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Abstract. Hot-melt extrusion has found extensive application as a feasible pharmaceutical
technological option over recent years. HME applications include solubility enhancement,
taste masking, and sustained drug release. As bioavailability enhancement is a hot topic of
today’s science, one of the main applications of HME is centered on amorphous solid
dispersions. This review describes the most significant aspects of HME technology and its use
to prepare solid dispersions as a drug formulation strategy to enhance the solubility of poorly
soluble drugs. It also addresses molecular and thermodynamic features critical for the
physicochemical properties of these systems, mainly in what concerns miscibility and physical
stability. Moreover, the importance of applying the Quality by Design philosophy in drug
development is also discussed, as well as process analytical technologies in pharmaceutical
HME monitoring, under the current standards of product development and regulatory
guidance.

KEY WORDS: hot-melt extrusion; amorphous solid dispersions; solubility enhancement; polymers;

quality by design.

INTRODUCTION

The high-throughput screening methodology created
many new drug candidates with low aqueous solubility in
the last decades, classified as II or IV by the Biopharmaceu-
tical Classification Systems (BCS) [1]. The low aqueous
solubility of these molecules is typically the bottleneck for
absorption, which leads to low bioavailability (BA) and
justifying their failure as therapeutic agents. Diverse ap-
proaches have been employed to overcome solubility
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barriers, such as reducing particle size, amorphous solid
dispersions, lipid-based strategies, surfactants, and cyclodex-
trins, among others [2, 3].

Amorphous solid dispersions (ASD) have been recognized
to optimize the solubility of poorly soluble materials [2, 3].
Therefore, significant effort has been devoted to understanding
solid dispersions lately, in various aspects, such as manufacturing
processes, polymeric carriers’ applications, and the physical
properties of prepared systems. Considered complex formula-
tions, a complete understanding of the physical structure and
chemical properties is essential to predict solubility, BA, and
even stability of the solid dispersion.

ASDs are the outcome of the kinetic entrapment of the
amorphous active compound, where it is molecularly solubi-
lized in the carrier. These systems have an improved
dissolution rate, but they also tend to revert to the more
stable thermodynamic form, the crystalline [4]. Indeed, this is
the primary concern of ASD, which leads to phase separation
and recrystallization and can eventually affect product
performance on dissolution [5-9].

Besides hot-melt extrusion (HME), preparation techniques
of ASDs include spray drying, freeze-drying, and supercritical
fluid drying. HME found its place in the pharmaceutical area,
and many researchers embraced this technique due to its
promising performances [10, 11]. The extruder applies energy
through shear and temperature to the drug and the thermoplas-
tic excipients. The energy produced by the combination of
temperature and friction can overpass the crystal lattice energy
and turn the polymer molten. During extrusion, the material is
simultaneously mixed and dispersed.
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Comparing to other manufacturing processes for ASD,
HME presents unique characteristics that justify the high
interest of formulation scientists and pharmaceutical compa-
nies over the world. It allows continuous manufacturing, is
solvent-free, is relatively fast, and requires a narrow footprint.
Nonetheless, the high process temperatures, the requirement
for downstream processing, and the large energy consump-
tion are significant drawbacks. Besides, there are not many
excipients with thermoplastic properties approved for phar-
maceutical applications, and the metastable nature of the final
drug product is always challenging. In the daily routine of
laboratories and factories, some technical difficulties still
exist, and the full potential of HME is yet to be met, like
any breakthrough innovation [12].

In this review, the use of HME in the pharmaceutical
industry is discussed. The focus is on bridging of HME
technology with pharmaceutical development to better under-
stand the benefits and fragilities for poorly soluble compounds.
Steps and tools for the development of a successful HME
product are discussed. Furthermore, this work intends to shed
light on Quality by Design (QbD) principles for developing
HME formulations, promoting the adoption of these concepts in
both academic and industry settings.

PRINCIPLES OF HME

At the end of the eighteenth century, HME was invented
and applied in the manufacturing of lead pipes. It has been
used in other industries since then, like plastic, rubber, and
food. The technology was also found useful in the pharma-
ceutical industry for the robust manufacturing of very
different Drug Delivery Systems [10-12]. Current interest is
rising exponentially, with over 500 papers published during
the last 10 years.

Despite the enormous potential of HME for solubility
enhancement [13], few are on the market so far, but this
tendency is clearly changing. Companies are now specialized
in HME, including Abbvie through the Meltrex® technology,
and Grinenthal through the use of Intac® formulation.
SOLIQS, now a brand of Abbvie, has developed Meltrex®
formulation and redeveloped Kaletra®. Kaletra® (lopinavir/
ritonavir) is a well-known example of a formulation that
represents the impact of HME in product performance. In
addition to the BA enhancement, the redeveloped HME
product brought significant benefits for patients with a
reduced dosage, frequency of administrations, and improved
stability at room temperature [4], and this was recognized by
the Food and Drug Administration USA (FDA) through a
fast-track approval [12]. The HME technology has been used
by Abbvie since then for the development of many other
products already in the market, as Mavyret®, Norvir®,
Viekira Pak®, and Venclexta®. Similarly, Griinenthal GmbH
developed an abuse-deterrent formulation to prevent drug
abuse focusing on opioids, the Intac® technology, using high-
molecular weight polyethylene oxide (PEO) mixtures that
lead to an end product with high resistance to crushing
through HME. This technology has been licensed to other
companies, namely Endo Pharmaceuticals for Opana® ER
(Oxymorphone HCI) and Janssen for Nucynta® (tapentadol).
HME is generally a sought solution for abuse deterrence as
the solid forms are not crushable or chewable [12].
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In HME, the components are transformed by heat and
mechanical stress into a new material of constant shape and
density [3, 9]. This process involves compacting, blending, and
dispersing a mixture of excipients and drug substance by two
rotating screws through the heated barrel [14]. At the end of
the barrel, there is a die, dictating the shape of the extruded
system [12]. The theory behind HME technology (Fig. 1) can
be summarized step-by-step as follows [4, 9, 12]: feeding
through a hopper, mixing and kneading, flowing, venting,
extrusion from the die, and downstream processing.

HME works under high temperatures to soften the
blend, and the different barrel sections are demarcated with
specific temperatures [15]. After feeding, the material is
conveyed by the rotating screws while it is melted, mixed,
suffers kneading and dispersion. Mixing is a crucial step
during HME and may be classified as distributive or
dispersive. Distributive mixing is related to drug homogene-
ity within the blend, whereas dispersive mixing means
particle size reduction and molecular distribution [9]. Over-
all, HME aims to produce an intimately blended end
product, the extrudate, where all the materials are mixed to
the molecular level. Twin-screw extrusion offers several
benefits over single screw and is preferred in pharmaceutical
processes. It provides an intense mixing of the components
(high kneading and dispersing capability), easier feeding, a
lower potential to overheat, and shorter residence time [11,
14].

