-
file fit the Higuchi model, indicating that at colonic pH, the acrylic polymer undergoes
swelling and dissolution. However, the dynamics of polymer hydration, polymer dis-
entanglement, and drug diffusion created a transient hydrated network from which
drug diffusion dominated release. Similar behavior was observed by Repka et al.
(2005) for HPC-based films containing lidocaine. The polymer slowly swells and
dissolves releasing the drug predominately by diffusion over approximately 12 h.
Films produced from PEO demonstrate swelling- and relaxation-controlled release
as demonstrated by zero-order release profiles of extruded films (Prodduturi et al.
2005) and tablets (Zhang and McGinity 1999). PEO-based extruded tablets produce
very strong tablets, which have been utilized for the controlled release of abused
drugs (Barkin et al. 2012; McGinity and Zhang 2002). The strength of the matrix
prevents crushing, reducing the likelihood of dose dumping. In these cases, the rate
of diffusion and dissolution are much faster than the rate of polymer hydration and
relaxation, therefore the rate of polymer relaxation controls the drug release rate
(Siepmann and Siepmann 2008). A graphic depicting the release mechanism from
swelling-controlled systems is included for reference (Fig. 10.7).

Swelling-controlled formulations are susceptible to ionic strength-dependent drug
release when the polymer gel strength is altered in the presence of ions (Joshi 2011).
Fukuda et al. (2006b) studied this phenomenon in tablets containing the ionic poly-
mers xanthan gum and chitosan. Extruded tablets prepared by direct compression



254 J. M. Keen and J. W. McGinity

Swollen matrix Non-swollen matrix

Bulk fluid

Erosion front Diffusion front Swelling front

Fig. 10.7 Schematic presentation of a swelling-controlled drug delivery system containing dis-
solved and dispersed drug (stars and black circles, respectively), exhibiting the following moving
boundaries: (1) an “erosion front,” separating the bulk fluid from the delivery system; (2) a “diffu-
sion front,” separating the swollen matrix containing dissolved drug only and the swollen matrix
containing dissolved and dispersed drug; and (3) a “swelling front,” separating the swollen and
nonswollen matrix. (Siepmann and Siepmann 2008)
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Fig. 10.8 CPM release profiles from HME tablets containing a PEO, Chitosan, and MCC or b
PEO, Chitosan, and Xanthan Gum in 900 ml of either (¢) 0.1N HCI, (¢) pH 4.0 acetate bufter, (4)
pH 4.0 citrate buffer, (A) pH 4.0 phosphate buffer, (W) pH 6.8 phosphate buffer, or (OJ) pH 7.4
phosphate buffer at 37 + 0.5 °C (USP 27 Apparatus 2, 100 rpm). (Fukuda et al. 2006b)

and containing PEO, xanthan gum, and chitosan were found to exhibit pH and ionic
strength-independent dissolution. Interactions between the cationic chitosan and an-
ionic xanthan gum were studied to explain this behavior. When xanthan gum was
replaced with microcrystalline cellulose (MCC), the system exhibited pH- and buffer
species-dependent release (Fig. 10.8).

Polymers that biodegrade, typically hydrolysable polyesters, have been extruded
to prepare implantable dosage forms. PCL-extruded cylindrical implants, 3 mm di-
ameter, containing praziquantel, were extruded and cut into 10 mm lengths and
studied in vitro (Li et al. 2010). When included at 25 % loading, drug release was
monitored for 150 days, over this time period approximately 60 % of the drug had
been released. Drug was released from the matrix by diffusion. The morphology of
the matrix before and after 150 days shows the formation of pores during release
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Fig.10.9 SEM images of the CI-7 implant and PZQ: (a and b) surface and cross-section morphology
of implant CI-7 before drug release, respectively; (c) cross-section morphology of implant CI-7
after 150-day drug release; (d and e) the exterior layer and interior layer in the cross-section of
implant CI-7 after 150-day drug release, respectively; (f) PZQ crystals. (Li et al. 2010)

(Fig. 10.9). The molecular weight of the polymer decreased by approximately 20 %
during the 150-day period was monitored and determined to occur throughout the
matrix. Following the addition of PEG in the system, the release rate increased from
40 to > 80 days depending on the exact composition (Cheng et al. 2010). Following
implantation in rats, elevated plasma concentrations were observed for over 40 days.

Campbell et al. (2010) studied the influence of nanostructures on release of
ibuprofen from a PCL matrix. Ibuprofen-, PCL-, and silicate-based nanoclays were
extruded, ground, and compression molded into disks. The nanoclay, present as
platelets intercalated in the matrix, were found to alter the mechanical strength of
the matrix, depending on the aspect ratio of the nanoclay. In addition to creating a
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Fig. 10.10 Mean concentrations of dapivirine in vaginal fluids at the IVR site during the first 24 h
postinsertion (a) and over 33 days (b). In (b), the arrow indicates time of removal of the IVR. (Nel
et al. 2009)

tortuous path in the macromolecular network for ibuprofen diffusion, the nanoclays
altered the degree of crystallization of the polymer. The compression-molded disks,
having a large surface to area volume ratio (18 mm diameter by 1.2 in height), were
found to release ibuprofen over 4 days.
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Using conventional coating processes, constant activity reservoirs are readily
prepared and known to exhibit zero-order release (Kaunisto et al. 2011). In these
systems, the coating acts as a diffusion barrier membrane. Crystalline drug inside
the membrane continually dissolves as drug diffuses out of the system, maintaining
a steady concentration gradient/driving force across the membrane. EVA-based in-
travaginal devices operate similarly, with the exception that drug is contained in the
core in a supersaturated state. The solubility of hormones in EVA and the resulting
release mechanism of coextruded EVA rods were studied by van Laarhoven et al.
(2002). The rods were formed to a diameter of 4 mm with a membrane thickness of
110 pwm. The core contained etonogestrel and ethinyl estradiol in EVA 28 and was
surrounded by an EVA 9 skin. The solubility of the hormones was observed to be 1-2
orders of magnitude greater in EVA 28 than in EVA 9. In addition, the drugs were
dissolved in the matrix at elevated temperature, which resulted in supersaturation in
the matrix following cooling. Partitioning of the drug occurs from the supersaturated
core into the lower solubility skin, in this system the supersaturated core behaves
as a constant activity reservoir. Due to equilibration following processing, the drugs
were observed to partition into the skin on storage, which resulted in an initial burst
release. Vaginal inserts are being studied for various antimicrobial drugs (Clark et al.
2011). Nel et al. (2009) studied reservoir devices and matrices containing dapivirine
in women. The reservoir devices provided steady drug concentrations in vivo for 28
days and showed a reduced, but more constant, release rate than the matrix device
(Fig. 10.10).

10.4 Summary

Melt extrusion processing is widely applicable in the preparation of controlled release
oral medications, implants, and devices, which may take the form of simple matrix
tablets or advanced structures. The pressure and heat applied to the materials results
in molecular arrangements useful for manipulating diffusion or altering the solid
state of the drug. At the molecular scale, various processes contribute to the release
mechanism, including dissolution, diffusion, polymer degradation, and polymer
swelling. Using various dosage form compositions and structure, controlled release
compositions have been demonstrated to sustain the release of drug from several
hours to several months.
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Chapter 11

Excipient or API Melt Processing via Injection
Molding

Costas G. Gogos

Abstract This chapter first presents and discusses the physical phenomena taking
place in both injection molding machines and the molds, which enable the injection
molding process to produce shaped thermoplastic polymer products reproducibly,
inexpensively and rapidly, with only minimum industrial waste stream. Industrial
waste generated aside, it then addresses the question of whether the existing in-
jection molding processes and equipment are appropriate for producing tablets of
active pharmaceutical ingredient (API) solid solutions in polymer excipients, where
the total dissolution of the API in the molten excipient, and the absence of API
process-generated degradation must be guaranteed. The arguments presented indi-
cate the need for specific modifications of the existing injection molding processes,
which change and improve the melting and laminar mixing generated, to assure
API dissolution, and decrease the chances of API degradation originating from the
process.

