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Abstract

Oral solid dosage forms are the most flexible and used route of delivery of medicines.
3D printing has allowed new manufacturing approaches to tablets, experimenting with
personalised drug loading, combination of two or more drugs and types of drug
release. Several 3D printing technigues have been used to produce tablets, with
material extrusion being the most widely used in research and being explored in both

clinical trials and industrial production.

Here, 3D material extrusion printing is used to manufacture tablets containing a poorly
soluble drug, fenofibrate. While the same printer, a Cellink BioX bioprinter, was used
for all experiments, different types of formulations, such as paste-based, polymer-
based and eutectic mixture were explored. The first experimental chapter focuses on
the utilisation of traditional excipients, such as lactose, microcrystalline cellulose,
sodium starch glycolate, polyacrylic acid and hydroxypropyl methyl cellulose.
Different formulations were designed for rapid and extended release of fenofibrate,
making use of disintegrants and swellable polymers, respectively. While the
formulation used for the fast release of fenofibrate led to a more rapid release of the
drug in comparison to the pure drug, it was still a very slow release. Moreover, while
the extended-release formulation led to a slower release of fenofibrate when
compared to the pure drug, the release was too slow and not adequate for oral
delivery. It was concluded that these types of system, where materials are used as
received, formulations are simple to prepare with minimum steps required, are not the
most suitable for a poorly soluble drug such as fenofibrate. To improve on this, the
second experimental chapter explores the use of amorphous solid dispersions. Using
a direct powder printing approach, tablets containing a mixture of fenofibrate and the
pharmaceutical polymer Eudragit RL PO were produced. Moreover, the addition of a
surfactant, Tween 80, was explored for its plasticising effect. All formulations led to
tablets containing the amorphous form of the drug, which improved the release rate
of fenofibrate when compared to its pure form. The addition of Tween 80 also
facilitated the printing process. However, its addition also led to physical instability,
as observed in a short-term stability study. To avoid the stability challenge of
amorphous solid dispersions, the third experimental chapter focused on crystalline
amorphous dispersions. A PEG 8000 — fenofibrate system was explored, and a

eutectic point of this mixture was identified. While the mixture was printable, the



equipment used was not adequate for this material and only a small number of fairly
homogenous prints could be obtained. However, the in vitro fenofibrate release was
able to be assessed and an increase in the release rate of fenofibrate could be
observed, which is due to the solubilisation of the drug by the polymer component

and the decrease of the particle size of fenofibrate upon mixture preparation.

The explored strategies were chosen for their advantages in terms of formulation and/or
processing but they have all been found to require further optimisation in either or both
formulation and processing. Only when optimised can they be explored for higher drug loadings

and combination of actives.
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1. Introduction

1.1. Oral solid dosage forms

1.1.1. Traditional manufacturing techniques

Drug delivery systems, or medicines, are the vehicles that facilitate the delivery of
therapeutic agents (or drugs) to the body. These are meant to be safe, effective,
accurate, reproducible, and convenient. There are several ways — or routes - to
administer drugs, such as oral, inhalation, topical, parenteral, amongst others. Each
is designed to maximise the therapeutic response to the drug being administered [1].
The oral route of administrating drugs is the most common as it is the simplest, it is
generally convenient for the patient, and it is cost effective for the manufacturer [1,2].
It is within oral solid dosage forms that we find tablets. They are usually prepared by
compaction and contain not only the drug but other additives, or excipients, each with
a specific function or functions [1,3]. These can be included to act as fillers [4,5],
matrix formers [4,5], disintegrants[6], binders [5], or to mask flavour or provide colour
[7]. Compared to liquid dosage forms, they tend to provide higher chemical and
physical stability and are easier to handle [1,8]. However, as a large number of drugs
have poor aqueous solubility, this type of system may lead to poor bioavailability in
the gastrointestinal tract [1,3,9-11]. Depending on the solubility and intestinal
permeability of drugs, the Biopharmaceutical Classification System (BCS) puts drugs
into four different classes — drugs with high permeability and solubility are termed
class I; in case of low solubility and high permeability the class is II; class Il includes
drugs with high solubility and low permeability; and lastly, drugs in class IV present
both low solubility and permeability [12]. Most drugs and new chemical entities
(NCEs) fit into classes Il and 1V [10].

