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1 | INTRODUCTION
Hot-melt extrusion (HME) technology is well-known by
the food industry (pasta and chocolate) and also widely
used for producing/shaping many materials (plastics, alu-
minium, and composites), but it has only been of interest
for the pharmaceutical industry since the early 2000s."!

HME is a process which integrates several unit opera-
tions and in which the main material gets into the
machine through a feeder and is then combined with
various ingredients/additives to create the final prod-
uct. Raw materials progress into a metal tube (the bar-
rel) where they are very precisely heated up in a liquid
state (the melt) and mixed thanks to the screws
included in the barrel that create the ‘mashing’ effect.
The melt is then pushed through a die (that gives the
final shape) and cooled down (through air or water
cooling), making the product available for further
downstream processing.!*!

Over the last 20 years, hot melt extrusion (HME)
has received a widespread interest as a continuous
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This paper aims to give an overview of our current research and development
on hot-melt extrusion (HME) for pharmaceutical formulation and drug delivery.
Unfortunately, a large percentage of marketed drugs (40%) and those in the
development pipeline (90%) are poorly water soluble. We use a few examples to
show that solubility of APIs can be drastically improved by using HME to mix
them with different biocompatible polymers and playing with the various pro-
cess parameters (extrusion temperature, screw speed, screw configuration, etc.).
The advantages of this technique are then presented as well as the further devel-

opment needed to make this process fully industrial for pharmaceutical

drug delivery, drug formulation, hot melt extrusion, pharma polymers, vertical extrusion

manufacturing technology in the pharmaceutical indus-
try. Various drug delivery systems can be produced using
this technology including pellets, tablets, films, implants,
and nano-delivery systems.!*!

The main advantages of HME are that it is a cost-
effective and solvent-free process that allows rapid pro-
duction of drug formulations.'*"" Active pharmaceutical
ingredient(s) (API) sometimes are very expensive (above
1000 USD a gram) and therefore can benefit from micro-
scale machines to minimize and control the batch size
(50 g minimum lot size for a 10 mm extruder versus
1350 g for a 30 mm extruder) and hence, trial costs
involving those APIs (if one 2 kg trial on a dosage form
that includes 10% of a 5 k USD per g API costs 1 million
USD, who would want to conduct a series of hundreds of
trials to bring a new receipt for FDA approval and further
industrialization? It becomes much more feasible with a
trial of 100 g offering the same precision at a 50 k USD
cost, etc.).

Also it is difficult to process API because they are usu-
ally sticky, temperature sensitive and shear sensitive
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materials, therefore requiring optimization of all process
parameters (barrel temperature, screw configuration,
screw speed, melt pressure, etc.) or ingredients (plastici-
sers, CO,, etc.) to lower the shear forces needed or the
temperatures required to properly mix the final product,
while avoiding thermal degradation.

Also controlling these process parameters with the
smallest possible deviation is crucial to optimize the inter-
ference of the API with the functionality of the other com-
ponents in the formulation (e.g., vitamin E TPGS has been
reported to plasticise polyethylene oxide and enhance drug
absorption by suppressing its melting point).

For the development of successful drug delivery prod-
ucts that must meet specific quality requirements, the
impact of process parameters has therefore been widely
investigated in the literature."*'?! Varying parameters
can influence the uniformity of mixing, the physical state
of incorporated drug and/or the drug release profile from
the drug delivery system.!>14!

Pharmaceutical class extruders must also meet regula-
tory requirements—the metallurgy of the contact parts
must not be reactive, additive or absorptive with the
product and the equipment must be configured for the
cleaning and validation requirements associated with the
Good Manufacturing Practices (GMP).I*3]

Despite the potential of HME as an innovative tech-
nology and the advantages it offers, still few marketed
drug-containing pharmaceutical products have been
successfully manufactured while using HME,"®! mostly
amorphous solid dispersions (ASD) that comprise
blends of drug and polymer and that demonstrated
improved bioavailability in vivo as compared to crystal-
line systems."7"'° Table 1 describes the various types of
biocompatible polymers with their main characteristics
desired and undesired for extruded pharmaceutical
products.