11.1 Introduction

The casting, compression, and injection molding operations all entail forcing a
molten polymer into a cold cavity, where it cools under pressure (or simply gravity)
reproducing the cavity’s shape. The injection molding process is carried out by an
injection molding machine, where polymer solid particulates are fed into, conveyed,
compressed, melted, mixed, and pressurized by a reciprocating single screw to very
rapidly fill a single or multicavity cold mold. The entrance to each cavity, called the
gate, has a small cross-sectional area. The positive displacement pressure generated
by hydraulic pressure on the single screw in the injection molding machine is kept on
after the mold cavity is filled until the melt in the gate freezes, thus sealing the molten
polymer charge into the cavity. The process objective is that the thermal contraction
of the melt in the cavity is balanced by its expansion during decompression so that the
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molded part has the exact shape of the mold cavity and is free of voids. In the sand-
wich injection molding process, two polymers generated by two injection molded
machines are used in sequence to fill the mold forming molded articles with skin-core
structure. Air can also be introduced in partially melt-filled molds, and pressurized
to form a polymer skin-air core sandwich structure, through the gas-assist injection
molding process. In all the above injection molding processes, the polymer is melted,
mixed, and injected from single-screw injection molding units. Chabot and Malloy
(1997) present the history of injection molding from the time of its invention by John
Wesley Hyatt in 1872 to the invention of the single-screw reciprocating injection
molding machine by Wilert in the 1950s. Comprehensive treatment of the injection
molding process, mold filling flows and simulations, as well as mold design can be
found in Rubin (1972) and Tadmor and Gogos (2006).

Compared with the widely studied area of pharmaceutical hot-melt extrusion
(HME), there are relatively few references to be found on the use of injection molding
machines for processing and direct tablet molding pharmaceutical API or excipient
formulations, where the API forms a solid dispersion or solid solution. Rothen-
Weinhold et al. (1989) were the first to report in 1989 an evaluation of injection
molding as a pharmaceutical technology to produce pharmaceutical tablets, studying
the drug release profiles via changing the macromolecular makeup and ratios of the
mixtures of ethylcellose (EC) and hydroxylpropylmethylcellulose (HPMC) used as
excipients. A 2005 patent application publication by Clarke (2005), assigned to
GlaxoSmithKline discloses a process of first hot-melt extruding API or excipient
formulations, where the API forms a solid solution. The extrudates are then cooled
and pelletized. The resulting pellets are then fed into the hopper of a reciprocating
single-screw injection molding machine, where they are remelted, with the resulting
melt accumulating at the end of the screw. A gas soluble to the molten excipient, or
a supercritical fluid, are injected under pressure in the latter part of the single screw,
allowing for uniform mixing and dissolution. Upon the activation of the hydraulic
piston, the molten charge is caused to flow rapidly into a number of cavities. The
advancing flow region being characterized by a lower pressure, allows the gas to
expand. As a result the molded tablet forms attain cellular or microcellular (foamed)
structures. Quinten et al. (2009a, b, 2011) have reported in 2009 and 2011 on their
work with injection molding using excipient mixtures of EC/L-HPC, and EC/PEO for
sustained-release oral dosage forms. Finally, Cheng et al. (2009) report on their work
investigating the properties of implants of e-caprolactone with dispersed praziquantel,
processed first in a batch Haake mixer to form the dispersion, cooled, and fed into a
Minijet Haake to mold the implants.

In this chapter, we will first present and highlight the important physical phe-
nomena taking place in both injection molding machines and the molds. We will
then address the question of what are the advantages and disadvantages from pro-
ducing an API solid solution in a polymer excipient and molding it into finished oral
dosage pharmaceutical products, using injection molding processes. Finally, we will
conclude the chapter by proposing modifications of the injection molding process,
involving the use of a tandem HME corotating twin-screw extruder (TSE) delivering
sequentially API solid solutions or dispersions to a number piston chambers which, in
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turn, fill a series of mold cavities on a rotating stage mold platform. Such a manufac-
turing scheme may improve the degree, rate, and uniformity of the API dissolution,
and decrease the chances of API degradation originating from the process.

11.2 Injection Molding of Polymers

Injection molding involves two distinct processes. The first comprises the elementary
steps of solids transport, melt generation, mixing , and pressurization and flow, which
are carried out in the injection unit of the molding machine; the second is the product
shaping or molding, which takes place in the mold cavity.

11.2.1 Injection Molding Machines

The majority of the currently used injection molding machines are of the in-line,
reciprocating single-screw type, as illustrated in Fig. 11.1a. Less common, but of
potential interest to the melt processing of pharmaceutical formulations, are the two-
stage injection molding machines, shown in Fig. 11.1b, where the polymer melt
stream is produced continuously by a single-screw extruder (SSE), delivering it into
a reservoir connected to a hydraulic piston system, which is cyclically pressurized
to deliver the melt into the cold mold cavity or cavities.

For in-line, reciprocating single-screw injection molding machine the injection
“molding cycle” is shown schematically in Fig. 11.2, indicating the simultaneous
positions and states/configurations of the screw, the mold and the process.

Referring to the above figure, during the “screw rotation” cycle period the in-
jection molding machine operates like a single-screw extruder where the following
“elementary steps” of polymer processing take place: (a) polymer and additives
particulates are flood-fed with a hopper; (b) the particulates are conveyed and
compressed by the frictional drag forces with the barrel wall; (c) the compressed
particulate solid “bed” next to the hot barrel temperature begins the gradual process
of melting aided by the viscous energy dissipation in that melted region; and (d) the
molten polymer undergoes laminar distributive and dispersive mixing. The length of
this injection molding- cycle period is dictated by the amount of polymer which is
needed to fill the mold cavities, sprue, and runners. These elementary steps, which
are described in detail by Tadmor and Gogos (20006) are reflected in the frozen carcass
from a SSE shown on Fig. 11.3 below.

During the “stationary screw” cycle period only conductive heating takes place
above by the hot injection molding machine barrel. After the part(s) are ejected
and the mold is closed, the hydraulic system of the injection molding machine is
activated and the single screw becomes a hydraulic piston causing positive high
pressure and high flow rate flow filling the cavities. These high flows are necessary
to avoid premature freezing of the melt by the cold mold, especially in the “gate”
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Fig. 11.1 a In-line reciprocating single-screw machine, injection end, b Two-stage single-screw-
plunger machine. (Courtesy of HPM Division of Koehring Co.)

region, resulting in incompletely filled “short shots.” As mentioned above, the last
period of the molding cycle is that when hydraulic pressure is kept on the single
screw, so that the melt in the cavities remains in a pressurized state, to compensate
for the thermal contractions. The pressure is kept on till the narrow cross-section
gate freezes, sealing the polymer charge into the mold.

There is no molding cycle for the SSE component of the two-stage injection mold-
ing machine, since it operates continuously. Thus all the elementary steps of polymer
processing are identical to those discussed above. There is one important difference,
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which is also relevant to the melt processing of pharmaceutical formulations: since
there is no “stationary screw” period, there is no time wasted for inefficient conduc-
tive heating of the polymer charge and, more importantly, the residence time in the
single-screw unit is smaller to much smaller that than in the in-line, reciprocating
single screw discussed above, which is beneficial to temperature sensitive APIs and
polymer excipients. On the other hand, additional residence time is spent by the
molten polymer in the injection chamber (Fig. 11.1b) above from the time the melt
enters the chamber from the SSE to the time it gets injected into the mold cavities.

11.2.2 Injection Molds

A typical injection mold is made of at least two parts, one of which is movable so
that it can open and close during different parts of the molding cycle as shown in
Fig. 11.4a and 11.4b.

The entire mold is kept at a constant temperature below the glass transition, T, or
melting temperature, Ty, of the polymer. The melt exits the nozzle of the injection
unit and flows through the sprue, runners, and gate into the mold cavity. Each of
these structural elements of the mold performs well-defined functions and affects
the molding operation. Thus, the sprue forms the overall entrance into the mold. It
should not generate large resistance to flow, yet at the same time the melt in it should
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Fig. 11.3 Cross-sections obtained from frozen carcass experiments of a 2.5 in diameter 26.5 length-
to-diameter ratio screw extruder. Material: rigid PVC powder. Operating conditions are listed in the
figure: T, the barrel temperature, N the screw speed, P the pressure at the die G the mass flow rate.
Numbers denote turns from the beginning (hopper side) of the screw. The screw was of a metering
type with a 12.5 turn feed section, 0.37” deep, a 9.5 turn transition section, and a 4.5 turn metering
section 0.127” deep. (Reprinted by permission from Tadmor and Klein (1970))

quickly solidify upon completion of injection, so that it can be extracted from it
without difficulty. The sprue should also form a streamlined transition between the
nozzle and runner system. All these functions are attainable by a short flow channel
with diverging conical shape.