There are several well-established steps in the manufacturing process of tablets, from
processing raw materials to obtaining the final product. Raw materials may exist in
different forms, such as crystalline or amorphous [5]. The different forms will have
different physical, chemical and mechanical properties and therefore impact the
processability of the materials and the characteristics of the final product [9]. While
crystalline structures have very defined conformations and/or packing arrangements
in the solid-state, amorphous materials do not have any distinguishable crystal lattice

[1,8,13]. This lack of defined crystal structure tends to be associated with higher



thermodynamic activity and higher apparent solubility, though it is also associated
with lower stability [3,8,14—18], both important characteristics of drugs. As there tends
to be several steps in the manufacturing of tablets, as shown in Figure 1.1, there are
many opportunities for these phase transitions to happen and this might be difficult to

control [8].
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Figure 1.1 Schematic summarising the different routes for the traditional

manufacturing of oral solid dosage forms [8]

Due to the poor solubility of many drugs, a size reduction step tends to be the first in
the manufacturing process [11,19]. This increases the effective surface area

compared to a given mass of drug particles which increases dissolution rate. This



also helps improving the next processability steps, as long as particle size does not
become so small that powder cohesion/adhesion becomes dominant [11]. Size
reduction processes, such as milling, can induce phase transitions [11,18]. Moreover,
phase transitions can occur in many of the other processing techniques such as hot
melt extrusion (HME) and spray-drying [19], and when compacting powder blends
into tablets [3]. As these transitions can change the processability and properties of
the materials and final product, this is something that should be monitored [8]. As
many drugs possess poor solubility, several processing and formulation techniques
are used to improve their solubilization prior to and during manufacturing. These
include chemical modifications (prodrugs), cyclodextrin complexation, salt formation,
particle size reduction, solid amorphous dispersion, amongst others [12,20,21]. One
of the most used physical approaches is amorphization, in which an amorphous solid
dispersion (ASD) is made [19]. As previously mentioned, an amorphous form of a
drug is typically more soluble than its crystalline form, though it is also less stable
[3,8,13-17]

The entirety of the process from raw materials to processing and packaging is
governed by Good Manufacturing Practices (GMP), which describe “the minimum
standard that a medicines manufacturer must meet in their production processes”
[22]. The guidelines are made to ensure batch-to-batch reproducibility, safety and
product quality, describing the necessary documentation, personnel training and the
required tests to ensure product quality. These are adopted by national regulatory
agencies such as the US Food and Drug Administration (FDA) [23], the Medicines
and Healthcare products Regulatory Agency (MHRA) in the UK [24], and the
European Medicines Agency (EMA) [22].

The excipients chosen and the manufacturing technique used can influence the type
of mechanism through which the drug is released from the dosage form. Modified-
release systems have been growing in popularity, especially for controlled-release
systems [1] as these are designed to enhance drug therapy and can help increase
patient compliance by reducing the frequency of administration [1,2]. Mechanisms

that can control drug delivery include [2]:

e Dissolution — drug particles are transferred to the surrounding medium

e Diffusion — independent random movement of drug molecules from a high
concentration region to another of lower concentration

o  Osmosis — water flows through a semi-permeable membrane in order to equalise the

concentration of impermeable solutes on either side of the membrane
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e  Swelling —the uptake of water by a delivery system causes an increase in the volume
of the device, allowing for release of the drug particles through dissolution or diffusion
e Erosion and degradation — drug particles are released as a polymer disintegrates

¢ Regional delivery and targeting — drug delivery near or at the site of action.

1.2. Additive manufacturing of oral solid dosage

forms

Additive manufacturing (AM), commonly known as 3D printing, is a process of building
a 3D object by depositing material on a layer-by-layer basis by following a digital
image, such as an .stl (stereolithography) file generated using computer aided design
(CAD). According to the American Society for Testing and Materials (ASTM) group
“ASTM F42 — Additive Manufacturing”; there are seven additive manufacturing
process categories: vat photopolymerization, material jetting, binder jetting, material
extrusion, powder bed fusion, sheet lamination and direct energy deposition [25].
Within each category, there are different techniques which have different processes

and requirements.