Over the past 20 years, extruders’ manufacturers worked
in meeting the particular requirements of the pharmaceutical
industry. The core unit and principles are similar to extruders
used for plastics, but the main requirement is to follow the
current Good Manufacturing Practices (GMP). Individual
parts of the extruder must be built from a special type of
stainless steel to avoid reactions or adsorption with the
formulation. There are also FDA-approved lubricating oils
that should be used, as well as water-cooled tubing [9, 14].
This technology is still under implementation in the pharma-
ceutical industry, specifically in adjusting documentation on
cleaning, specifications, and validations [9].

Process analytical technologies (PATs) have been the
focus of both regulators and the pharmaceutical industry.
Along with the well-known International Conference on
Harmonization (ICH) guidelines Q8 (R2), Q9, Q10, and
Q11 [16-19] emphasizing QbD and continuous manufactur-
ing, FDA also issued the “PAT-A Framework for Innovative
Pharmaceutical Manufacturing and Quality Assurance”
guideline [20], regarded as the core of this concept [21].
PAT has been applied in HME to improve control and real-
time analysis [4, 22]. Many techniques are currently available
to measure and control process parameters such as product
temperature, feed rate, screw speed, pressure, as well as
product characteristics like residual crystallinity, drug disper-
sion/homogeneity, and drug particle size or concentration
[23]. Rheology and several spectroscopic techniques, such as
optical, ultrasonic, electrical, UV-VIS, Raman, and infrared,
have been applied for HME production [9, 15, 24, 25].
Besides, alternative techniques have demonstrated adequate
capacity to control low amounts of crystallinity, such as
terahertz, dielectricc NMR, and ultrasonic spectroscopies.
These techniques were not used in HME so far, but they
are likely to be applied in the future [23, 26].
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The selection of the analytical method depends on the
intended application but also practicability during measure-
ment (measuring equipment or probe), the extent of physical
and chemical information provided, the complexity of the
required data analysis (not rarely demanding multivariate
analysis), and its cost. The development of these real-time
measurement methods is similar to any other analytical
method for product release or stability testing and requires
a full validation as described in the ICH guidance Q2(R1), to
ensure that it fits for its intended use. Reports of real PAT
applications within HME in the pharmaceutical industry are
still limited [4]. PAT tools and their application in HME
processes have been thoroughly reviewed [23, 26-28].

POLYMERS IN HME

The carrier is usually made from meltable substances,
either polymeric (more common) or non-polymeric (like
lipids). After the HME process, they function as drug depots
or release retardants [9, 11]. Essential prerequisites are their
thermal stability and thermoplastic behavior. Nonetheless,
due to the usually short residence time, most thermolabile
drugs are not excluded from HME processing [29]. Polymeric
carriers must be thermoplastic and thermally stable. Other
relevant characteristics include suitable T, or Ty, (usually in
the range of 50 to 180°C), low hygroscopicity, and low toxicity
since large amounts are required. The preferred carriers are
the ones with high miscibility with the compound because a
higher drug load may be achieved. Characteristics like
lipophilicity and hydrogen bonding groups are also requisites
for high solubilization [30]. Polymeric materials can be
biodegradable or non-biodegradable, from natural or syn-
thetic sources.

Natural polymers are valuable sources for pharmaceuti-
cal and biomedical applications. However, their degradation
is usually based on enzymes at a hardly predictable rate [15].
Synthetic polymers were developed to modulate and improve
physicochemical properties, which will ultimately control the
products’ performance. The necessity for using biodegradable

REES

Films Two-Iayere forms

Fig. 1. HME as an efficient processing method for solid dispersions and possible obtainable pharmaceutical forms: flakes, powder,
pellets, tablets, films, and two-layered forms through co-extrusion

Tablets

excipients was identified by advancements in tissue engineer-
ing, gene therapy, and controlled release of drugs [15]. The
goal of these materials is to perform a predetermined task, as
drug release, through their slow degradation. Therefore,
biodegradable polymers should be biocompatible (free of
endotoxins, non-toxic, carcinogenic, immunogenic, or
inflammatory) and have adequate mechanical, physicochem-
ical, and thermal behavior. Moreover, they should present
suitable degradation kinetics and resistance to sterilization
methods, if required by the dosage form [15]. Non-
biodegradable polymers have also been widely applied in
very different systems, from oral formulations to transdermal
films, implants, and scaffolds for tissue engineering.
Physicochemical properties (as aqueous solubility, vis-
cosity, or T,,/T,) command the choice of a specific polymer.
Table I summarizes the characteristics of the most common
natural polymers and derivatives tested in HME processes.
Table II summarizes the characteristics and uses of the most
common synthetic biodegradable polymers (processing tem-
peratures are not mentioned as they depend heavily on the
structure of the specific polymer). Table III presents an
overview of the most common synthetic non-biodegradable
polymers with applications reported in HME processes.

PHARMACEUTICAL DEVELOPMENT UNDER QBD
PRINCIPLES

The QbD philosophy promoted an in-depth knowledge
of products and manufacturing processes. It initiates right at
the beginning of the pharmaceutical development but con-
tinues during commercial production, as defended by the
FDA and the European Medicine Agency (EMA) [31, 32].
According to the ICH Q8(R2), “quality cannot be tested into
a product but must be incorporated by design” [16]. QbD
replaced quality by testing and is a better approach.

Essential elements of the pharmaceutical development
under QbD principles, as defined by the ICH QS8(R2)
guideline, are the Quality Target Product Profile (QTPP),
the Critical Quality Attributes (CQAs), the Risk Assessment,
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Table I. Natural Polymers and Derivatives
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Natural polymers and derivatives

Characteristics

Processing temperatures

Comments Ref.

Cellulose derivatives
Hydroxypropyl cellulose (HPC)

OR
OR
ol o RO oH
RO 9 0
OH
OR
n

R = CH,CH(OH)CH

Hydroxypropyl methylcellulose
(HPMC)

OR
OR
Ho, o RO S
RO o 0
H
o OR
n

R = H, CHjy, CH,CH(OH)CH,

Hypromellose acetate succinate
(HPMCAS)

Others
Starch

Amylose

OH
\\o o OH
HO
o
0 NH| |0
YO
NH
CHs ?
- n n

Xanthan gum

OR
OR
o]
) o
oH ©

oH ©
L o] n
oH
a, HOC oH
o} /Wo
OH COOCH,3
OH

Non-ionic, water-soluble, pH
independent dissolution.
Hydrogen bond-donors ideal to
stabilize amorphous drugs with
H-bond acceptors.

Non-ionic, water-soluble. Variety of
grades depending on MW and
hydroxypropyl and methyl
substitution. Hydrogen bond-
donors ideal to stabilize amorphous
drugs with H-bond acceptors.

Different grades depending on the
extent of substitution of acetyl and
succinoyl groups. Solubility is pH-
dependent (soluble above pH S or
5.5, depending on grade).

Constituted by amylose and
amylopectin. It is soluble in hot
water (> 60 °C).

Linear hydrophilic polysaccharide.
Used as a carrier and as a solubility
enhancer. Highly soluble at pH
below 6.5.