The function of the runner system is to bring the hot melt to the cavities. This
should be done with the minimum material and pressure drop “waste”. Therefore,
the runner conduit length must be kept to a minimum, and the cross-section should be
optimally set for low pressure drop, low material waste, and relatively slow cooling,
avoiding premature solidification and “short shots.” Generally, the runner is about 1.5
times the characteristic thickness of the molded part, and it is of circular cross-section
to minimize heat loss, as well as to facilitate easy machining. Polymer saving and
faster cycles occasionally can be achieved by hot runner systems, where the polymer
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Fig. 11.4 a Schematic views of injection molding tooling showing the tip of the injection system
and its connection to the mold. Melt passes from the reservoir through the nozzle, the sprue, and
the runner system, entering the mold cavities through the gate, b two-plate mold. (Note: “parting
line” is closed)

in the runners is prevented from solidifying through heating units built around them
in the mold plate housing them in hot-runner molds. Alternatively, particularly with
large parts, it is sufficient to insulate the runner system from the mold. In both cases
the sprue can effectively be eliminated from the design.

The gate controls the flow of the polymer melt into the mold. Its size, shape,
and position are affected by a number of considerations. First, a narrow gate is
desirable from the standpoint of ease of separation of the molded part from the runner
system, as well as solidification after the completion of melt injection and packing,
to isolate and effectively seal the cavity from the rest of the system. Of course, early
solidification must be prevented. Moreover, narrow gates may be detrimental to the
finished product because they also bring about large shear rates and stresses (above
the melt fracture region), and consequent excessive temperature rise by very high
levels of viscous energy dissipation, albeit of very short duration. When the stress
level must be reduced, divergent fan gates are used, spreading the flow. Generally,
the gate length is about half the characteristic thickness of the section where the gate
is attached (usually the heavy sections). The gate is positioned such that the emerging
stream impinges on the opposite wall. Figure 11.5 presents typical gate designs and
locations. In multiple cavity molds, gates (and runners) also serve the function of
balancing flow such that all cavities fill simultaneously.

After the cavity has been filled, the injection pressure is maintained, to “pack” a
small additional amount of melt into the cavity and to compensate for the thermal
contraction of the polymer during the cooling and solidification stages. Packing
increases the cavity pressure rapidly and appreciably. When the externally applied
pressure is removed (by retracting the reciprocating screw or piston of the injection
molding machine), backflow out of the cavity takes place, unless the polymer in the
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Fig. 11.5 Typical gate TN
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gate has solidified or unless such flow is prevented by a one-way valve. At the end of
the backflow, if there is any, only cooling of the polymer takes place, together with
minute contraction-induced local flows. When the polymer has solidified sufficiently
to withstand the forces of ejection, the mold is opened and the molded article is
removed from the cavity with the aid of the ejection (KO “knock out”) pins.

From the short description of the molding cycle, it is clear that flow, viscous heat
generation (filling flow rates are very high), heat transfer to cold molds, and melt
stress relaxation occur to varying degrees of intensity simultaneously. The transport
phenomena involved are coupled and, since the cooling or solidification times can
be comparable to the polymer relaxation times from chain-oriented states caused by
flow, molded articles solidify under strained conditions, i.e., they contain “frozen-in”
strains. Such internal strains affect the properties and dimensional stability of molded
articles. The detailed mathematical modeling of the flow of polymer melts through
these conduits is not easy, and involves most of the complexities of the cavity filling
problems, which we discuss below.
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Fig. 11.6 Schematic
representation of the T Thermal
“molding area” or “molding 4 degradation
window” diagram that can be
determined experimentally
for a given polymer and mold
cavity (3b). Another practical
approach to the question of
moldability, especially in
comparing one polymer with
another, is the use of a
standard spiral mold cavity
and the measurement, under
prescribed molding 4
conditions, of the spiral Melting
length filled (Caras 1963)

11.2.3 Mold Filling Flows

From the above short discussion it is reasonable to state that that there is no simple
answer to the questions of what are the full details of the transient molding flows and
heat transfer, and what are the optimal conditions for the proper molding of a specific
polymer in a given mold cavity. Figure 11.6, however, illustrates an empirical answer,
showing an experimentally determined “molding area” processing window on the
melt temperature-injection pressure plane. Within this area the specific polymer is
moldable in the specific cavity. The area is bounded by four curves. Below the bottom
curve, the polymer is either a solid or will not flow. Above the top curve, the polymer
degrades thermally, an issue which is of cardinal importance to the polymer melt
processing of pharmaceutical formulations. To the left of the “short shot” curve, the
mold cannot be completely filled, and to the right of the “flash” curve, the melt flows
in the gaps formed between the various metal pieces that make up the mold, creating
thin webs attached to the molded article at the parting lines. Below the “melting”
line incomplete melting may present charge homogeneity problems

As mold filling is a complex process, flow visualization studies have been useful
and necessary, both for the actual mold design and for the mathematical simulation
of the process. An example of such experimental studies can be found in the work
of Schmidt (1974). Such studies revealed that the mode of filling at moderately high
flow rates is an orderly forward flow, as shown schematically in Fig. 11.7a for a
constant depth thin rectangular cavity.

In the “fully developed region” above the melt flow is affected by the cold mold
walls, slowing it down near the walls as shown schematically. During the filling
process most of the melt flows in an almost fully developed flow in a narrow gap
configuration between cold walls. The nature of this flow determines filling time and
part core orientation, as well as the occurrence of short shots. A great deal of insight
can be obtained by analyzing one-dimensional flow (either radial, spreading disk, or
rectilinear) of hot melt between cold walls.
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Fig. 11.7 Schematic
representation of the flow
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an end gated rectangular mold
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It has been widely established that the flow front advances with the average cross-
sectional speed of the melt filling the mold. On the other hand, in the front region
just behind the front, the melt at the center of the thickness direction moves with the
maximum velocity of the parabola-like velocity profile. Thus, it is forced to spill out
or fountain out toward the mold wall fo form the surface of the molded article at that
location, as in Fig. 11.7b and more clearly as in Fig. 11.8 (Quinten et al. 2011).

This is the only way of filling the region near the wall of the mold, if there is
no slip. Thus, in the front region, the central core decelerates from the maximum
velocity at the centerline upstream the front, to the mean velocity at which the front
advances. As it decelerates in the direction of flow x, it acquires a velocity component
in the thickness direction y.

The term “fountain effect” or “fountain flow” was coined and first discussed by
Rose (1961), and it is essentially the reverse of the flow observed near a plunger
emptying a fluid out of a channel of the same cross section. The two-dimensional
flow in the front region is important in determining the quality and morphology of
the surface of molded articles. It is also the flow phenomenon which makes the
sandwich, coinjection, and gas-assisted injection molding possible.

In 1967, Imperial Chemical Industries (ICI) developed the “sandwich” molding
process for producing “structural” foam products, where the skin is made of un-
foamed and the core of the same foamed polymer. In this process, the first melt is
injected into the mold until it fills it partway. At this point the second melt, which
is the same polymer as the first but contains a foaming agent, is injected behind
the first, pushing its core forward and, because of the fountain flow, creating a skin
made of the first unfoamed melt. When the mold is filled and the polymers undergo
cooling, the internal pressure is reduced and foaming takes place, resulting in the
formation of a structural foam product—foamed core and solid skin. Before the gate
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Fig. 11.8 Schematic
representation of the flow
pattern in the advancing front
between two parallel cold
walls. Black rectangles
denote the stretching and
orientation of a fluid particle
approaching the central
region of the front. The
curved shape of the front
causes fluid particles initially
oriented in the y-direction to
end up on the wall, oriented
in the x-direction. The
velocity profile upstream the
front is in the x-direction and
is viewed from a coordinate
system located on the front
(Tadmor 1974)
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freezes, the first polymer is injected again to purge the sprue of the second melt,
in preparation for the next molding cycle. These sequential steps of the process are
shown schematically in Fig. 11.9, where the changeover from one melt to the other is
carried out by shifting a valve. Two melt generating devices are needed. This can be
achieved either with two in-line injection molding machines or with two extruders
feeding into the reservoir of a ram positive displacement hydraulic injection unit.
Coinjection molding has found application in “green” products where the second,
foaming agent-containing melt is a recycled grade of the “virgin” melt. Two differ-
ent polymers can be used in this process to take advantage of the following benefits:
lower cost parts, higher strength, reinforcing agent-containing core, sound absorbing
core and reduced cooling times, especially in thick parts, when the injection temper-
ature of the core is lower. However, at least one of the two different polymers must
contain a compatibilizing agent with the first in order to achieve needed interfacial
bonding.