Contrary to traditional powder-compression tablet manufacturing, 3D printing [26—31],
allows for smaller batch production, personalised bespoke manufacture [32], a
reduction of the number of excipients used [30], and the production process
completed in one to two process steps. Personalisation can accommodate different
drug loadings [33], the use of more than one active in a tablet — the concept of a
polypill — [4,5,34], and also the control of the release profile through shape

[27,30,35,36] or material deposition [37] rather than a formulation approach.

While AM is extensively used in several industries, including medical orthopaedics
[38—43], its use for the manufacture of oral solid dosage forms is still in its infancy.
Extensive research on the area has been done but only one product has received
market approval. Spritam®, produced by Aprecia, was approved by the United States
Food and Drug Administration (FDA) in 2015. The tablets are produced using binder
jetting, a technique that allows for the manufacture of a high drug loading in a tablet
with very rapid disintegration in minimal solvent. This is important for the clinical use
of Spritam® and the active, levetiracetam, as it used to stop a seizure in patients that

have difficulty swallowing [44,45]. While the manufacturing technique is new, the



materials used are not, and are generally recognised as safe (GRAS) [45]. Even
though the only 3D printed marketed product is produced by binder jetting, the most
commonly explored technique in research is material extrusion [4,5,7,26,29,32,35—
37,46-86], followed by material jetting [27,30,31,87-91]. There have also been
publications on vat photopolymerization [34,92-98], selective laser sintering [99-104]
and binder jetting [45,105-109] printed tablets.

1.2.1. Techniques
1.2.1.1. Binder jetting

As mentioned, binder jetting, or drop-on-powder jetting, is the technique used to
produce the only additive manufactured oral solid dosage form that is on the market
[45]. In this technique, powder particles are selectively joined together using a liquid
binder on a layer-by-layer process, as it is customary in the different AM techniques.
Once a layer has been printed and the binder has solidified, the powder bed is
lowered, another layer of powder is deposited, and the process repeats itself (Figure
1.2) [106,108].
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Figure 1.2 Schematic of the binder jetting process [108]

Just like a traditional wet granulation process [107], binder jetting does not require
heat, which is an advantage when working with thermo-sensible drugs [107,109].
While the drug is usually placed in the powder mixture, in case of a low loading it can
be placed within the binder ink [45]. However, if the drug has poor solubility this might
crystallise and become dispersed in the ink which can lead to nozzle blockages
[107,109]. As such, it is preferable to have inks containing no dissolved active
substances [107]. Producing the binder ink is the main challenge with binder jetting,



something that is also encountered with material jetting. The ink must have adequate
surface tension and viscosity [105,107]. The binding ink can contain organic solvents,
which tend to have lower viscosity and surface tension than water-based binders and
can solubilise poorly soluble drugs, be water-based or be a combination of both [108].
However, powder characterisation is also of utmost importance, as it can impact the
penetration of the binding ink and consequently the disintegration speed of the final
product. Moreover, the ink and powder interaction must be considered along with the
drying steps [107], and the mechanical properties of the dry tablets as they are usually
more friable considering the binder ink is the only force holding the powder together

[105]. Examples of binder jetting printed tablets are shown in Figure 1.3.
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Figure 1.3 Examples of binder jetting printed tables. a) Aprecia’s Spritam® tablets in
all of their four strengths [45]; b) SLS printed tablets utilising different grades of
hydroxypropy! cellulose [105]

1.2.1.2. Material jetting

With inkjet, the feedstock material consists of a liquid ink that is selectively deposited
onto a substrate, solidified and again, the object is built layer by layer. In continuous
inkjet, a charge is applied to the fluid ink, causing it to break and eject as droplets.
Charged droplets are directed to the desired location and non-charged ink is directed
to a catcher to be used again. This, however, is not a commonly used approach as
the exposure to the environment may lead to material degradation [110]. In Drop on
demand (DoD) printing, the droplets of ink are produced in the nozzle, and their
formation can be due to either a thermal resistor or a piezoelectric actuator [30,87],