2 | NEWDEVELOPMENTS
THANKS TO VERTICAL EXTRUSION

HME has already demonstrated in horizontal format its
capability to offer specific advantages to address challeng-
ing pharmaceutical applications (more efficient for the
patients, more easily compliant with FDA requirements
and less capital intensive for the industry).

For example, the collaborative project between Ron-
dol, BASF and Queen's University Belfast to develop and
manufacture a robust child friendly fixed dose combina-
tion (FDC) of Artemether and Lumefantrine while reduc-
ing the dose strength of Lumefantrine and the frequency
of administration of the FDC show promising results!?"!
as the potency of the high-cost API is improved.

. sotwers WILEY-L”

We think that we can now further enhance extrusion
process capability and reduce its cost thanks to the inno-
vative vertical twin screw extruder from Rondol
(Figure 1) that offers better mixing capability and temper-
ature control along the zones of the barrel. It also allows
for more efficient cooling and reduced contamination
risks thanks to the removal of horizontal conveyors. In
addition, it offers a low footprint of 0.5 m* comparing to
2.5 m? for horizontal extruders. And this while accommo-
dating downstream auxiliary units with the same
footprint.1?!!

In more details,! the following steps were
achieved in order to develop the 10 mm 40/1 vertical
extruder starting from a ‘classical’ horizontal 10 mm
20/1 extruder:

22]

» Lengthened the barrel in order to smoothen the mixing
process for APIs that are fragile by nature.

« Positioned eight heating/cooling zones all along the
barrel in order to better monitor the processing tem-
perature of APIs that usually have a narrow range
between melting and degradation.

« Changed metals used to manufacture parts (high-grade
stainless-steel precision engineered).

+ Redesigned many external parts (for easier feed or to
avoid contamination between lots due to powder that
would remain stuck in notches) and many internal
parts (to make ‘change over’ easy in between lots).

« Made the extruder vertical to further reduce the con-
tamination risk (thanks to gravitation) and to further
decrease capital intensity of the process (thanks to the
machine footprint divided by 5).

« Optimized the settings between screw configuration
and speed, motor power and torque in order to start
the mixing quicker/smoother and extract the filament
with strong/stable pressure for easier downstream
steps.

The joint work between Rondol, Queens University
Belfast, Birmingham School of Pharma and Institut
Jean Lamour to reformulate Hydroxychloroquine while
using BASF Soluplus as a model polymeric carrier and
both horizontal and vertical 10 mm twin screw
extruders clearly demonstrated improved robustness
with the vertical versus the horizontal extruder. The
reduced variation of process parameters with the verti-
cal extruder will enable high performance continuous
manufacturing with minimum waste of (expensive)
raw materials.!*"!

Other recent examples include the common work
between Rondol, Seqens and Institut Jean Lamour on
acetylsalicylic acid (ASA) (Figure 2). It shows that ASA
can be fully amorphous at loadings of up to 45% w/w
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FIGURE 1 Vertical all in one
extruder twin screw 10 mm 40/1 D (left)
and horizontal twin screw 10 mm
20/1 D (right) RONDOL Industrie

[Rondol&

FIGURE 2
for pure aspirin

XRD diffraction pattern

[1_aspirin 143
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20 30
2Theta (Coupled TwoTheta/Theta) WL=1,54060

(Figure 3) and remains so more than 6 weeks after the
manufacture which is promising for their long-term sta-
bility. This opens up the door for a wider use of aspirin
beyond pure painkilling applications and in the field of
oncology.