The gas-assisted injection molding process involves the high pressure injection
of a gas into a partially filled mold. Under the gas pressure, the polymer core melt is
driven downstream the mold and, again because of the fountain flow, a continuous
melt skin is formed until the mold is filled. The result of this process is a product
with a polymer skin and a gas core. In this process, the gas pressure is maintained
while the polymer skin melt is cooling, transmitting the required packing pressure
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Fig. 11.9 Four stages of coinjection molding. a Short shot of skin polymer melt (shown in dark
shade) is injected into the mold. b Injection of core polymer melt until cavity is nearly filled, as
shown in ¢. d Skin polymer is injected again, to purge the core polymer away from the sprue.
(Reprinted with permission from Design Center, School of Engineering, Santa Clara University)
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Fig. 11.10 Schematic representation of the stages of the gas-assisted injection molding process for
a container handle

to the skin. Having gates which are not polymer filled, this process is more effective
than the application of the packing melt pressure in conventional injection molding,
especially for thick product parts, resulting in the absence of surface sink marks.
Once the polymer skin has completely solidified, the gas pressure is released, the
mold opened and the product ejected. The process stages are shown in Fig. 11.10.
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In visualizing and understanding the gas-assisted injection molding process, it is
important to note that the viscosity of the gas is immensely lower than that of the
polymer melt it is displacing, and that the gas is compressible, while polymer melts
are practically incompressible.

11.3 Melt Processing of Polymer Excipient-API Pharmaceutical
Formulations

Melt processing of polymer excipient-API pharmaceutical formulations is carried
out most commonly by HME, which has been explored and studied in the last sev-
eral decades by both industrial and academic investigators, because of its potential
of rendering poorly water-soluble APIs readily bioavailable to patients through oral
dosages. The HME field is currently being investigated even more intensively, be-
cause of recent discoveries of families of large number of potent and promising,
but essentially water-insoluble APIs. HME is a term that the pharmaceutical sector
adopted to differentiate it from traditional oral dosage producing techniques, such as
direct compression and tableting. It involves the use of mostly corotating twin rotor
extruders for the processing of usually water-soluble polymeric excipients, mixing
them with APIs, while molten, to affect partial or total API dissolution, and pumping
the homogeneous mixture through a die to form an extrudate, where the API exists
in a totally or partially dissolved, but in both cases, stable form. Compared with the
traditional drug production processes, HME is a solvent-free continuous process and
it may lead to fewer required processing steps. However, degradation of the drug
(API) and excipient may occur during HME due to the relatively high processing
temperatures needed to melt the excipient and to laminar flow heating, due to viscous
energy dissipation. This may limit “universal” application of HME for all excipient
or API pairs. The same comments apply to the virtually unexplored Hot Melt Injec-
tion Molding (HMIM) of excipient-API formulations to produce directly oral dosage
products, such as pills.

As mentioned above, both HME and HMIM involve the five elementary steps
of polymer processing or compounding: handling of particulate solids, melting,
mixing, devolatilization, and pressurization and pumping, the two most important
being melting and dispersive and distributive mixing of the additives in the polymer
matrix. On the other hand, as shown conceptually in Fig. 11.11, for the HME and
HMIM pharmaceutical melt processing, dissolution of the API in the molten excipient
is an additional and most significant elementary step, along with melting which
precedes it and mixing, which assists and speeds up dissolution.

The following discussion of melting, mixing, and dissolution as they may occur
in corotating twin-screw extruders (Co-TSEs), contrasted to SSEs, which include
in-line single-screw injection molding machines, is based on the text of Tadmor and
Gogos (2006) and the recent work of Gogos et al. (2012)

The physical mechanisms available for melting polymer systems in polymer pro-
cessing equipment are: (a) In SSEs (and in-line reciprocating single-screw injection
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Fig. 11.11 Conceptual structural breakdown of pharmaceutical melt processing by HME and
HMIM

molding)—conductive melting of the packed particulate bed surface next to the hot
barrel surface, and, after the thickness of the melted polymer layer exceeds that of
the barrel-screw tip clearance, also viscous energy dissipation during the drag flow
causing the removal of the melt generated to the trailing end of the bed. Thus, melt-
ing is localized at the barrel surface and is gradual, requiring much of the extruder
length to complete. Consequently, the “age distribution” of the melt generated in
a typical SSE is of the order of its average residence time. This fact may result
in adverse consequences for HME processing: First, since dissolution and mixing
takes place primarily when the excipient is molten, there will be only limited dis-
solution of the API in that fraction of the excipient, which melted late, resulting
potentially in a wide distribution of the percentage of API dissolved. Second, the
portion of the excipient which melted early will be more susceptible to thermal
degradation (3c). Thus single-screw HME and HMIM suffer from these two disad-
vantages; (b) Conversely, in Co-TSEs the dominant available melting mechanism is
not conductive melting of the starve-fed loose particulates by the hot barrel. Rather,
in such processing equipment reverse screw or reverse kneading elements are used
to create “material holdback” and a filled section, where the packed particulates
undergo repeated volume-wide deformations before exiting the fully filled region,
during which the very powerful melting mechanism of plastic energy dissipation
(PED) takes place. This is shown schematically in Fig. 11.12 below.
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Fig. 11.12 Snapshots of the repetitive expansion/contraction cycle of each of the cross-sectional
area pockets between a pair of fully filled kneading disks and the barrel of fully intermeshing,
corotating extruders (3d)

It is also worth pointing out that the repeated large compressive deformations
imposed by the corotating kneading elements in full kneading blocks induce particle-
to-particle surface frictional heating frictional energy dissipation (FED) resulting in
additional localized melting (3d, Gogos et al. 1998). With a appropriately selected
reverse kneading element or screw element sequences, PED and FED are capable of
completely melting the entire charge within an axial length of one-to-two diameters,
giving rise to a melt stream which has almost the same “age,” which is very helpful
for uniform API dissolution and for operating at short mean residence times in the
Co-TSEs thus reducing the chances of thermal degradation.

The mixing processes in single- and twin-screw extruders are generally catego-
rized into two types: dispersive mixing and distributive mixing (3e). Dispersive
mixing refers to the process involving the particle size reduction of cohesive com-
ponents such as solid fillers (by deagglomeration) or immiscible liquid droplets (by
droplet deformation and break-up). Distributive mixing refers to distributing deag-
glomerated particulates uniformly throughout space, or stretching the interfacial
area between the components lacking a cohesive resistance and distributing them
uniformly throughout the product volume. Dispersive mixing requires high flow
stresses (either through high viscosity of high shear or elongational rates) in order
to provide the dispersive forces to overcome the cohesive forces of the agglomerates
or immiscible droplets; distributive mixing is dictated only by the flow-generated
strain and does not require high stresses. According to these definitions, the mix-
ing of miscible and dissolving liquids is regarded as distributive mixing; mixing of
hard solid agglomerates, immiscible liquids and soft agglomerates is regarded as
dispersive mixing. SSEs and reciprocating single-screw injection molding machines
apply only shear (not extensional) flows, which result in slow (linear with time) and
nonuniform laminar distributive mixing. Fully filled Co-TSE kneading elements, on
the other hand, produce rapid (exponential with time) and efficient chaotic laminar
distributive mixing, composed mostly extensional and “folding” flows. Thus, they
contribute to efficient and volume-wide dissolution, as we see next paragraph. Con-
sequently, Corotating twin rotor extruders result in very rapid, efficient and space-
and time-uniform melting, distributive mixing, as well as dissolution, compared with
single-screw processing devices.

As described earlier, let us look at a “cartoon” of the sequence of the physical
phenomena taking place during the Co-TSE HME process, on Fig. 11.13 (Gogos
et al. 1998), of melt processing of an API or polymer excipient system, in which the
processing temperature is above the melting temperature (semi-crystalline polymer)
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Fig. 11.13 Schematic representation of the morphological changes of the drug and polymer system
during the dissolution process. The HME/HMIM processing temperature is below the API melting
point (Gogos 2012)

or the softening temperature of an amorphous polymer (7Tg > 50—100 °C), but below
the melting point of a crystalline API.

Processing below the melting point of the API provides a viable dissolution path,
which minimizes or circumvents the thermal degradation issue. The APl is processed
below its melting point and mixed with a polymer melt and the solid drug particles
gradually dissolve into the polymer excipient melt, resulting in a desirable polymer—
drug solid dispersion or solid solution. In this case, the solid API and the polymeric
melt act as a solute and a highly viscous solvent, respectively, during HME. Firstly,
the premixed drug (black) and polymer particles (white) are fed into the melt pro-
cessing equipment. The polymer particles then start melting due to the conductive
heat from the SSE barrel, from the frictional and plastic energy dissipation for co-
TSEs, leading to the solid drug particles being suspended in the molten polymer melt
matrix. While suspended at the processing temperature, which favors dissolution as-
suming intermolecular forces compatibility between the API and the excipient (i.e.,
miscibility), the drug molecules start dissolving and create a mass-transfer boundary
layer around each drug particle. This boundary layer is continuously wiped away and
replaced by fresh polymer melt around each API particulate by the laminar distribu-
tive flow of the mixer. The same laminar mixing flow helps the drug molecules to
diffuse and mix distributively into the molten excipient. The more efficient the lam-
inar distributive mixing (as is the case with Co-TSEs), the more efficient and rapid
the boundary layer wiping and, thus the rate of dissolution. Distributive mixing can
homogenize the drug concentration in the polymeric melt through extensional flows
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or reorientation and bring more polymer melt into contact with the suspended drug
particles, thus leading to dissolution rate enhancement. The size of suspended drug
particles diminishes as the diffusion continues until the particles disappear and a
homogeneous solution is formed or until the limit of API solubility at the processing
temperature is reached. In the latter case, they reach a minimum average size and
remain suspended.