as illustrated in Figure 1.4. When using a thermal resistor, the charge applied heats
up the ink contained in the ink reservoir. This causes evaporation of the material, and
therefore the formation of a bubble, which in turn leads to a change in volume, and
pressures the material to be ejected from the nozzle in the form of a droplet. With a
piezoelectric actuator, when a charge is applied to the material, it causes a
mechanical deformation which in turn leads to droplet ejection. This type of actuator
has the advantage of not requiring high temperatures which can cause material
degradation [87]. Ink formulation is the biggest challenge in jet-based techniques such
as inkjet and binder jetting. There are defined limits for ink properties that depend on
the equipment used. To assist appropriate ink selection a printability factor Z, or its
inverse value the Ohnesorge number (Oh), have been created. They are dependent
on ink properties such as viscosity (n), density (p) and surface tension (Y’), and on
the printer itself, such as droplet size (a). The printability factor Z can be calculated

as shown in Equation 1.1:

1
7 = 1 (ypa)2 Equation 1.1
~0h 7

Z should have a value between 1 and 10 and the values of viscosity and surface

tension might also have requirements within each printer [87].
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Figure 1.4 a) DoD inkjet printer with a thermal resistor controlling drop ejection, b)

DoD inkjet printer with a piezoelectric resistor controlling drop ejection [110]

Tablets have been inkjet printed using a hot melt chamber with solidification occurring
as the material cools after printing [30] (Figure 1.5 a)) or by using liquid formulations
that can be solidified by other processes [27,31,87,88]. Solidification in the case of a

liquid ink can happen by photopolymerization with UV light [27,88-91] (Figure 1.5 b))



or solvent evaporation [31,87]. The current poor availability of safe materials for
pharmaceutical applications that are photopolymerisable has slowed the take up of
UV photocurable inks [27,88], the use of organic solvents in the inks can be a problem
as these organic solvents can be toxic [30,31,87]. While being a lengthy printing
process, Cader et al. have shown a way of using only water as a solvent for an inkjet
printing ink. However, the use of water as solvent is only possible when dealing with

water-soluble drugs and the drying step makes this a long process [87].

0.20 mm

Figure 1.5 Examples of inkjet printed tablets. a) Inkjet printed tablets using a
photocurable formulation [27]; b) hot-melt inkjet printed tables with different internal
geometries [30]

Some of inkjet’'s main advantages are the high placement accuracy of droplets, its
high spatial resolution, and low waste [30]. The possibility of controlling droplet
deposition at a voxel level could enable high precision of dosages and the use of high
potency/low dose drugs. It can be done at room temperature which is an advantage
when using thermally sensitive drugs and can be used for manufacturing multi-active
dosage forms [91]. However, there are limited materials that can be used for inkjet
printing of pharmaceutical products [30] and the main challenge remains the

production of a printable ink [87].



1.2.1.3. Vat photopolymerisation

In vat photopolymerization, a photocurable resin is scanned with UV radiation causing
the monomers in the resin to polymerise and construct a solid object, one layer at a
time [92,93,98]. Several techniques within this category are used to print oral solid
dosage forms and these include stereolithography (SLA), digital light processing
(DLP) and liquid crystal display (LCD). While their principle is similar, they can be
differentiated into scanning (SLA) and projection-type process (DLP and LCD) [92].
While SLA uses a point laser as a light source, DLP uses a digital light projector and
LCD [92,93,98] uses light-emitting diodes (LEDs) [92] (Figure 1.6).

Main resin 3D printing technologies

SLA DLP LCD
Stereolithography (laser) Digital Light Processing Liquid Crystal Display

N

N

r 3
)

A laser beam selectively A projector casts light over An LCD screen masks a
cures the liquid resin the entire layer to projector's light and cures
spot by spot. cure it all at once. entire layers at a time.

