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Extrusion-Moulding-Coating Process Advantages for
Continuous Manufacturing of Oral Solid Dosage Forms

Introduction

Traditionally, the pharmaceutical
industry has employed batch processes
to manufacture solid oral dosage forms.
In batch manufacturing, the typical lead
time of a solid oral dosage form can
be up to one year', which can result in
drug shortages in case of a significant
change in demand. In addition to major
reductions in the production time and
footprint, continuous manufacturing
decreases the manufacturing costs
significantly?, as well as the number of
the unit operations involved. In batch
processing, failing a quality control test
may result in a large batch of material to
be wasted. Continuous manufacturing
on the other hand can be coupled
with inline analytics to monitor the
process material constantly and reject
a much smaller quantity, in case of an
anomaly. With the encouragement of
regulatory bodies**, the pharmaceutical
industry is shifting towards continuous
manufacturing. Already approved
drug products manufactured using
continuous processes include Orkambi
(US/Eu) and Symdeko/Symkevi (US/EU)
by Vertex, Prezista (US/EU) by Johnson
& Johnson, Verzenio/Verzenios (US/EU)
by Eli Lilly, and Daurismo (US) by Pfizer®.

This paper describes the principles
and operation of the Extrusion-Moulding-
Coating (EMC) unit operation at Continuus
Pharmaceuticals for continuous manu-
facturing of solid oral dosage forms, starting
from the active pharmaceutical ingredient
(API) and excipients. The EMC unit has a mean
residence time of a few minutes and is fully
contained and automated. The capabilities
and advantages of the EMC unit are discussed,
in addition to its integration to upstream unit
operations. The EMC unit has been extensively
studied both as a standalone unit operation
and as part of an integrated continuous
manufacturing pilot plant>® and proved
its robustness and reproducibility during
integrated runs over multiple days.

Extrusion and Injection Moulding
Technologies
A versatile method for continuous manu-

facturing of solid oral dosage forms from
the API and excipients is integrated hot
melt extrusion and injection moulding.
Hot melt extrusion (HME) has been used
in many industries including plastics and
food industries, and more recently the
pharmaceutical industry as well, due to
its efficiency in increasing bioavailability
of poorly soluble drugs’, in addition to
facilitating taste masking®. The process
starts with feeding of powder API and
excipient(s) into the extruder hopper in
the desired ratio via gravimetric feeder(s).
Depending on the formulation, the API can
be pre-blended with the excipients or fed
separately. While the mixture progresses
through the extruder screw(s) and is being
mixed, the temperature is elevated to
melt the polymer(s) or the mixture, and
obtain a homogeneous melt, facilitated by
application of shear. The mixture is then
passed through a die under high pressure
and the extrudate is collected for further
processing. There are extensive numbers
of publications on HMPE?, facilitating the
ease of selecting the suitable polymers
for the desired solid oral dosage form
properties. Different polymer properties
can be utilised depending on the melting
point of the API, whether it is crystalline
or amorphous in the dosage form, and the
desired drug release profile. The extruder
barrel can be separated into different zones
to customise the temperature gradient.
Furthermore, the extruder can have a
single screw or twin screws, and while the
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diameter of the screw can vary from 18 to
30 mm in the pilot scale, it can exceed 50-60
mm in the manufacturing scale®. The screw
configuration can also be customised to
modify the mixing and shear the mixture
experiences. Vents can be implemented to
the extruder to release trapped moisture
inside the mixture.

Injection moulding (IM), which has
also been used in the plastics industry,
consists of filling the melt into pre-
designed mould cavities while applying
a certain amount of pressure to produce
the desired solid form. The moulds can
be customised to accommodate different
tablet sizes and shapes, which affect the
tablet properties. Combining the benefits of
HME and IM processes was initially studied
by the Novartis-MIT Center for Continuous
Manufacturing” and further investigated by
other research groups™®.

More recently, a fully integrated HME and
IM process equipment has been developed
by Continuus Pharmaceuticals and IMA.
This unit, Extrusion-Moulding-Coating
(EMC), includes the extrusion, the moulding
and the coating processes and it is a fully
customised and patented machine which
allows the continuous manufacturing of
solid oral doses directly from the powder
APl and excipient(s).

As visible from Figure 1, the powders are
directly fed into the twin screw extruder
which allows the melting and mixing of the
formulation and the homogeneous material
flows to the injection unit. Here, the material
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Figure 1. Extrusion-Moulding-Coating (EMC) schematic view.
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is injected into the mould simultaneously
with the injection of the coating materials.
The final shaping occurs thanks to cooling
and hardening of the material in the mould
cavities, and lastly the drug product is
automatically ejected and collected for
packaging.

Batch vs. Continuous Manufacturing of
Solid Oral Dosage Forms via the Extrusion-
Moulding-Coating (EMC) Unit

Currently, the majority of solid dosage forms
are produced by a series of batch processes
consisting of blending, wet granulation,
drying, sizing, secondary blending, and
tabletting (Figure 2).

All these steps and processes have an
associated cost, occupy space and require
energy and personnel. In addition, they add
time for process and scale up development,
as well as for the quality control testing
of the outputted intermediate material.
Granulation is employed to avoid challenges
associated with powder handling, such
as: poor flowability, segregation and low
bulk density, static electricity; and powder
compaction properties. For instance, during
wet granulation, a solvent is added to the
powder blend to facilitate binding of powder
particles into granules. Subsequently this
product undergoes a drying step. As the
typical granulation process might produce
a broader particle size distribution than
required, a corrective sizing step such as
milling is included after the drying process.
This milling step is highly energy-consuming.
The particles that did not pass the size
criteria may be discarded or recycled and
fed into the granulator, reducing the overall
efficiency of the operation.