11.4 Melt Injection Molding of Polymer Excipient-API
Pharmaceutical Formulations

11.4.1 Pharmaceutical Injection Molding with Existing Injection
Molding Equipment and Processes

The principal advantage of the injection molding process for thermoplastic polymers
and thermoplastic polymer or additives systems is that it is capable of producing
shaped polymer products reproducibly, inexpensively and rapidly, helping polymers
replace metals and glass in broad categories of products. There are some limitations
regarding the product thickness, which is practically limited to a maximum of 0.5 cm
to keep the molded part cooling time economically short. Because, as discussed
above, the mixing in both the in-line reciprocating single-screw machine and the two-
stage single-screw-plunger machines is slow, additives are incorporated by feeding
with the “virgin” polymer a concentrated masterbatch (usually at the 10-20 % level),
which alleviated the distributive and dispersive mixing limitations of single-screw
devices. The sprue and runner polymers can be and are recycled after being ground
up to levels of 10-15 % of the total feed, since they represent industrial reprocessed
material. With proper gate design the separation of the molded parts from the runner
is accomplished automatically, thus, there are no postmolding steps, and the process
can be considered to be a net-shape manufacturing one.

The ability of the injection molding process to shape API or polymer excipient
solid solution oral dosage products (such as tablets), directly and in a net-shape
manufacturing fashion is a great advantage, compared with producing such tablets
by a multistep process which includes HME, followed by grinding of the extrudate,
mixing the ground particulates with necessary tableting ingredients, and finally pro-
ducing tablets. Furthermore, the existence of the additional processes of sandwich,
coinjection and gas-assist injection molding net shaping, present opportunities of
having different skin and core formulation compositions, foamed core and solid skin
tablets, or tablet cores which contain only inert gas.

Nevertheless, injection molding of API or polymer excipient formulations
(HMIM) with existing injection molding equipment, which is based on single screws,
presents the following difficulties:

e The rotal time a representative formulation element spends in the molten state is
higher than in HME, which is in the vast majority of cases carried out in Co-TSEs,
increasing the chance of thermal degradation
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» The age distribution of the formulation in the molten state is very wide, making
the fraction which was melted first susceptible to degradation

e The laminar distributive mixing and, consequently, the extent and rate of dissolu-
tion of the API in the molten polymer excipient matrix will be lower than in HME
processes which are carried out in Co-TSEs

e It is difficult to imagine that the sprue and runner API or excipient can be
ground and used as industrial reprocessed material at any concentration level—the
chances of degradation will be very high.

11.4.2 Concluding Proposal for Modifications to the Existing
Injection Molding Equipment to Safely and Properly
Melt-process Pharmaceutical Formulations

Thus, one may conclude that the probability of success of melt processing phar-
maceutical oral dosage tablet-like products with the existing polymer processing
machinery is very small. This is primarily because single-screw processors are used
in conventional injection molding machinery.

Thus, we conclude this chapter by proposing that it is possible to envision the
following needed modifications to the two-stage single-screw-plunger machine which
would address several of the shortcomings mentioned above:

1. The First modification is to replace the SSE with a corotating, self-wiping twin-
screw exrtruder, which has an appropriately designed forward/reverse screw
element sequence which will melt the entire polymer charge within 1-5 s and
which will enhance the rate of API dissolution; the residence time in such Co-
TSE need not be more than 30—60 s, with reasonable flow rates, which are possible
by increasing to Co-TSE screw/barrel diameter

2. With reasonable flow rate generated by the Co-TSE in the first stage of the ma-
chine, the injection chamber will fill in short times; when full and before the
plunger cylinder is activated a valve will be activated to seal this chamber from
the melt generating Co-TSE; the same valve will connect the Co-TSE with a sec-
ond injection chamber (the second equipment modification) to receive molten
API/Excipient formulation, while the first chamber is emptied filling a large
number of single dosage product mold cavities

3. When the second chamber is filled at the end of the injection molding cycle, the
mold is opened, the product, sprue and runners are removed; the mold is then
closed and filled with the molten formulation of the second chamber; the process
is repeated.

4. It may also be necessary to have two molds, the second receiving the molten
formulation of the second injection chamber, without waiting for the full cycle
time of the first; this will result in shorter times of the pharmaceutical formulation
in the molten state.
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Chapter 12
Devices and Implants Prepared Using Hot Melt
Extrusion

Andrew Loxley

Abstract The development of medical devices (MD) and implants presents unique
challenges and requirements not seen in the development of oral solid dosage forms.
Through the use of hot melt extrusion (HME)), it is possible to engineer novel sys-
tems capable of achieving specific geometries and release characteristics that enable
the therapy. With extrusion, it is also possible to create systems containing multiple
active ingredients leading to treatments for some of the most pressing diseases to-
day, including HIV/AIDS. This chapter discusses the formulation of and processing
technologies used for the production MD and implants prepared using HME. Recent
examples, including inserts and vaginal rings, are also discussed to illustrate these
principles.

12.1 Introduction

Hot melt extrusion (HME) has recently seen increased use in the development and
manufacturing of solid oral dosage forms, where it is largely used to mix active
pharmaceutical ingredients (API) with water-soluble or biodegradable thermoplastic
polymers to form homogenous blends. The blends are usually then further processed
to form tablets; however, recent work has been carried out to prepare solid oral dosage
forms from nondegradable polymers such as ethylene vinyl acetate copolymer.'

While the use of HME in the oral dosage arena s relatively new, it has long been the
process choice for preparing thermoplastic medical devices (MD) such as orthopedic
implants, medical tubing, and catheters. The role of HME in the manufacture of these
products varies from providing efficient mixing of additives or APIs into polymers
used to make the devices to shaping the polymers into the form suitable for the
intended application of the device.

This chapter will describe some of the medical devices and implant systems that
involve an HME step in their manufacture, and will focus on intravaginal rings
(IVRs) made using an extrusion to illustrate key concepts related to drug-eluting
devices (DED).

! Belgian work.
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12.2 Devices

FDA defines a medical device as:

an instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or

other similar or related article, including a component part, or accessory which is:

» recognized in the official National Formulary, or the United States Pharmacopoeia, or
any supplement to them,

» intended for use in the diagnosis of disease or other conditions, or in the cure, mitigation,
treatment, or prevention of disease, in man or other animals, or

* intended to affect the structure or any function of the body of man or other animals, and
which does not achieve any of its primary intended purposes through chemical action
within or on the body of man or other animals and which is not dependent upon being
metabolized for the achievement of any of its primary intended purposes.”

All such MD and DED products are regulated by FDA Office of Medical Products
and Tobacco—The Center for Devices and Radiological Health (CDRH) regulates
MD, and the Center for Drug Evaluation and Research (CDER) is also involved for
DED since they contain AP

Devices, necessarily made from thermoplastic polymers, fall into three general
groups:

¢ Mechanical devices designed for ex vivo use, such as valves or closures

* Objects designed for in vivo implantation that provide mechanical functions, such
as orthopedic implants and catheters

» DED designed for in vivo application that release APIs for therapeutic purposes,
such as IVRs, subcutaneous implants, and transdermal patches.

The types of MDs and DEDs that involve an HME step are numerous. In fact, almost
any thermoplastic component of any device in the market is likely to have passed
through an extruder for either compounding or shaping purposes. MD such as valves
and closures will likely have been colored by compounding the thermoplastic with
pigments using a twin-screw extruder in order to achieve consistent color. Similarly,
APIs would have been incorporated into thermoplastics for DED by twin-screw ex-
trusion since homogenous API distribution throughout the device is critical to drug
elution kinetics. Catheters are made by extrusion of polyurethanes through an appro-
priate tube die using a single-screw extruder. The simpler, lower cost single-screw
equipment suffices here, since neat polymer is used and no mixing with excipients
or API is required.