Figure 1.6 Vat photopolymerization technologies [111]

More recently there has been the exploration of volumetric 3D printing (Figure 1.7),
in which the object is created in a single step by irradiating a container with a
photocurable resin from multiple angles [94]. As there is a limit of light energy that
needs to be absorbed in order for polymerisation to occur, this ensures that the
polymerisation of the resin is limited to the area where there is the juxtaposition of the
2D images of the object [94,95]. This new vat photopolymerization technique allows
for a faster printing speed with single tablets being printed in 7-17s [94]. More
recently, and by changing the system to include the rotation of the resin containing
vial so it is only irradiated from one angle and there is no juxtaposition of the 2D
images of the object, it was possible to simultaneously print 2 dosage forms in just
12-23s [95].
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Figure 1.7 Schematics illustrating volumetric printing. a) Volumetric printing system;
b) illustration of how the resin is irradiated and what the projected image is from

different angles [94]

Both solutions [34,92,94-96,98] and suspensions [93,97] have been successfully
used for the manufacture of oral solid dosage forms and tablets with multiple actives
have been printed [34,96]. Examples are shown in Figure 1.8. While the different
techniques within vat photopolymerization allow for smoother surfaces [92,97] and
high resolution [34,92-95,97,98] when compared to other 3D printing techniques, the
small number of materials that can be used and are GRAS are one of the drawbacks

that make them less explored compared to other techniques [93,97,98].
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Figure 1.8 Examples of oral solid dosage forms manufactured using vat
photopolymerization. a) SLA printed tablets loaded with (A) paracetamol and (B) 4-
aminosalicylic acid and with varying PEGDA content [98]; b) LCD printed tablets
containing ibuprofen [92]; ¢) SLA printed polypill containing 6 different actives [34]; d)
Volumetric 3D printed tablets containing paracetamol and varying PEGDA content
[95]

1.2.1.4. Selective laser sintering (SLS)

Selective laser sintering (SLS) is part of the powder bed fusion category. Figure 1.9
illustrates the process. In this technique, a laser is used to sinter selective parts of a
powder that’s contained in a powder bed in order to form the tablets. Once a layer
has been printed, the printing platform is lowered and a new layer of powder is
deposited, with the sintering process being repeated [99,101,102]. While this is a
solvent free process, the high energy input required for the sintering of powders can

cause drug degradation [102,104].
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Figure 1.9 Schematic illustrating the selective laser sintering process [102]

In such technique, both the formulation and the powder particle properties are
important. For example, particle size distribution can not only contribute to its
processability, but it can also impact the density of the produced tablets and

consequently the porosity, mechanical strength, and drug release profile [102].

Research has been done on the use of this technique for producing orodispersible
tablets with release profiles comparable to commercial formulations with taste
masking properties (Figure 1.10 a) and b)) [103] and with Braille and Moon patterns
on their surface to aid visually impaired patients (Figure 1.10 c) and d)) [100].
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Figure 1.10 Examples of SLS printed tablets and drug release profiles. a)
Orodispersible tablets with b) release comparable to a commercial product [103]; ¢)
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Tablets with Braille and Moon patterns which d) do not affect the release profile of
the drugs [100].

1.2.1.5. Material extrusion

No other AM technique has been used as much as material extrusion for the research
of printed oral solid dosage forms. It is a versatile technique that can make use of
different materials and achieve different results as there are three large printing
modalities within it. They all work differently, require different materials with different
material properties and can result in different products. These different modalities
include fused deposition modelling (FDM), semi-solid extrusion (SSE) and direct

powder printing (DPP).

In a typical FDM process, also called fused filament fabrication (FFF), the most
explored technique for printing tablets, a thermoplastic filament is fed through a
software controlled heated nozzle that melts the material and builds the object layer-
by-layer that then solidifies on the printbed [51,52]. For the printing of tablets, these
filaments have either been impregnated with the active substance [36,37,52,54],
produced by hot melt extrusion in order to have a solid dispersion as the feedstock
[26,55], or used to solely print a capsule device where the drug is then placed [48].
Additionally, drug-free printed tablets have been loaded with an active by soaking in
a drug-loaded nanocapsule containing solution [57]. The different approaches are
shown in Figure 1.11. Even though the drug loading tends to be limited [53,58], higher
drug loadings of 30 % (w/w) have been achieved [54]. This is an inexpensive printing
process that allows for the production of hollow objects with which several different
polymers can be used. However, the high temperature necessary for both the HME
and printing process might be a hurdle when dealing with thermally labile drugs
[29,36,37,52]. Moreover, the available polymeric excipients can hardly achieve faster
drug release profiles [32,49,53,58—61].
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Figure 1.11 Drug loading methods for FDM printing. a) polymeric filament being
impregnated with drug by soaking in drug containing solution [54]; b) drug-free printed
tablet being soaked in drug containing nanocapsule solution [57]; ¢) typical HME +
FDM process, with drug-loaded filament being produced by HME [62]
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Another extrusion-based AM technique is the semi-solid extrusion process, in which
material that is placed in a syringe or cartridge is extruded through a nozzle by

compressed air [63] or with the aid of a stepper motor [64] (Figure 1.12).