Several parameters of the extruder, displayed in
Figure 1, can play an important role in the dissolution of
aspirin and more generally for pharmaceutical products.
Depending on the mixture (drug + excipients polymer,
plasticizer, etc.) these parameters should be precisely
adjusted. First of all depending on the melting point of
the API and on the glass transition temperature of the
polymer, the temperature profile along the screw should

40 50

be carefully determined. For example as explained below,
we recently started to work on Camostat and found that
it melts 10°C lower when it is previously mixed with 30%
Soluplus. Taking account on our studies on HCQ,!
ASA, and Camostat, the most important effect of the
extruder is to increase the interaction of the API and
excipient. First due to the precise mixing along the screw,
the dispersion of the nanoparticles into the excipient pro-
gressively increases. But the dispersion is not the only
key parameter as taking account on the decrease of the
melting point of Camostat explained before, the interac-
tion of the API with the excipient itself should also be an
important parameter.
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FIGURE 3 XRD diffraction patterns
for 30, 35, 40 and 45% w/w ASA-loaded
pellets manufactured via hot melt
extrusion at 130°C
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FIGURE 4 XRD diffraction pattern
of the pure Camostat
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TABLE 2 Determination of crystallinity of extruded Camostat sample by X-ray diffraction
Crystallinity after 12
Sample Camostat Soluplus Kollidon Crystallinity weeks in a closed
number (%) (%) 12PF (%) after extrusion (%) atmosphere (%)
1 60 40 - 6 -
2 50 40 10 3 4
3 40 60 - 10 14
4 30 70 = 6 10
5 40 50 10 1 2

So we recently investigated the behavior of Camostat
(CAM) known as a serine protease inhibitor (Figure 4).
As shown in Table 2 by mixing with Soluplus we can

dissolve more than 40%w/w Camostat in Soluplus by
extrusion at 200°C with a screw speed of 100 rpm. More-
over, this dissolution is improved by adding 10%
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of Kollidon 12PF to partly substitute for Soluplus
(see sample n° 2 in Table 2). The mixture is stabilized if
the sample is kept in a closed atmosphere even after
12 weeks, Figure 5 displays the x-ray diffractograms of
the sample mentioned in Table 2. Moreover, keeping the
sample in a closed plastic bags, XRD measurement have
shown that the crystallinity does not evolves, even after
18 months, showing that the extruded mixture samples
can be considered as a stable materials.

3 | CONCLUSION AND
PERSPECTIVES

Vertical parallel twin-screw extrusion now seems to be
the new frontier and the breakthrough that will make the
pharma extrusion market size become bigger and HME
become a standard pharmaceutical technology.

We have indeed investigated a few APIs using this
new vertical extruder with specific parameters, showing a
great improvement of the dissolution of the API in the
excipient. This improved dissolution is due to the
increase of the dispersion but also that of the interaction
of the API with the excipient by applying specific param-
eters of the extruder. These parameters can be the tem-
perature profile along the screw, the screw configuration,
the screw speed, and so on, and obviously the correct
couple API/excipient. For each mixture, all these vari-
ables need to be monitored to improve the dissolution.

The interaction of the excipient with the API should
be the key parameter to study in the coming years to
understand and to choose the better mixture for each
API. Small angle X-ray scattering (SAXS) and more pre-
cisely Ultra SAXS (USAXS) should be carried out to
investigate this interesting subject as it can provide how

FIGURE 5 XRD diffraction patterns

sample 1
| sample 2 for the 30, 40, 50 and 60% w/w (see
sample 3 Table 1) of Camostat-loaded pellets
sample 4 . .
manufactured via hot melt extrusion
| sample 5

at 200°C

Ny,
W-M - o

40

and where both ingredients (API/polymer) interact
together.

The correlation of this interaction with the improved
dissolution profile of the formulated drugs should be an
avenue for lowering drugs' capital and operating costs
while maintaining their therapeutic performance and
reducing their secondary effects.”>! In that perspective
we have created a joint project in order to develop an
optimization/scale up software and predict/improve
pharmaceutical products characteristics (amorphization
and solubility) as a function of blend composition and
extrusion process parameters.
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