12.3 Hot Melt Extrusion

HME is a plastics processing technology in which a thermoplastic polymer is heated
in a metal barrel containing one or two screws and the molten material is conveyed

2 http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/Overview/ClassifyYour
Device/ucm051512.htm
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Fig. 12.1 Schematic of a
single screw and twin-screw CROSS-SECTION OF SINGLE AND TWIN SCREW
extruder EXTRUDER BARREL
Single Screw Extruder
| 1 J
—
YiFEr e
Solids | Melt Melt
corneying pumping Solids | Melt | Melt
conveying pumping
Parficle Sciences

by the rotating screw(s) to the end of the barrel where it is shaped as it exits through a
die. In some cases HME is a process step in a more complex manufacturing process
that involves further downstream processing steps to prepare the device, such as
pelletizing followed by injection molding. In other cases, the HME process produces
the extruded product essentially in its final form, which is the case for several tubing
and filament products.

12.3.1 Extrusion Equipment

Hot melt extruders are generally of two types: single-screw and twin-screw
(Fig. 12.1), and come in a variety of sizes suitable for the stage of development
of manufacturing of the device. Extruders with screws having cross-sectional diam-
eters as small as 3 mm have been made for early feasibility work, especially useful
when valuable raw materials are in scarce supply, and may be as large as 40 mm or
more in diameter for commercial manufacturing.

12.3.1.1 Single-Screw Extruders

A commercially available single-screw extruder useful for the development of de-
vices is shown in Fig. 12.2. Single-screw extruders are essentially used as simply
conveyors of molten polymer, and are used almost exclusively to extrude molten
polymer through appropriately shaped dies fitted to the output end of the barrel to
form parts with a desired cross-sectional shape. One recent study demonstrated mix-
ing arguably at least as good as that of twin-screw extruders, using a single-screw
extruder with a specially designed screw that provides extensional mixing (Costeux
etal. 2011).3

3 Costeux et al. (2011)
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Fig. 12.2 Single-screw extrusion—I/eft: Thermo Fisher Scientific PolyLab OS Torque Rheometer
System coupled with a single-screw extruder and film die for sheet profile manufacture; right: A
close-up of film profile extrusion with a Post-Extrusion Film Haul-Off System (reproduced with
permission from Thermo Fisher Scientific)

Fig. 12.3 Twin-screw extrusion—Ieft: A Leistritz ZSE-18PH 18 mm Pharma twin-screw extruder;
right: A Thermo Fisher Scientific Pharmal.ab 24 mm GMP, pharmaceutical-grade twin-screw ex-
trusion system (reproduced with permission from Leistritz Corp and Thermo Fisher Scientific,
respectfully)

12.3.1.2 Twin-Screw Extruders

Multiple commercially available twin-screw extruders are useful for the development
of devices, with representative systems shown in Fig. 12.3. Twin-screw extruders
have barrels that contain two intermeshing corotating screws often with complex
custom designs made from the arrangement of various elements (such as those shown
in Fig. 12.4) fitted onto a pair of shafts. Mixing of polymers with colorants, additives,
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Fig. 12.4 Elements of a modular screw

Fig. 12.5 A Thermo Fisher
Scientific Pharma 11 mm
twin-screw extrusion
system—a parallel, fully
intermeshing twin-screw
extruder with modular barrel
and screw as well as
clamshell design (reproduced
with permission from Thermo
Fisher Scientific)

or API is best achieved with twin-screw extruders, as a result of the combination of
distributive (extensional) and dispersive material flow fields provided by the action
of the screws as the molten material is conveyed down the barrel (Martin 2008).* An
11 mm twin-screw extruder that has a clamshell design for easy cleaning, is shown in
Fig. 12.5 and shows the intermeshing screws fitting snuggly within the barrel. This
intermeshing nature of the equipment results in self-wiping aids in the processing
heat-sensitive materials by improving residence time distribution during processing.

4 Martin (2008)
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Fig. 12.6 Schematic
representation of various

e —

12.3.1.3 Dies

The shape of the extruded material is determined by the output die and the cross-
sections of the three commonest shapes are shown in Fig. 12.6. The gray areas
illustrate the openings through which the extrudate exits the extruder.

The circular die shown in Fig. 12.6a is used to form rods, which may be cut to
length and used directly, but are most often pelletized for further processing, such
as injection molding, to manufacture the device. This approach is also currently the
most common method for preparing oral drug products, where the extrudate is milled
for further downstream processing. This type of die is most commonly used at the
output of a twin-screw extruder, but may also be used on a single screw when the
rod product did not require mixing.

The slot die shown in Fig. 12.6b is used to extrude sheets or films of polymer,
and is the die of choice for fabricating the hot-melt adhesive layer of dermal patches.
The adhesive, which may be API-loaded, is directly extruded from the slot die onto
a release liner which is then laminated to the patch backing film in a continuous
roll-to-roll process. Figure 12.2 shows a slot die fitted to a single-screw extruder.

The coaxial die presented in Fig. 12.6c is used to extrude two materials simul-
taneously to prepare simple tubes and more complex coaxial fibers. The die is the
opening of an assembly called a crosshead (or spinneret), which controls the flow
paths of the two materials that form the inner and outer parts of the extrudate. The
sheath material is a thermoplastic polymer, and it exits the die via the outer concentric
opening. To prepare coaxial (core-sheath) fibers, the inner (core) material is usually
another thermoplastic material, most often another polymer and can be formulated
with API since, as we shall see, core sheath fibers are an excellent way to control
the release rate of API in DED. For simple tubes, a gas is fed to the spinneret and
exits the core of the coaxial die to help support the shape of cooling tube as it exits
the die during extrusion. Thus a crosshead die is fed with two material streams each
requiring their own separate feeds. If both streams are thermoplastics, each stream
requires its own separate extruder, and they are usually fitted to the crosshead at right
angles to each other as a setup illustrated in Fig. 12.7.

12.3.1.4 Downstream Equipment

The tension on the extruded material is often controlled by a puller, which feeds
a cutter, pelletizer, or uptake roll. The cross-sectional diameter of the extrudate is
controlled by the die size, the extent of “die swell” that the material experiences on
exiting the die due to the pressure drop, and the force that is exerted on the extrudate
by the puller. The latter ultimately dictates the cross-sectional diameter, and when it



12 Devices and Implants Prepared Using Hot Melt Extrusion 287

Melt ——Core extruder
pump
Membrane
extruder
| —Melt pump Coaxial fiber
s

,

8 ——Spinneret \
Take u|p rolls

Fig. 12.7 Schematic of coextrusion line for producing coaxial fibers

is important to control this, the puller force can be regulated by a laser-micrometer
that measures the outer diameter of the extrudate and feeds this information to the
puller that then self-adjusts the pulling force.

The extrudate must be cooled and conveyed away from the die. Cooling may
be by air—either passively or by blowers or air-knifes or air-rings that surround
the extrudate, or by passing the extrudate under water contained in a temperature-
controlled trough.

The cooled extrudate may be cut into small pieces by a rotary pelletizer for feeding
an injection molding process, or into longer tubes or rods by an automatic puller-
cutter set to the desired length. In the case of dermal patches, the coated film is
usually cut using punches fitted with appropriately shaped cutting dies, rather like
cookie cutters.

Torroidal devices (o-rings), especially those made from coaxial fibers, are some-
times prepared by bonding the ends of a cut extrudate, in which case an induction
welder is generally the tool of choice. The ends are held in place and reheated to
melt, fuse, and form the bond (Amanat et al. 2010).’

12.3.1.5 Injection Molding

Injection molding is a process that incorporates an HME step, in which a thermoplas-
tic material is melted and conveyed by a type of single-screw extruder, but instead
of the extrudate being collected, the output orifice of the barrel, called the nozzle in
this case, is directly attached to a mold whose cavity is in the shape of the part to
be manufactured. The molten material flows into the mold where it takes the shape

5 Amanat et al. (2010)
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Table 12.1 Polymers used to make devices by HME

Polymer Water-solubility Example device use

Polyolefins (PE, PP) Insoluble Orthopedic implants
Device components
Transdermal patch adhesives

Poly(ethylene-co-vinylacetate)  Insoluble Intravaginal rings
Tubing
Transdermal patch adhesives
Poly(styrenics) Insoluble Device components
Polyacrylates Insoluble Device components
Swellable (depends on Transdermal patch adhesives
chemistry)
Polyether block amide Insoluble
Swellable (depends on
chemistry)
Polyesters Biodegradable (hydrolysis, Biodegradable implants
enzyme accelerated) sutures
Polyamides Insoluble
Swellable (depends on
chemistry)
Polyanhydrides Biodegradable (hydrolysis) Biodegradable implants
Polyurethanes Swellable (depends on Catheters Intravaginal rings
chemistry)
Biodegradable (enzymatic)
Silicones Insoluble Tubing
Catheters
Intravaginal rings (injection
molded)

of the mold cavity, and the mold opens to eject the formed part after the polymer
has cooled sufficiently. Most thermoplastic devices with shapes more complex than
those that can be prepared by direct extrusion are prepared by injection molding.
Both MD and DED may utilize injection molding.