Stepper motor

I I /— Syringe

Semi-solid

/ material
/7, X

» Print bed
Figure 1.12 Schematic exemplifying a semi-solid extrusion printing process with a

stepper motor [64]

For this type of process, a common feedstock material is a paste [4,5,35,46,47,65—
69,86], gel [7,64,70], and chocolate [71,72]. Self-emulsifying drug delivery systems
[73—77] have also been employed. Tablets printed using these different feedstock
materials are shown in Figure 1.13. As the material does not need to be made into a
filament using HME, the whole printing can be done at room temperature, overcoming
the issue of temperature-induced degradation and increasing the number of materials
that can be used [4,5,35,46,63,64,66]. For this type of process, as commonly used
pharmaceutical excipients can be included in the formulations [4,5,35,46,67,112], the
material availability is good, and higher drug loadings can be obtained [65,67]. The
extruded material will then need to be solidified so that a solid pill can be achieved.
This solidification process normally relies on the evaporation of liquid binders (e.g.,
volatile organic solvent, water etc.). The full printed tablet can be air dried at room
temperature [65], air dried in a heated printbed [35,46] or placed to dry in an oven
[63,66,78]. Alternatively, a drying step can be applied after each layer of material
deposition [79]. Other methods such as microwave-assisted drying and vacuum

drying have also been investigated [70].
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Figure 1.13 Examples of SSE printed tablets using different feedstock materials. a)
paste-based tablets [46]; b) chocolate-based tablets [72]; c) self-emulsifying drug
delivery system [77]; d) gel-based tablet [7].

It was semi-solid extrusion printing that was used in the first study of 3D printed
dosage forms in a hospital setting [113]. Moreover, this technique has been trialled
and implemented in a hospital in China for the administration of personalised dosages
of spironolactone and hydrochlorothiazide, replacing subdivided tablets which have a

less accurate dosage than the printed tablets [86].

A more recent extrusion technique is direct powder extrusion printing. Goyanes et al.
reported an alternative to the need of prior production of filaments used in FDM by
having a 1-step direct powder printing process [80]. While there is a previous step of
mixing the formulation powders until homogenously distributed, the powder mixture
is then fed into the endless screw where it is heated until able to directly extrude from
the nozzle, creating the desired 3D shape. Alternatively, the material can be fed into
an extruder connected to a nozzle that melts and mixes it [80-82]. The material is
moved and extruded either via a screw extruder [80-82], by compressed air [83] or
by being compressed with a piston [49,81,84] (Figure 1.14). This avoids the difficult
process of preparing filaments that have the physical and mechanical properties
needed for FDM printing [49,82,85], the double heating process that can affect
temperature sensitive materials [49,83,85], and the use of solvents [85]. While not a
direct powder printing process, a similar hot-melt process was used to print tablets
containing a eutectic mixture of polyethylene glycol and puerarin which, whilst still
using heat to produce an extrudable mixture, took advantage of the lower melting
temperature that the system has due to it being a eutectic mixture [50]. Moreover, the
formulation was transferred to the cartridge in liquid form rather than in powder form
[50].
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extrusion in direct powder printing. a) single-screw direct powder extrusion printing
[82]; b) extrusion via piston compression [84]; c) direct powder printing through air

compression [83]

This has been employed to prepare both amorphous [80,82—-84] and crystalline
[49,50,85] solid dispersions (SD) with examples shown in Figure 1.15.

Figure 1.15 Examples of tablets prepared with a thermal extrusion process that differs
from FDM. a) ASD printed tablets [82]; crystalline solid dispersion printed tablets
consisting of b) a polymer mixture [85] and c) a eutectic mixture [50]
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1.2.2. The future of additive manufactured tablets

As mentioned, there has been exhaustive research on the many possibilities that 3D
printing has to offer for oral solid dosage forms, with companies pushing for this type
of technology to be more widely used.