Heteropolysaccharide consisting
of glucuronic acid, mannose,
and P-D-Glucose. It is an
anionic water-soluble material.

Depends on its MW.
Range from 120 to 200°C.

Depends on its MW.
T, varies from 139 to
173°C.

T, varies from 120 to 135
°C, depending on the
grade. It degrades at 200
°C.

T, at 203°C.

Cellulose derivatives are used instead [31-33]
of cellulose to improve its properties,

namely poor water solubility and
thermoplastic characteristics. Excellent
biocompatibility.

The release of drugs is tailored by [32, 33]
changing its MW.

Potentially incompatible with [35, 36]
drugs with hydroxyl groups [34].

Starch swells instantaneously in [37, 38]
water by about 5-10% at 37°C.

Biocompatible, biodegradable, [39]
non-toxic.

High MW chitosans may be applied

as release retardants and low MW

as release enhancers.

Controlled-release applications.  [39, 40]

MW molecular weight
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Table II. Examples of Synthetic Biodegradable Polymers Applied in HME
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Synthetic polymers chemical E.g.

family

Characteristics

Polymer Degradation/
Drug release

Comments Ref.

Aliphatic polyesters
Poly(lactic acid)
o

0.

CHy
n

Poly(lactide-co-glycolide)

o
o .
(]
cHy Jlo
n 'm

Poly (orthoesters): POE’s
POE 1

[\
POE 11
POE 111
XA
POE IV
+ QG XX
i X ofa-d b/
Polyurethanes (PU’s)
(0]
o—{
/
R, HN—R,

General chemical
formula of PU’s

Polyanhydrides

0O 0]

PN

R; o
n
General chemical
formula of
polyanhydrides

Poly(lactic acid): PLA
Poly(glycolic acid)
Poly(e-caprolactone)

Poly(lactic-co-glycolic

e-caprolactone and L,
D-Lactide or glycolide

families: POE I — IV.

Poly(ester urethanes)

Insoluble in water. It can be
developed from various
monomers and synthetic
routes, resulting in polymers of
variable MW and degradation
kinetics. The main degradation
pathway is the chain cleavage
by hydrolysis.

Highly hydrophobic.
Degradation by hydrolysis of
the polymer main chain. It
forms carboxylic acid-based
fragments. An acidic
environment may be formed.

Insoluble in water. Multiblock
copolymers formed by a
reaction between polyols
(polyethers or polyesters) and
di-isocyanate. Composed of
soft and hard segments aimed
at controlling thermoplastic
and elastic behavior. Good
biological performances,
mechanical properties, and
processability.

Hydrophobic in nature.
Copolymers of sebacic
acid erucic acid dimers.

Degradation mainly by
bulk erosion, usually non-
linear or discontinuous
(drug release is difficult
to predict). During
degradation, an acidic
environment may be
formed.

The hydrophobic polymer
erosion occurs at the
surface. Minor bulk
erosion also occurs.

Most types are considered
non-biodegradable due to
the long-time required for
degradation, but there are
biodegradable PU.

PU’s are known as
susceptible to hydrolysis
(aliphatic ester linkage).
They may present bulk
or surface degradation
depending on their
hydrophilicity.
Degradation of the
backbone by hydrolysis
occurs mainly on the
surface. Degradation
initiates with water
uptake, hydrolysis at the
surface, and finally water
penetration and slow
erosion of the matrix.

The most extensively [41-43]

investigated synthetic
polymers.
The chemical stability
of the drug may be
affected.

The water concentration [44, 45]

in the bulk is lower than
in aliphatic polyesters.

Non-biodegradable. [46-48]

PU’s are not usually
applied for drug
release.

PUs may also suffer
mechanical degradation
in highly stressed areas.

These polymers were [15, 49,

specially designed for 50]
drug delivery within a
specific time.

MW Molecular weight
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Table III. Examples of Synthetic Non-Biodegradable Polymers Applied in HME

Synthetic polymers chemical E.g. Characteristics Comments Ref.
family
Polyvinyl lactam polymers  Poly(vinylpyrrolidone): PVP Highly soluble in water. Used as binders or [51-55]

Copovidone
Soluplus®

Poly
(vinylpyrrolidone)
\P_Yo N "
on |,
Copovidone
HO>
\O
¥N/\‘o
) -
o ]
L>— o
Ta
O
4L
)
HO
Soluplus®
Ethylene co-vinyl acetate -
(EVA)

Acrylic polymers (poly Polyacrylic acid
(acrylic acid))

(Eudragit®)

n

Poly(ethylene glycol) (PEG), -
Poly(ethylene oxide) (PEO)
and their copolymers

k{o /\}:o\H
PEG
1NN

PEO

(Carbomer or Carbopol®)
Copolymers from esters of
o acrylic and methacrylic acid

- PVP: Synthesized by polymerization of N-
vinylpyrrolidone. Different grades vary in
degree of polymerization, expressed as K
values. Wide range of MW (2500-1 250 000
Da), which impacts T, (from 72-177°C). The
backbone contains proton acceptors, which can
interact with H-donor groups for enhanced
physical stability. High MW grades (above
K25) are very viscous and cannot be processed
below their degradation temperatures.

- Copovidone: block copolymer of
vinylpyrrolidone and vinyl acetate in a 3:2
ratio. Available in one grade with K of 28. MW
around 55 000 Da and T, of 101°C. Lower T,
and hygroscopicity compared to PVP, being
preferred for stability and smooth processing.
- Soluplus®: Polyvinyl caprolactam-polyvinyl
acetate-polyethylene glycol graft copolymer.
MW of 118 000Da and low T, (70°C).

Water-insoluble copolymer composed of vinyl
acetate and ethylene. It is possible to adjust its
hydrophobicity by the ethylene: vinyl acetate
ratio, tailoring the release kinetics.

Water-soluble polymers.
T, varies from 40°C to 160°C, depending on
its MW and branching.

Water-soluble polymers.

Repeating unit: -[CH,CH,O]-

The difference between PEG and PEO is the
number of hydroxyl groups at the end of the
polymer chain, where PEG has two, and
PEO has only one.

PEO may be synthesized with up to 5 000
000 Da and PEG up to 40 000 Da. High
aqueous solubility and low viscosity.

PEG: Tg of -17°C for MW 6000; Tm of 37-
63°C.

PEO: T, of -57 to -50°C; Ty, of 62-67°C.

solubility-enhancers.

Widely used in sustained-
release tablets and intra-
vaginal rings.

Due to the anionic
nature, the drug release
may be pH-dependent.

Used as solubility-
enhancers for polymeric
aliphatic polyesters.
Used as solubility-
enhancers or plasticizers
in formulations.

[56, 57]

58, 59]

[60-62]

MW, Molecular weight

and the Design Space. Both formulation and processing
conditions may be considered critical (critical material or

process parameters) and govern drug product CQAs [16].
Several studies have described the relationship between
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Fig. 2. Fishbone diagram for an HME process based on ICH Q8(R2) recommendations

[16]

formulation and process parameters using QbD and rational
approaches [33-36]. Although the primary aim of preliminary
studies is to develop a formulation and preparation process
subjected to further optimization, critical process parameters
(CPPs) should be identified from the early beginnings [1, 4,
37].