12.4 Polymers for Devices

All polymers for MD and DED made by HME are thermoplastics, meaning the solid
state melts to form a viscous liquid when heated, and the melt solidifies when cooled,
in a reversible process that can be cycled indefinitely when material degradation is
neglected.

Unlike many solid dosage forms made by HME, the polymers used for MD and
DED are generally not readily water soluble, but may be biodegradable by either hy-
drolysis or enzyme-mediated processes, water-swellable, or water-insoluble. Some
examples of thermoplastic polymer classes that have physical properties suitable for
device manufacture using HME are given in Table 12.1, with some example devices
indicated where known.

All polymers for in vivo use must be biocompatible, and must pass ISO10993
testing to demonstrate this. The ISO10993 tests are shown in Table 12.2.
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Table 12.2 ISO 10993 tests

ISO 10993 BIOCOMPATIBILITY TESTS
DEVICE CATEGORY BIOLOGICAL EFFECTS
Body Contact | Contact
Duration g;ﬁ;;
Limited = 2 =
O Less than Q= . =
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a Permanents‘-'—":ugagﬁg Sl8I=|E
oo  |2|2|85|%|2|44 B|E|E|E(E
30 days 3|G|EE|p|E|an 6 EIEE|S
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Skin Prolonged “
Permanent e |e| »
§ Mucosal Limited o .
£ Membrane [Prolonged | o e | ¢
v Permanent | e | e | e |
Breached or |Limited ool o
compromised |Prolonged |® ||
surfaces  |Permanent || e | e * | e
2 Blood Path, [0T°0 ol o) 0 oo :
& Indirect | TO°ME°
= Permanent | e | » e|leo| o [o o oo
g —
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E " Denti Prolonged (e (e[ o |ofef o fo
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o Permanent |e|e| o |e|e| o |o|e oo
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= Circulating Imite e o| o (0@ .
g Blood Pm]onged e e o |o|e| o |0 |0
= Permanent|e|e| [ |e| o [o|e|e |e|e
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Tissue/Bone Prolonged |e|e| o |e|e| @ |o |@
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*Additional tests may be required to satisfy FDA requirements

12.5 Devices Made by HME

Although HME is a process step in the production of many MD, this section will
focus on its use in DED. There is a wide variety of APIs used in DED, from hormones
to antiretrovirals to antibiotics. Some examples are shown in Table 12.3.
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Table 12.3 Drugs used in various drug-eluting devices (DED)

API name Structure Device
CH,
Nen YH
AL
Dapivirine NC CH, CN  IVR (Loxley 2008)?
HEC
1 =
F
; X
o e’ Tem,
Maraviroc IVR
S0-:Me
I
UC781 Mea IVR (Loxley 2011; Clark 2012)b¢
MHz

N”ﬁ“

i

'\”’ hP Q. oH

N OLR

Tenofovir H oH IVR (Johnson 2010)¢

Etonogestrel IVR®
Ethylene IVR®
estradiol
Levonorgestrel IVR (Loxley 2011)°

Subdermal implant’
N CH

Nicotine Transdermal patch




12 Devices and Implants Prepared Using Hot Melt Extrusion

Table 12.3 (continued)

291

API name Structure

Device

Testosterone

Fluocinolone
acetonide

Tetracycline
hydrochloride

Oxybutynin I:j

Transdermal patch

Intraocular implant®

Dental implant”

IVR (Woolfson 2003)!

2Loxley et al. (2008)

b Loxley et al. (2011)

¢ Clark et al. (2012)

d Johnson et al. (2010)

¢ http://www.nuvaring.com

T http://www.rxlist.com/jadelle-drug.htm

¢ http://www.alimerasciences.com/Products/iluvien.aspx
" http://www.rxlist.com/actisite-drug.htm

I Woolfson et al. (2003)

12.5.1 Transdermal Patches

Transdermal patches are sandwich devices applied to the skin, and usually designed
for systemic or local delivery to an API via the skin (for example nicotine, testos-
terone, and estrogen). A common method of preparation involves roll-to-roll coating
of a solvent-borne adhesive formulation containing API onto a siliconized release
liner which is then passed through a heated drying tunnel before being laminated
to a backing film (fabric, polyester, etc.) then cut to size. The solvents in the roll-
to-roll process are used to reduce the viscosity of the adhesive polymer to allow it


http://www.nuvaring.com
http://www.rxlist.com/jadelle-drug.htm
http://www.alimerasciences.com/Products/iluvien.aspx
http://www.rxlist.com/actisite-drug.htm
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Fig. 12.8 Schematic of a
transdermal film/patch (fop:
backing film, middle:
(shaded) medicated adhesive,
bottom: release liner)

to be coated to the release liner. The final transdermal patch device is illustrated in
Fig. 12.8 showing the shaded API-loaded adhesive layer sandwiched between the
release liner (lower) and the backing film (upper).

Since HME uses heat instead of solvents to reduce the viscosity of polymers for
extrusion, it is used in place of roll-to-roll coating to eliminate the organic solvents
from the coating process of transdermal patches. The solvent-free HME adhesive
formulation is based on a thermoplastic elastomer with a very low glass transition
temperature, which is tacky at room temperature either due to its inherent chemical
structure, or after formulation with additional low molecular weight compounds
that impart tackiness to a polymer film and are commonly referred to as tackifiers.
The API and the solid adhesive polymer are fed to a twin-screw extruder for intimate
mixing, then extruded through a slot die with an appropriate gap size onto the release
liner. The coating is cooled sufficiently, then laminated with the backing film, cut to
size, and packaged.

12.5.2 Subcutaneous, Ocular, and Dental Implants

Implants are usually fibers or small rods cut from fibers that require a surgical pro-
cedure to implant via a small incision in the skin, cornea, or gum. These devices
are made simply by feeding API and polymer to a twin-screw extruder fitted with
a circular die, then cutting the extrudate to the required product length with a pel-
letizer or puller/cutter. Actisite® is a long fiber designed to be packed by a dentist
into the periodontal pocket after surgery where it releases antibiotic to prevent in-
fection. Jadelle® is a silicone coaxial fiber contraceptive device with a core loaded
with the progestogen levonorgestrel. After insertion of two Jadelle® rods under the
skin, the slow release of the hormone enables controlled systemic circulation and
provides contraception for up to 5 years. Another example of an extruded product for
implantation is Ozurdex, a poly(lactic-co-glycolic acid) solid dispersion containing
dexamethasone for intravitreal implantation. Design and development of these type
of systems requires special considerations beyond release performance related to
mechanical integrity of the device and sterility of the system.

12.5.3 Intravaginal Rings

IVRs are torroidal-shaped devices designed to elute API into the vaginal cavity to
prevent pregnancy or HIV transmission, or provide hormone replacement therapy
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Fig. 12.9 Photographs of
IVRs—Ieft: placebo EVA
IVR, right: drug-loaded IVR
(dapivirine/maraviroc APIs)

for menopausal women. This type of dosage form has been reviewed extensively in
the literature and relies extensively on thermal processing methods for production of
the drug products (Malcolm 2003).°

12.5.3.1 Matrix IVR

HME may be used to prepare “matrix” type IVRs where the API is uniformly dis-
tributed throughout the polymer by a twin-screw extruder and the extrudate passes
through a circular die to provide a circular cross-section. The extruded rod of the
proper cross-sectional diameter can then be cut to appropriate length (given by
7 X desired [IVR diameter) and the ends bonded to form the IVR using adhesive or
induction welding. Matrix IVRs can also be prepared by pelletizing the API/polymer
extrudate from a twin-screw extruder, and using injection molding to form the pel-
lets into the IVR using an appropriately shaped o-ring mold. A placebo EVA IVR
and a drug-loaded EVA matrix IVR made by mixing API and EVA in a twin-screw
extruder, followed by injection molding, are shown in Fig. 12.9.

Matrix devices are of two types depending on the concentration of the API in the
device compared to the solubility of the API in the polymer. If the device contains
less API than the saturation concentration in the polymer (all API in solution), the
device is a monolithic solution device. If the device contains API above the solubility
limit in the polymer (API in saturated solution plus particles of undissolved API),
then the device is referred to as monolithic dispersion device.