This entire series of batch processes
can be replaced by the integrated hot melt
extrusion and injection moulding system
(the EMC unit) at Continuus Pharmaceuticals
(Figure 3)5¢.

The EMC process is fully automated; the
APl and excipients are fed into the extruder
by gravimetric feeders. The drug load of
the final dosage form can be controlled
by adjusting the feed rates of the API
and excipient streams accordingly. The
gravimetric feeders can be automatically
fed by a pneumatic conveying system
as integration with the upstream unit
operations. This allows for a fully contained
setup that prevents operators’ exposure to
potentially hazardous APIs. The twin screw
extruder mixes and melts the formulation
with the application of shear at high
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Figure 2. General schematic tableting process used to produce most solid dosage forms vs. integrated continuous Extrusion-
Moulding-Coating (EMC) unit.

L B AN
® 9 e \ >
RESRmERS Var =N

Figure 3. Extrusion-Moulding-Coating unit (EMC) which is a fully integrated extrusion and injection moulding/coating
equipment.

temperatures, and outputs a homogeneous
melt into the transfer manifold, which
connects the extruder to the injection unit.
The mixture is then injected into the cavities
of the tablet mould, where it cools down and
solidifies. These tablets are then ejected
from the mould and collected for further
packaging. This entire process, from the
extruder to the final moulded drug product,
has a mean residence time of approximately
five minutes. Furthermore, the process
does not require the usage of solvents,
hence no further drying is necessary. This
eliminates the need to test for residual
solvent content as well. The process also
reduces the number of personnel needed
for operation significantly, as it is fully
automated. In addition, since it has a high
powder containment, it does not expose the
operator(s) to hazards that come with having
loose powder as part of the process. As it
can be remotely controlled, safety concerns

related to mechanical movements are also
eliminated. Process analytical technologies
(PATs) can be used inline to continuously
monitor the process performance, without
the need for sampling, reducing offline
analytical work required. The process is
highly versatile as it can be used for solid
dosage forms with crystalline or amorphous
APIs, low and high dosage strengths, as well
as immediate-, modified- and controlled-
release drug delivery systems, thanks to the
availability of polymers with a wide variety
of melting temperatures and solubility
profiles.

The EMC Unit Applications

The EMC unit operation has been studied
extensively both as a standalone unit
operation and integrated with upstream
unit operations as part of an end-to-end
integrated continuous manufacturing (ICM)
pilot plant (Figure 4)>¢. The end-to-end ICM
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pilot plant case study aimed to produce
a commercially available generic drug,
which is currently manufactured by batch
processing, from its commercially available
raw materials. The ICM plant continuously
ran for five days and produced APl which was
constantly conveyed to the EMC over three
days. In this study, a specific ratio of APl and
polymer blend was used and it was shown
that the EMC produced in-specification
tablets™. Prior to the final continuous
run, the first part of the work has been a
thorough pre-formulation and formulation
study carried out simultaneously with
evaluation of process feasibility and
development. After some testing for process
cycle development and automation of the
process steps, continuous manufacturing
runs were performed. The process cycle
included selection and optimisation of
all process parameters like the twin screw
speed, material's back pressure on the
system, shot size for the injections, injection
pressure profile, process individual zone
temperatures, etc.

The aim of this work was to prove that
the EMC s able to continuously produce in-
spec tablets over multiple days and the drug
product quality attributes were reproducible
throughout the run.

The critical quality attributes (CQAs) for
these tablets included tablets’ physical
attributes, API crystal form, API assay and
uniformity of dosage units, individual and
total impurities, and dissolution time.
Content uniformity is essential to provide
the same dosage strength in each dosage
form. API crystal form is another key factor
affecting performance of the dosage form
since different crystal forms may have
significantly different attributes such as
solubility, dissolution rate and stability.
During these experiments, inline PATs
were implemented: a nIR probe was used
to monitor the assay/content uniformity
of the APl in the melt and a Raman probe
was used to monitor the API's solid state. A
combination of mass balance and HPLC was
used as the corresponding offline analyses
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tonIRand a combination of XRPD and DSC for
Raman spectroscopy. A correlation between
offline primary analytical techniques and
inline PATs was assessed. The nIR API
content predictions were shown to match
the analysis results given by HPLC, and the
API solid state predictions were compliant
with the XRPD and DSC results. The critical
process parameters were monitored,
studied and controlled. Moreover, an
additional work aimed at developing a
model-based predictive in vitro dissolution
testing was performed to demonstrate
the equivalence of the predictive model
to the routine offline in vitro dissolution
testing according to USP. This study proves
unit robustness and process performance
reproducibility and shows that the EMC unit
can continuously manufacture tablets that
are within specification over multiple days
of run time.

Conclusions
The amount of time, energy, footprint
and cost, and numbers of equipment and

Figure 4. End-to-end integrated continuous manufacturing (ICM) pilot plant.
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Moulded tablets obtained with the Extrusion-Moulding-Coating unit.

personnel involved in pharmaceutical
manufacturing can be reduced drastically
by switching from batch to continuous
processing. The EMC unit can continuously
produce solid oral dosage forms from the
API and excipient powders within minutes,
replacing multiple unit operations including
granulation, drying, and milling, and without
the use of solvents. It is a robust process
that consistently produces dosage forms
within specification; it is a fully contained
and automated system, improving operator
safety and product quality. Critical quality
attributes such as API crystallinity and
content uniformity are monitored inline
to ensure product quality. While extrusion
improves bioavailability of poorly soluble
drugs, as well as their taste masking,
injection moulding provides the flexibility
to form tablets of different size and
shapes, making the EMC unit an attractive
alternative to batch manufacturing of solid
oral dosage forms.
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