By ICH Q8(R2), a design space is the “multidimensional
combination and interaction of input variables (e.g., material
attributes) and process parameters that have been demon-
strated to provide assurance of quality”, i.e., meeting the CQA:s.
A design space is beneficial since no regulatory change is
required to work within the defined range of input variables,
which can be both material attributes and process parameters
[38]. The constant assessment of potential hazards through risk
assessments is a crucial concept of QbD. Fishbone diagrams are
useful as a starting point as they provide an overview of the
system. Some examples applied to HME have been published
[11, 38-43]. An example applied to the initial risk assessment of
an HME product is depicted in Fig. 2. This approach should be
complemented with a more detailed tool, as the Failure Mode
and Effects Analysis (FMEA) or the Risk Estimation Matrix
(REM), which have also been applied to HME [37, 42].

HME is now a well-understood industrial process, and
CPPs for each product may be readily determined [44]. The
most common CQAs for ASDs manufactured by HME are
acceptable levels of chemical degradation, adequate levels of
residual crystallinity, suitable solubility, and dissolution rate
[45]. CQAs are deeply affected by an intricate interaction of
processing parameters and material attributes. CPPs for
extrusion are usually temperature, residence time, screw
speed, screw design, feeding rate, shear stress, or specific
energy [44, 46]. Although easy testing may occur during

steady-state production, the definition of CPPs is not straight-
forward because some factors are distributional in nature, as
shear stress, barrel temperature, and residence time. There-
fore, they are usually controlled through process tempera-
tures, screw speed, screw design, and feed rate [44].

One of the most relevant tools to develop a design space
is the Design of Experiments (DoE), which is essential to
decouple all the complex interactions of input variables and
allow a complete process understanding [21, 38, 47]. Several
DoE studies have been published for ASDs, and some factors
described to have a primary role for the physical stability of
the formulation, such as drug load, polymer type, and
physicochemical characteristics such as molecular weight [39,
48]. For instance, Pawar and his group developed an
efavirenz HME formulation based on a QbD approach,
where the combination of HPMCAS and Soluplus with 30%
of the drug was optimized based on mathematical modeling
[49]. Other studies have also highlighted the influence of
process parameters, including screw speed, temperature,
feeding rate, and screw design on product quality [47, 50—
54]. In the vast majority of literature reports on HME and
DoE, the most common studied response is dissolution [38,
39]. Some studies also consider physical stability in the
statistical analysis, using formulation and process variables
with long-term and accelerated stability [48]. Principles of
HME formulation and process development are reviewed in
the following sections, including scale-up and QbD issues.

FORMULATION DEVELOPMENT

The majority of excipients used in HME products are
also applied for common solid forms. They may be matrix
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Table IV. Mechanisms of Polymer Chemical Degradation and Examples [55]

Main-chain reactions

Chain scission Poly(ethylene oxide) (PEO) [56, 58, 59] Lack of thermal stability since the C-O bonds of the main chain
are less stable than C-C bonds.

Ester bonds are prone to reactions such as hydrolysis.

The high viscosity and low chain flexibility turn these compounds
susceptible to high mechanical stress. Main-chain scission
was observed in amylopectin and HPMC.

High extrusion temperatures (>200°C) led to cross-linking and oxidation.

Poly(lactic acid) (PLA) [60, 61]
Cellulose derivatives [62, 63]

Cross-linking
Side-chain reactions
Side-chain elimination

Polyurethanes (PUs) [64]

Hypromellose acetate succinate
(HPMCAS) [65]
Poly(vinyl alcohol) (PVA) [66]

Hydrolysis produces acetic and succinic acid. These degradation
products can react with the drug to form process-related impurities.

During HME of partially hydrolyzed PVA, high temperatures and
mechanical energy may induce side-chain elimination, which produces
acetic acid that triggers additional degradation. The hydroxyl groups
in PVA can also undergo nucleophilic addition reactions.

Formation of cyclic anhydrides when exposed to temperatures
above 170°C by intramolecular ester condensation.

Eudragit® E', Eudragit® L' and S°,
Eudragit® L30D* [67, 68]

Side-chain cyclization

Carbopol® (polyacrylic acid) [68]

Anhydride is formed when processed at 100°C.

! Poly(butyl methacrylate, (2-dimethylaminoethyl) methacrylate, methyl methacrylate) 1:2:1

2 Poly(methacrylic acid, methyl methacrylate) 1:1
7 Poly(methacrylic acid, methyl methacrylate) 1:2
#Poly(methacrylic acid, ethyl acrylate) 1:1

carriers, bulking agents, release modifying agents, thermal
lubricants, antioxidants, or others. The selection of the
excipients conveys specific characteristics to the HME-based
formulation [11]. One of the specificities of this type of
formulations is the relatively high amount of polymers,
sometimes higher than the approved quantities in the Inactive
Ingredient Database from the FDA. In some cases, toxico-
logical studies may be required.

Drug properties may be either positive or harmful to the
HME formulation and process. At the beginning of the
development, a thorough drug characterization must be
performed, including thermal, chemical, and physical proper-
ties [14]. Some drug characteristics are relevant for a quick
assessment of the feasibility of amorphous formulations and
the suitability of HME as the processing technology. For
instance, drugs with very high T, (> 250°C), thermal
instability, or high melt viscosity are usually not recom-
mended for the HME process. Other characteristics are
usually considered, namely the number of hydrogen acceptors
or donors to establish intermolecular interactions with the
polymer, the solubility in different solvents (aqueous and
organic), solubility in biorelevant media, the Ty, and T, (its
ratio is preferred below 1.3 [4]), logP, particle size distribu-
tion, among others.

For the development of any solid dispersion, the pre-
formulation is a critical stage. The selection of processing
conditions is highly influenced by the degradation of the
materials and rheological properties of the blend. Drug and
carrier properties should be deeply evaluated, as drug
solubility in different solvents, drug solubility in polymeric
solutions, Ty, of the drug, T, of polymer, drug-polymer
miscibility, melt viscosity, and thermal stability of the blend
[4]. The selection of potential carriers relies on the drug
miscibility in the polymeric matrix, polymer physical proper-
ties, the stability of the composition, and other prerequisites
of final dosage forms. Additionally, functional excipients as
stabilizers, surfactants, antioxidants, plasticizers (usually

added to reduce T, and melt viscosity, smoothing the
extrusion process), diluents, release modifiers, and processing
aids can also be included in the HME formulation [9, 11]. All
these properties will impact the process parameters that
should be thoroughly studied and defined in the design space.