Starting with Aprecia, the producer of the only 3D printing product on the market.
Their continuous binder jetting process allows for the production of large batches,
which is not common for the additive manufacturing of pharmaceutical products. The
requirement of high dosages was a hurdle when producing tablets through traditional
compression, as the high compression forces would lead to poor dispersion of the

tablets upon contact with water. The use of binder jetting has solved the issue [44,45].

In a traditional binder jetting process, the powder surrounding the printed parts is not
used, but can be recycled and reused. Aprecia further developed their technology
and presented Z-form, an ‘in-cavity’ printing process [44]. Independently of the
manufacturing technique used for the production of oral solid dosage forms, there is
always a packing step where the tablets are inserted into a blister cavity, which is
then sealed with a sealing film [1,114]. This can lead to mass losses during the
handling of the tablets, reason why tablets also go through a friability test, as required
by pharmacopeias [1,115]. By manufacturing the tablets inside the blister, or as put
by Aprecia, ‘in-cavity’, there is be no need for a packaging step as the tablet is already
inside the blister. A small amount of liquid binder is jetted into the cavity while empty,
followed by a first layer of powder blend, which is then dispersed in the cavity and
levelled. These steps are repeated until a last layer of powder blend is deposited,
tamped to smooth the top surface and finally, a layer of binder ink is jetted. Prior to
sealing the blister, a drying step removes any residual moisture and solidifies the
tablet. This improvement in their technology has several advantages, such as
facilitating the changeover of materials such as actives, reducing the costs by only

utilising what is needed for each tablet, and increasing the process yields [44].

In the same year that Aprecia got their market approval from the FDA for Spritam®,
another company with a novel printing technology was founded. Triastek, a China-
based company was founded in 2015 and it was its Melt Extrusion Deposition
(MED™) for the manufacture of modified release oral solid dosage forms coupled with
an automated process with process analytical technology tools and feedback controls
that led to them being selected for the FDA Emerging Technology Program in 2020.

Moreover, they have now become a participant in the discussions related to 3D
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printing pharmaceutical standards led by the US Pharmacopeia (USP). This
technology has granted them 55 patents worldwide and led to three of their products
to be given investigational new drug application (IND) clearance from the FDA in the
United States. These IND approvals allows them to move the 3 products into clinical
trials, with products meant for the treatment of rheumatoid arthritis and ulcerative
colitis [116].

MED™ technology allows for the manufacture of controlled release drug delivery
systems in a layer-by-layer manner, as it is customary with 3D printing technologies,
with the possibility for both research and large-scale production of dosage forms. It
can be a continuous and modular process and contrary to other forms of processes
for the printing of tablets, there is no pre- or post-production step. The raw materials
are directly mixed and fused in the extruder that is part of the equipment, which is
attached to the printing station. This station is equipped with multiple printing heads
so that several units can be printed at a time (Figure 1.16). This can be used for
applications such as oral solid dosage forms and implants, and for several different
active ingredients [81,116].

Station 1 Station 2 Station 3
(Core) (Shell) (Delay layer)

Melt
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J \ : layer
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Deposition Shell
g g ZLY
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Figure 1.16 Schematic of the MED™ printing process using multiple printing stations

so that a tablet containing a delayed layer, core and shell can be manufactured [81]

By changing the design and/or the materials that are used in their printed dosage
forms, they can achieve modified and delayed release of actives. A report by Zheng
et al., part of Triastek, introduced for the first time the MED™ technology and what it
can achieve. Examples are shown in Figure 1.17. In Figure 1.17 a), tablets were
produced with and without a pH-responsive layer so that the active could be released
in a specific intestinal area after passing through the stomach, such as the duodenum
(with pH 5.8) and the jejunum (with pH 6.8) [81]. Moreover, they have shown how
multiple actives can be placed in one single tablet, and their release kinetics
modulated to fit a certain type of release. In Figure 1.17 b) a single tablet containing

two drugs, metoprolol and tofacitinib, is shown. Their concomitant administration does
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not mean equal release profiles, as while metoprolol is released continuously over

time, there is a pulsatile release of tofacitinib, hence the two peaks in plasma

concentration [82].
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Figure 1.17 Examples of the capabilities of using MED™ technology. a) tablets printed
with and without pH-responsive layers and their corresponding release profile. b) in

vitro and in vivo studies of a dual-active printed tablets [82]