Cumulative release of API from matrix IVRs is generally first order (i.e., pro-
portional to time'/?), so matrix IVRs are used when daily release from the device
does not need to be constant as long as a minimal therapeutic dose is achieved, and
the high initial release of API that is typical of matrix devices is safe. For example,
many antiretroviral [IVRs in development for HIV prevention are matrix IVRs. If con-
stant (zero order) release kinetics are required, for example, for hormone-releasing
devices, more complex IVR designs are required.

6 Malcolm (2003)
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Fig. 12.10 Core-sheath
reservoir [IVR

12.5.3.2 Reservoir IVR

“Reservoir” type IVRs (as shown in Fig. 12.10) can be prepared by coextrusion with a
drug-loaded core extruded from the inner orifice of a coextrusion die, and a drug-free
polymer extruded over it from the outer orifice of the die. The extruded coaxial fiber
is cut and the ends bonded to form the IVR as before. Alternatively, reservoir IVRs
can be prepared by a two-step injection molding process where the sheath is molded
over the drug-free core in a second molding step (Malcolm et al. 2005).” Reservoir
IVRs have the advantage that if properly designed, release of the API from the core
of the device is zero order. Kinetics of API release from devices will be considered
in a later section.

12.6 Drug Release Kinetics from Devices

API is released from a device by either erosion/dissolution, or by diffusion through
the device polymer(s). Biodegradable devices tend to release API by erosion of
the polymer, devices highly loaded with water-soluble API tend to release API by
dissolution of the API, and nonerodable polymer devices with poorly water-soluble
APIs release API by solid-state diffusion, which is controlled by Fick’s Law:

J = D(dC/dt)

where J is the mass flux, D is the diffusion coefficient for API in the device polymer,
and dC/dt is the concentration gradient.Depending on the mechanism of release,
the associated behaviors are described by different kinetics, as illustrated in the
subsequent sections.

7Malcolm et al. (2005)
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12.6.1 Modeling API Release from Slabs

Considering release controlled only by API diffusion, a simple model for the release
of API from a monolithic solution slab device of thickness/containing M, of API at
time t =0 and M, at time ¢ is described by:

M, | Dt
g
MQ wl?
for < 60 % drug release and

M, . 8 —7?Dt
_— = — —eX J
M() w2 P 2

for > 40 % drug release. D is The drug diffusion coefficient of the API in the polymer.

API release from monolithic dispersion slab devices is initially from the API in
solution in the polymer near the device surface. As this is depleted, drug particles near
the surface dissolve to maintain the dissolved drug concentration. For devices with
up to approximately 5 % API, release kinetics are described by Higuchi’s equation
(Higuchi 1961, 1963) 8

1/2
dM;  A| DCym (2Co — Csm)
M, 2 t

where Cy and Cy, are the total API concentration in the device dissolved/dispersed
at time = 0 and the API solubility in the polymer, respectively. A is the total surface
area of the device slab. Plots of release rate versus > or cumulative release versus
1% exhibit linearity.

12.6.2 Modeling API Release From More Complex Device
Architectures

More complex models have been developed to consider a wide variety of device ar-
chitectures, for both solution and dispersion devices (Siepmann and Siepmann 2012;
Helbling et al. 2011 ).'%!! Using these models as a starting point, the author com-
missioned software for describing and predicting API release from IVRs developed
in our laboratories. For example, we predict the differences in release kinetics of
a model API having a nominal solubility of 5 % in the device polymer from IVRs

8 Higuchi (1963)

9 Higuchi (1961)

10 Siepmann and Siepmann (2012)
1 Helbling et al. (2011)
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Fig. 12.11 API release from devices containing 5 % API, with a API solubility in polymer =1 %,
b API solubility in polymer = 10 %

made with drug loadings 1 % (below polymer saturation solubility) and 10 % (above
polymer saturation solubility) as shown in Fig. 12.11.

For reservoir devices, the release kinetics depends on the API loading of the core,
the relative solubility of API in the core and sheath polymers, and the thickness of
the sheath layer. In this case, the drug release rate can be essentially zero-order over
extended periods if there is sufficient API in the core. From an extension of Fick’s law
for core-sheath cylindrical devices, (ignoring end effects, and therefore applicable to
torroids such as vaginal rings also) the literature reports (Baker and Lonsdale 1974) 2

dM _ 2mlKC

dt B (ln:—‘:)

where K is the partition coefficient of the API between sheath and core polymers (the
ratio of the solubility of the API in the respective polymer), C is the concentration
of drug in the core of the reservoir, r, and r; are the outer and inner radii of the
device, and [ is The length of the device.

12.7 Example

Particle Sciences prepared Dapivirine-loaded EVA IVRs by injection molding of a
compound prepared by twin-screw extrusion of Dapivirine and EVA (28 % VA con-
tent) for a project funded by the International Partnership for Microbicides.'? These
IVRs were under investigation as possible HIV-preventative devices for use in sub-
Saharan Africa where the incidence of HIV/AIDS is very high. During development,
monolithic (matrix) IVRs were prepared with 54 mm diameter and 4 mm cross-
sectional diameter, containing 25 mg or 100 mg Dapivirine. The 25 mg API devices
appeared transparent, and for API release modeling were considered as monolithic
solution devices, whereas the 100 mg API-loaded IVRs were white since the API

12 Baker and Lonsdale (1974)

13 www.ipmglobal.org
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Fig. 12.12 In vitro drug elution from Dapivirine-loaded EVA IVRs (left: 25 mg Dapivirine; right:
100 mg Dapivirine; solid line model prediction, open triangles data)

was above its solubility limit in the EVA at this loading, and were therefore treated
as monolithic solution devices.

The diffusion coefficient (D) and solubility (S) of Dapivirine in 28 % VA EVA
was determined by thin film permeation measurements using Franz cells, giving D
~2E-9cm?s~! and S ~ 0.2 %. The in vitro release of Dapivirine from both devices
was measured by incubating IVRs at 37 °C under sink conditions in aqueous surfac-
tant solution and sampling daily for drug concentration in the medium. Figure 12.12
shows the predicted in vitro drug elution curve (solid line) generated using the mod-
eling software with the values of S and D from the film diffusion experiment, along
with the measured drug release data (open triangles), for 25 mg and 100 mg IVRs,
showing good agreement for both loadings (i. e., solution devices and dispersion
devices).

12.8 Conclusions

HME is a key step in the preparation of various MD and DED and implants. The
process may be used to homogenously mix API with polymer for further processing,
or maybe used to form the final device shape, or both. Devices in the form of
rods, films, and torroids fabricated using HME processes have been successfully
commercialized.

Models for the in vitro elution of drugs from devices are well established, and
can provide starting points for formulation of new devices after straightforward
measurements of drug solubility and diffusion coefficients in the polymer(s) of the
device.

Polymer suppliers are gaining a better understanding of the field of DED, and
working closely with device manufacturers to provide appropriate materials that meet
the strict specifications and regulatory requirements required for such products.

It is apparent that these recent developments in the manufacturing, modeling,
and materials fields enable the development of more effective delivery platforms. As
these areas continue to grow, so too will the use of HME for the production novel
drug delivery devices.
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Chapter 13
Solid Lipid Extrusion

Peter Kleinebudde

Abstract Solid lipid extrusion takes place some Kelvin below the melting point or
melting range of the lipid. Depending on the melting point of the lipid, the extrusion
can be performed at room temperature or up to approximately 70 °C. Plasticity is
achieved by a thermomechanical treatment of the lipids without melting the bulk part
of the lipid. The extrusion process is simple and robust and can be integrated with
several downstream processes into a continuous production. Solid lipid extrusion
is a solvent-free process, which is suitable for thermosensitive drugs. Solid lipid
extrudates and solid dosage forms made by these extrudates can be used to modify
the dissolution profile of the active pharmaceutical ingredient (API). The dissolution
profiles of the cut, milled, or spheronised extrudates can be tailored in a wide range
and are mechanistically understood. In particular, a prolonged release can be achieved
without any further coating of the particles. The topics formulation, processing,
physical stability, dissolution profiles including their modelling and pharmaceutical
applications of solid lipid extrudates are addressed.

13.1 Ways of Extrusion

Extrusion is the application of pressure to a mass, until the mass flows through dies
of defined diameters. The mass requires certain rheological properties for extrusion.
Two dimensions of the extrudate are defined, only the length can vary. Depending
on the die cylindrical, flat or other shaped extrudates like films can be produced.

Different ways of extrusion are used in pharmaceutical technology for the pro-
duction of solid dosage forms. In wet extrusion, the required plasticity of the mass
is achieved by adding a suitable liquid to the powders in order to produce a paste. In
most cases, water is used as liquid. Wet extrusion is performed at room temperature.
The solidification of the mass is achieved by drying of the liquid. Some authors
include lipids in wet extrusion (Roblegg et al. 2010).
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