The drug and the polymeric carriers may suffer chemical
transformations during HME processes [14]. Solvolysis and
oxidation are two common mechanisms for the degradation
of drugs. Nonetheless, solvolysis is rarely an issue, as HME is
a solvent-free process [14]. Oxidation has been described due
to peroxides remaining after the polymer synthesis or on
polymer oxidation. For instance, excessive temperatures
needed for under-plasticized cellulose-based polymers (as
HPC) may lead to polymer oxidation [9]. Antioxidants should
be considered if oxidative degradation of drugs or carriers is
likely to occur. According to Lang et al, mechanisms of
chemical degradation may be classified into main or side-
chain reactions [55]. The main-chain reactions include cross-
linking and scissions of the polymer backbone [56, 57],
whereas side-chain comprehend cyclization and elimination
[55]. Examples of polymer degradation during thermal
treatment in HME have been reviewed [55] and are
summarized in Table IV. Another common risk for HME-
based formulations is drug—polymer interactions, often trig-
gered by thermal and mechanical energy that accelerate these
reactions. Some of these incompatibility cases are well
described in the literature [69, 70].

Physical Stability Considerations

The stability of HME products has been demonstrated to
be related to the characteristics of carriers, the physical state
of the compound, packaging materials, and storage condi-
tions. Although HME formulations usually have good long-
term stability [9], amorphous compositions are metastable
and tend in nature to the most thermodynamically favored
state through recrystallization [55]. This is one of the most
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common problems observed with ASDs, in which the drug
reverts into the crystalline form on storage.

Both thermodynamic and kinetic factors determine the
physical stability of this type of composition [71, 72].
Thermodynamic factors are related to the thermodynamic
stability of ASDs and control the occurrence of recrystalliza-
tion. As the dispersion of solvates in solvents, ASDs should
be thermodynamically stable if the drug load is below the
saturation concentration. Therefore, thermodynamic factors
are related to miscibility and polymer solubility concepts [73],
discussed in the next section (drug-polymer miscibility/
solubility), and are responsible for nucleation and crystal
growth [74]. The kinetic factors are, on the other hand,
related to kinetic stability and therefore to molecular mobility
and the rate of crystal growth [72, 74]. ASDs with high drug
loading may be thermodynamically unstable but may be
physically stable over enough time for clinical use within a
specific timeframe (translated into shelf life). These kinetic

First extrusion tests /

factors include the T, of drugs, polymers and their blends, the
molecular mobility of drugs and their intrinsic properties of
physical stability (like the glass-forming ability), and the
intermolecular interactions between the drug and polymers,
discussed hereafter. These factors are highly affected by the
environmental conditions and the preparation process [73].
Thorough revisions of these thermodynamic and kinetic
concepts controlling the physicochemical properties of ASDs
are available in the literature [72-74].

The storage of ASDs 50°C below T, is commonly
accepted to decrease the risk of recrystallization, owing to
reduced molecular mobility [75]. Nonetheless, molecular
mobility still occurs below this point due to PB-relaxations,
and 50°C may not be enough taking into account typical
storage time for pharmaceuticals [76]. Therefore, the charac-
terization of the P-relaxation is crucial since amorphous
products are usually stored at temperatures where relaxation
is driven mainly by the R-process (below T,). This character-
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- Assess phase separation (visual, DSC, microscopy), but also solubility
enhancement or dissolution profiles, as well as chemical and physical stability.

- HME formulation is selected and the process is ready for optimization.

- Development based on DoE/QbD approach, in order to evaluate process length,
temperature profile, screw speed, screw design, specific energy, feed materials
properties, feed configuration, downstream processing, scale-up.

Fig. 4. Process development in three main stages: preliminary extrusion tests, process development, and process

optimization
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Fig. 5. Downstream processing equipment: a cooling calender, b mill, ¢ pelletizer, d shaping calender, e injection molding, f

film extrusion, and g co-extrusion

ization is typically performed with calorimetry (differential
calorimetric screening (DSC) or isothermal microcalorimetry)
or dielectric spectroscopy [76].

Two main approaches are generally considered to
increase the physical stability of amorphous formulations, as
reviewed by Baghel and colleagues [77] and first by Janssens
and Mooter [78]. In one, polymers Kinetically stabilize the
amorphous systems through the reduction of the molecular
mobility, “freezing” the drug and blocking any molecular
movement. The addition of polycarbophil, poly(vinylpyrroli-
done) (PVP) K25, or HPMC may be used as crystallization
inhibitors [9]. On the other, molecular mobility is reduced by
intermolecular interactions, which provide stability through
the decrease of the thermodynamic energy of the system.
These interactions are typically van der Waals, H-bonding,
hydrophobic, electrostatic, and rarely ionic. Although weak,
its sum is often enough to stabilize solid dispersions.

A number of equations were developed to predict
molecular mobility. The three most commonly used are the
Arrhenius equation, the Kohlrausch-Williams—Watts (KWW)

equation, and the Adam-Gibbs (AG) equation. The Arrhe-
nius equation may be applied to crystallization data to
estimate the long-term physical stability of ASDs [79]. Zhu
et al. managed to measure the impact of moisture and
polymers on the recrystallization of ritonavir, which was well
described by the parameters of the Arrhenius model. The
model seemed feasible for estimating the long-term physical
stability based on short-term data generated under acceler-
ated conditions [79]. Bhardwaj et al. also correlated physical
strength to molecular mobility in itraconazole in the amor-
phous form. The group identified p-relaxations responsible
for its physical instability, which exhibited Arrhenius behav-
ior, temperature dependent over the entire experimental
temperature [80]. Miyanishi and his group evaluated the
recrystallization of a nifedipine ASD, showing that the solid
dispersion would need to be stored at —20°C to maintain its
performance for at least 3 years [81]. Despite the wide use of
this equation, the Arrhenius model is not always accurate.
Amorphous polymers act as strong glasses exhibiting (near)
Arrhenius behavior, and most of the small drugs act as fragile
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glasses which deviate significantly from the Arrhenius behav-
ior [82]. In these cases, fragility parameters are preferred
through the KWW or the AG equations.

The KWW equation links the “relaxation recovery
enthalpy” to the average relaxation time constant (7) and a
stretch parameter (B) [78, 83]. The KWW equation has been
mainly applied in single-component compositions [84, 85] and
some complex systems [86]. However, the predictive capabil-
ity for physical stability was demonstrated to be somewhat
limited, as in studies performed with celecoxib [87, 88]. Its
performance is usually acceptable for single-component
systems but often fails when multicomponent systems are
evaluated due to the increased complexity. Although still
widely used, the predictive ability of the KWW equation is
considered nowadays limited [82]. To overcome some of the
handicaps of the KWW equation, the non-linear AG equation
was proposed [78]. Mao et al. outlined a straightforward
method based on DSC to assess the relaxation time [89]. The
AG equation has been successfully used for the calculation of
relaxation times and correlation with the physical stability of
ASDs. Literature reports studies on indomethacin [90],
salicin, felodipine and nifedipine [91], indomethacin,
felodipine, griseofulvin, citric acid, ketoconazole and nifedi-
pine [89], and even mixtures of phenobarbital and nifedipine
in a PVP matrix [92]. What is still to be clarified is how these
concepts may be related to a multicomponent system, in
complex formulations. Although there was a clear improve-
ment over the KWW equation, the AG theory did not always
predict the physical stability of ASD accurately, as in the
simvastatin case [93]. Clear limitations of the AG equation
are that the relaxation process is not exponential in nature,
and other entropic contributions besides configurational are
not taken into account. Nonetheless, it seems that either
calculated from KWW or AG approaches, the stability may
still be predicted appropriately, at least qualitatively [82].

Drug-Polymer Miscibility/Solubility

It is known that solutes and solvents are miscible only
within specific percentage ranges, which also applies to the
case of drugs and polymers [55]. A single-phase ASD system
is usually preferred due to improved physical stability
compared to a multi-phase system [55, 94]. Moreover, a low
percentage of hydrophilic polymers in drug-rich phases
decrease the release rate of poorly soluble compounds [55].
High drug—polymer miscibility is needed to lower the risk of
recrystallization, and there are several approaches to evaluate
properly this issue.

The Gordon-Taylor equation is used to predict the T, of
amorphous dispersions [95]. Deviations from the theoretical
T, are usually an indication of intermolecular interactions
within the components. A positive deviation generally
suggests that the number and strength may be greater than
in the physical mixture due to, for instance, H-bonding, and a
negative deviation is generally a sign of loss of interactions
after mixing [96]. Several studies report the use of the
Gordon-Taylor (or Fox) equation to predict the miscibility
of drug-polymer compositions. For instance, Nair et al.
determined the influence of interactions on the T, of various
drug-PVP blends, namely propranolol hydrochloride, acet-
aminophen, griseofulvin, naproxen, carbamazepine, or
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salicylamide [96]. Moreover, molecular interactions based on
the deviation between experimental and theoretical T, within
four drug-amino acid systems were recently studied [97].
Another interesting study by Rask et al. reported increasing
positive deviations with increasing copovidone ratios, sug-
gesting strong interactions [98]. In another study, various
grades of HPMC were used to produce ASDs of itraconazole
by HME, and the theoretical T, was compared with the
experimental results [99].

Miscibility may also be predicted based on the calcula-
tion of the three-dimensional solubility Hansen parameters
(8). Compounds with comparable & values are probably
miscible [100]. Precisely, three Hansen parameters are
calculated for each molecule, measured in MPa’’: the
energy from dispersion forces between molecules (64), the
energy from the dipolar intermolecular force between
molecules (6,), and the energy from hydrogen bonds
between molecules (8,). Then, the total & is calculated
through the combination of solubility parameters. Group
contribution methods may be applied, like the one by
Hoftyzer and Van Krevelen [3, 101], or the more recently
developed by Just and Sievert [102]. The literature considers
a cut-off value for the difference in & of less than 7 MPa’? for
good miscibility [4, 55, 100, 103]. This method is widely
applied for ASDs. Forster et al. evaluated two model drugs
and some excipients to predict the formation of glassy
solutions. Miscibility was determined experimentally by
DSC and thermomicroscopy, and the experimental results
met the Hanssen predictions [103]. Another study by Baghel
et al., with dipyridamole and cinnarizine, predicted
successfully the miscibility of binary mixtures tested [104].
Carbamazepine and Soluplus miscibility was correctly
estimated based on Hansen parameters by Djuris et al
[105]. Zhang and colleagues selected the proper carriers for
HME for the drug baicalein also using the described method
[106]. Although widely applied, this approach presents
limitations, and for systems involving long-range interactions
(such as ionic) or highly directional (as H-bonds), this
approach may not work. Moreover, it is based on a pure
chemical approach and does not consider crystal lattice
energy [3, 82, 104]. Yoo et al. studied a multicomponent
amorphous system that showed ASD formation, regardless of
the Hansen results [107]. In another study, the predicted
Hansen parameters demonstrated a poor correlation with the
experimental results [96]. Hence, in compositions with strong
interactions, miscibility will probably be rated too low if
assessed by the Hansen approach.

The Melting Point Depression (MPD) theory is also
applied to predict miscibility. The basic principle is that the
melting point of a drug decreases if it is miscible with a
carrier, as it becomes a thermodynamically favorable phe-
nomenon. The polymer that reduces the melting point the
most is the more probable to be miscible with the drug [108].
Therefore, the theory of Flory-Huggins was adopted to
evaluate drug—polymer solubility through the calculation of
the interaction parameter (x) [109]. Several successful
examples are available from the literature. Marsac et al.
estimated the x from MPD data for two compounds,
nifedipine and felodipine, when blended with PVP K-12,
and the theoretical results were in accordance with the
experimental data [110]. Also, Tian et al. determined the x
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for felodipine with Soluplus and HPMCAS using the MPD
method, demonstrating limited miscibility [111]. The miscibil-
ity of carbamazepine and Soluplus was successfully estimated
based on the Flory—Huggins theory by Djuris ef al. [105], and
Yang et al. used a theoretical model based on the MPD to
successfully predict the solubility of paracetamol in poly(eth-
ylene oxide) (PEO) [108]. To apply the MPD method, both
the compound and the polymer need to be chemically stable
over the studied range of temperature [3], and enough
molecular interactions are required for the depression in the
T, be perceived in the DSC. Besides, this method is more
suitable for systems where the drug has a T,, significantly
higher than the T, of the polymer [82]. However, the most
significant handicap is that the calculation of x is linear only
at low percentages of polymer and, therefore, best applied to
high drug loading systems [82].

Phase diagrams are another valuable tool for the
development of ASDs. They are built with the Flory-
Huggins theory and the link between x and temperature
[55]. Tt generates a curve between unstable and metastable
regions, called spinodal [112]. Several examples may be found
in the literature [35, 104, 111, 113, 114]. For instance, Thakral
and Thakral investigated the miscibility of PEG 6000 with 83
drugs [113]. Baghel ef al. presented a phase diagram of four
systems, considered to provide a reasonable estimation of
physical stability [104]. Li and colleagues constructed a phase
diagram for the blend of felodipine and Eudragit® EPO and
concluded that these diagrams are useful also to select
processing temperature for HME manufacturing to ensure
complete miscibility [35]. Phase diagrams of albendazole—
polymer compositions were also used to assess the feasibility
of HME and spray drying [114]. Phase diagrams are
temperature dependent, and the miscibility of the drug-
polymer system may change with slight variations in the
product temperature [82].

HME PROCESS DEVELOPMENT

The HME process has been demonstrated as crucial to
guarantee the CQAs of the drug product. For the first
extrusion tests, the definition of general processing conditions
is needed. These conditions rely on the physicochemical
characteristics of drug and excipients and the phases to be
considered. One of the two regimes may be chosen:
miscibility or solubilization regime [115]. In the miscibility
concept, the extrusion temperature is higher than the T,
which requires a screw design able to provide higher
distributive mixing to spread the two liquids. Here, residence
time and shear stress are less significant for the efficacy of
mixing. When considering the later, where the extrusion
temperature is lower than the T, higher specific energy input
and aggressive screw designs are needed to guarantee enough
shear and residence time. However, as shown by Maddineni
et al, excessively harsh designs may result in unnecessary
impurities [116]. The choice of screw design may become
easier when the polymer melt viscosity is known. The
modular design of the screws permits different configurations
[117] through the use of forwarding or reverse conveying
elements, kneading blocks, and other structures (Fig. 3) [14].
Moreover, when dealing with thermo-sensitive materials,
reducing the residence time, or lowering the processing
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temperatures should be considered [118]. In summary,
through the careful analysis of the collected data, it is possible
to select the initial process parameters probably very close to
the final or optimal.

The next stage is focused on assessing the manufactur-
ability, solubility, and stability of prepared ASDs. It should
focus on processing temperatures, screw speed, melt pressure,
and motor load. Most HME systems provide measurements
in real time for these parameters, which are used to rank
order performance. The first evaluation is purely visual,
considering the presence of crystallinity when the extrudate
is not seen as a transparent glass [47]. This evaluation should
be supported by polarized light microscopy, complemented by
other analytical technologies, such as DSC. Pressure and
motor load are always evaluated in every extrusion test, but
its study and optimization through processing parameters are
usually performed later, along with selecting the prototype.
The extrudate is then milled, and its performance is deeply
characterized. Typical attributes evaluated in this stage are
dissolution rate, chemical degradation, solid-state, and phys-
ical stability, where ideal systems will have no change during
storage. In case the compound is a BCS class IV, an in-depth
characterization may be necessary, where testing in animal
models is especially recommended [1, 112]. Results from each
issue (manufacturability, solubility, and physicochemical sta-
bility) allow the selection of the preferred system. In general,
solubility is considered primacy. The next topic for evaluation
is physical stability, as options still exist for enhancing
physical resilience, for instance, through restrictive storage
conditions. Lastly, manufacturability is assessed. Excessive
motor loads or high levels of impurities may be further
improved with slight changes in formulation or process
parameters.

As soon as the prototype formulation and process are
identified, the product development enters the optimization
stage. At this step, process parameters and formulation
characteristics require careful evaluation, namely the process
length, the screw speed, the barrel temperature profile, the
screw design (which controls the residence time), the specific
energy, and the feed material properties (as particle size,
water content, morphology, crystal habit, bulk density).
Others include the feed configuration (fed together or
separately, at the same position or different parts of the
barrel), the downstream processing method, and finally, the
scale-up [1, 47] (Fig. 4). Besides the contribution of each
individual variable, interactions between them should be
studied during process development, as they are common in
HME and may influence the product CQAs heavily. DoE is
one of the main tools in this stage. Considered state-of-the-art
in the pharmaceutical industry, DoE should support the
laboratory runs, analyze the impact of input variables on
CQAs, decouple multivariate interactions, and optimize the
lead formulation and the final processing parameters [119].

When the aim is to improve solubility, dissolution
behavior is the main CQA and is thoroughly evaluated
during pharmaceutical development. The goal is to predict
dissolution, permeation [71], and eventually recrystallization
in the GI tract due to supersaturation [120-122], to optimize
formulation development. This is usually evaluated through
biorelevant dissolution experiments, where drug permeability
may be assessed as well by artificial or cell membranes
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coupled in the dissolution system [123]. Simulated gastric and
intestinal media under non-sink conditions are usually used to
mimic the GI tract, where the effect of excipients in the drug
solubilization, supersaturation, and its maintenance (including
the potential to inhibit precipitation in vivo) may be properly
assessed [122]. The results are then used, together with
pharmacokinetic data, to build an in vivo—in vitro correlation
(IVIVC), or a physiologically based pharmacokinetic (PBPK)
model [71, 124]. The drug release from ASD is complex and
requires a proper characterization and a careful evaluation of
all the in vitro data to predict its in vivo performance.
Moreover, innovative predictive tools are still required in
the field of enabling formulations [125, 126], and the
combination of in vitro and in silico data will be decisive to
support rational formulation development.

FORMULATION OF FINISHED DOSAGE FORMS

Molten materials are conveyed to the downstream
equipment for final dosage form preparation. This may
involve milling, pelletization, calendaring, or tableting/
encapsulation (Fig. 5) [11, 15, 127]. Cooling the extrudate
may be performed with air, nitrogen, on conveyors, rolls, or
even with water. Optimizing the cooling rate is of foremost
importance to obtain the required amorphicity. Rapid cooling
would form a relatively low crystallinity level (being an
amorphous or molecularly dispersed product), whereas slow
cooling would result in crystal growth [15]. The shape of the
extrudate is molded by the die. Circular dies are the most
common and are used for pellets and granules. Films and
patches require flat dies, and annular dies are dedicated to
tubing and co-extrusion. The molten blend can also be used in
injection molding [9], which can result in a tablet or a capsule
shape, or into customized designs, as adhesives, vaginal
tablets or rings, eye inserts, or others. All of this can be
performed in a single continuous process, which can poten-
tially decrease overall costs during production.

The most common downstream processing for oral
administration is milling, to be finally converted into dosage
forms like granulates, tablets, or capsules. The particle size of
granules impacts the process capability. However, especially
when poorly soluble compounds are concerned, it has an
important impact on bioperformance, as generally speeds up
the drug release rate. Therefore, it is an important parameter
to understand and control. For certain extrudate composi-
tions (for instance, cellulose-based), milling can be challeng-
ing. The selection of the type of milling technique depends on
the material characteristics and the target mean size and size
distribution of the resultant powder. For extrusion materials,
hammer or pin mills are usually preferred (impact mills). The
final size distribution is generally smaller with pin mills (15-30
um) than when using hammer mills (20-60 pm) [128]. For
solid pharmaceutics, like tablets and capsules, the material
flow is crucial, and fine particles are usually avoided.
Therefore, a granulation step is, in some cases, added to the
process as this range of particle sizes is relatively low to
ensure a predictable powder flow.

However, the disintegration time may become too long if
the milled extrudate is filled directly into capsules or
compressed into tablets. This is because polymers have high
binding and gelling properties, and they are present at high
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levels in the formulation, which leads to the formation of non-
dispersible lumps when in contact with water [129]. In such
cases, water-insoluble excipients, spacers among polymeric
ASD particles, should be used. Best results were found with
microcrystalline cellulose and crospovidone, but inorganic
excipients as dicalcium phosphate may be used [130].
Another strategy is to use highly soluble ingredients to
promote the formation of a porous system when in contact
with water, triggering a faster drug release from the extruded
matrix, using, for instance, mannitol or lactose. Typically, final
dosage forms containing ASDs require disintegrant amounts
of 5 to 20%, higher than usual. Crospovidone or another
disintegrant with limited swelling performance is recom-
mended to avoid the formation of gelified lumps when in
contact with water.

Changes in the mechanical properties of the components
during extrusion make ASDs less compressible than physical
mixtures [129]. Molecular mobility is deferred due to the low
free volume during extrusion, which leads to a compact
product and prevents a further decrease in density during
compression [131]. Therefore, extragranular excipients with
suitable compactibility are essential to achieve a tablet with
adequate pharmacotechnical properties, namely hardness,
friability, and disintegration time. Sufficient lubrication is also
crucial to avoid mechanical problems during compression
processes, as picking and sticking.

SCALE-UP

Process scale-up is part of product development and
enables large-scale and commercial production, assuring drug
product CQAs simultaneously [55]. There is not much
published information about HME scale-up, but some reports
have proposed a number of models. The upscale of contin-
uous processes is considered more straightforward than batch
processes. Using the same equipment and process parame-
ters, scale-up is assured by longer running times [11, 21].
However, moving to a larger extruder demands a complete
characterization of the process and end product to guarantee
that it has not changed.

For this purpose, several scale-up models have been tried
over the years. Carley and McKelvey presented in 1953 the
first scale-up method, based on an adiabatic concept [132],
later recovered by Nakatani [133]. The influence of heat
transfer in an HME scale-up was reported by Schenkel,
Maddock, and Chung [134]. Others extended previous laws to
a whole non-isothermal and non-Newtonian situation [135] or
tried to relate the effects of processing conditions (throughput
rate and screw speed) on different scales [136]. New scale-up
rules were later developed and published by Bigio and Wang
[137].

Methodologies had evolved until today. The geometric
similarity between extruders is considered crucial to ensure
the scale-to-scale production of HME materials with similar
properties [21]. This is referred not only to the likeness of
screw design (similar conveying, distributive, and dispersive
sections) but also to the screw geometry itself, as it can have
implications on shear stress input and residence times [138].
When the extruders at both scales are geometrically similar,
scale-up should be relatively straightforward [21]. Simple
relationships between processing parameters may be used to
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provide a target throughput at a larger scale. The main HME
process scale-up theories are known as the Volumetric Scale-
up, the Heat Transfer Scale-up, and the Power Scale-up,
widely discussed in the literature [26, 47] and briefly
compared hereafter.

The three theories culminate with the calculation of the
targeted process throughput (and consequently the feed rate)
[26]. The Volumetric Scale-up focuses on maintaining the same
degree of fill of the extruder. It is considered for geometrically
similar extruders with different diameters. In a simplified
approach, the screw speed is kept constant, and the targeted
process throughput is then calculated. The Heat Transfer Scale-
up should be applied when the process is limited by the heat
transfer of the barrel. The process throughput is then calculated
while maintaining the heat transfer rate and, preferably, the
screw speed. For the Power Scale-up, the process specific energy
input is critical. This is the case of the production of high-energy
compositions and should be kept constant when scaling up. In
these cases, the specific energy of large-scale equipment can be
calculated and used to determine the target throughput (which
maintains the SE input constant and, preferably, also the screw
speed) [47, 55, 139]. For instance, a volumetric approach was
used to upscale an HME process from laboratory to clinical
scale [140], with minimum consumption of drug during the
whole study.

Nonetheless, heat and mass transfer restrictions may
happen, mainly when the difference between scales is too
wide. When confronted with these limitations, adjustments
are needed to maintain the CQAs. The specific energy,
residence time, and product temperature are the most
important factors to keep steady [138]. This may be accom-
plished by regulating HME process parameters, at this stage
mainly by the feed rate (based on calculated throughput).
The screw speed, the product temperature, and screw design
should only be adjusted if calculations led to excessive motor
torque [47], or if differences in CQAs arise due to decreased
heat and mass transfer at the larger scale [138]. However,
since kneading elements are usually required for the produc-
tion of ASDs, screw configuration changes should not be the
first approach and must be considered carefully.

The process setup and scale-up through advanced
modeling is the latest development in this challenging task,
used as a first approach to predict scale-up parameters. The
calculations by software require raw material data, which can
be difficult to provide for mixtures of components that evolve
during the HME process from a solid to a non-Newtonian
fluid [21]. However, advanced software tools are being
developed. Ludovic® and XimeX-TSE® (both now
marketed by SC-Consultants, France) are simulation com-
mercial software packages dedicated to HME processes. They
modulate and optimize the HME process through an in-depth
analysis of the evolution of materials. Some applications are
already available in the literature [141-143], although addi-
tional work is still required. Alternative modeling strategies
were also recently described, as the validated computational
framework developed by Mati¢ et al. [71]. Despite the
innovative power of software and modeling in the scale-up
of HME processes, skilled operators remain essential [21] to
successful scale-up in real manufacturing plants.

The next step is the manufacturing of clinical batches in a
GMP environment. The QbD approach enables a simplified

AAPS PharmSciTech (2021) 22: 184

process of transferring technology due to a clear identification
of critical process parameters and material attributes, as well
as its mechanistic knowledge of the impact on the CQAs. The
selection of the GMP manufacturing site should be taken into
account from the early development, as the capabilities must
be considered and thoroughly evaluated, like the type of
equipment, screw configuration, and batch size [71]. A
detailed control strategy determining acceptable limits for
critical parameters and attributes supported by a rigorous risk
assessment is key for a successful transfer for the pilot batch
scale.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The emerging trends in the high-throughput screening
for drug discovery have led to new but very lipophilic drugs,
with high molecular weight and poor BA. The numbers are
astonishing, with about 40% of already approved drugs and
almost 90% of compounds under development demonstrating
poor or very poor water solubility [144]. Pharmaceutical
scientists and pharmaceutical industries, along with the
process, physical, mechanical, and chemical engineers, have
worked in the last years in solutions, and novel drug delivery
technologies have emerged to allow the formulation and oral
administration of these high potency poorly soluble
compounds.

In this context, HME came out as a novelty for product
development and represents a promising technology to
enhance solubility and absorption. As a matter of fact, an
increasing number of companies are implementing HME to
answer the low solubility of compounds. This technology has
been used successfully for already approved products and
many others under development, including medical devices.
The interest of the pharmaceutical industry in HME is easily
justified as a solvent-free, continuous, and cost-effective
technology, creating robust processes for a variety of phar-
maceutical forms, as oral solids, oral films, topical, ophthalmic
inserts, and implants. The consistency and reproducibility of
the continuous process is also a significant benefit of HME.
Moreover, extrusion is suitable for high potency compounds,
very common nowadays. The current advances in solid
dispersions and HME technology and the knowledge built
around material and polymer sciences applied to
pharmaceutics enabled formulation scientists to solve com-
plex problems of BA.

Soon, it is highly expected that HME technology
becomes a more prominent approach for pharmaceutical
companies to solve solubility and BA issues of their drug
pipeline. FDA acknowledged the exceptional flexibility of
HME to QbD concepts and PAT tools, both enabling real-
time control to ensure the consistency of the end products.
This feature is becoming more important and should place
HME as a central technology in pharmaceutical manufactur-
ing. However, the trend seems to be the specialization of
companies and human resources, instead of generalized
implementation, due to the several specificities of this
technology discussed in this review, applied to both devel-
opers and manufacturers. In conclusion, HME is undoubtedly
leading the change of the traditional manufacturing but also
of the formulation with new excipients and redesigned
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properties, and equipment, including optimization of ex-
truders, downstream processing, and further developments
in PAT tools.
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