Triastek has recently announced collaborations with companies such as Siemens and
Eli Lilly. The first to aid automation and the digital transformation of the
pharmaceutical industry, by aiding in issues such as manufacturing costs, quality and
control. The second, to study excipients and their processability stability and to
identify a structure design that will allow drug delivery to specific parts of the
gastrointestinal tract in order to improve the bioavailability of administered drugs
[116].

One of the leading companies pushing the 3D printing of pharmaceuticals forward is
FabRx, a spinout company from University College London. They are involved with
several research organisations, universities and pharmaceutical companies with

certain projects already being at the clinical level. Not only did they release the world’s
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first pharmaceutical 3D printer, but they were also the first to complete a first-in-
human clinical study using their proprietary Printlets™ technology, done in a hospital
setting. 3D printing was used to produce an isoleucine supplementation therapy for
patients with the rare metabolic disorder of Maple Syrup Urine Disease (MSUD).
Isoleucine had no licensed formulation in the market and for this type of disorder, it
needs to be tailored to patients depending on their age, weight and isoleucine blood
levels. As such, 3D printing allowed an easy, quick and automated approach to

produce the personalised dosage forms [113].

With their own printer, M3DIMAKER™ (Figure 1.18), an extrusion-based printer, they
can produce different types of oral dosage forms, using either FDM, direct powder
printing or a semi-solid extrusion technique. This printer was designed to be used
from research to drug development and clinical practice, with security measures

ensuring that only authorised personal make use of it. It also includes in-line quality

control measures to detect any fault during manufacturing.

a " - b
Printer controller & Printer )
software ey | V)

Fingerprint
scanner

Figure 1.18 FabRx’s equipment and examples of products. a) M3DIMAKER™ printer;
b) example of FabRx’s Printlets™:; ¢) multi-active tablet; d) chewable formulation

Besides their printer, FabRx have also developed different types of software. Their
M3DISEEN software has combined data on hundreds of formulations for 3D printing
to help predict the production of filaments, printing of the filaments and dissolution
profile from the produced tablets with such filaments. Figure 1.19 is one of the
examples provided on their website, for the manufacture of a pregabalin containing
dosage form. It sets out the required temperature for the hot melt extrusion process
and the printing temperature, as well as showcasing the likely dissolution profile over
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time. Moreover, it takes into account the material properties depending on the
manufacturer [117,118].
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Figure 1.19 Example of FabRx’s M3DISEEN software with suggested formulation and
the predicted printability and release profile [117]

The company has been at the forefront of much of the research in additive
manufacturing of oral solid dosage forms, being involved in the first publications on
the use of FDM [52], SLS [104], direct powder printing [80] and recently volumetric
printing [94] of oral solid dosage forms. Moreover, they were the first ones to
investigate the effect that the shape of the 3D printed tablets could have on the

patients’ perception [56].

Along with companies like FabRx, existing bioprinter manufacturing companies are
also taking the step to better their technology and software in order to ensure their
printers can be used for the printing of pharmaceutical products. With translational
research and clinical trials in mind, Cellink, a leading 3D bioprinting company, further
developed their software, DNA Studio 4, in order to accommodate and follow good
manufacturing practice (GMP) guidelines. Now, only authorised personal can make
use of the printer, requiring their authentication prior to the use, and keeping digital
records of its use, ensuring compliance with the regulatory requirements [119]. This
demonstrates the willingness of existing companies to change their products to fit the
regulations of the pharmaceutical industry. Other research companies who have

diverse portfolios are also taking a step into additive manufacturing of personalised
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medicines. The Dutch company TNO, with already years of experience in other areas
of additive manufacturing, is collaborating with a hospital in Rotterdam in order to

develop a method for the production of personalised paediatric dosage forms [120].

AM is also being used by companies such as Nourished to produce personalised
nutrient gummies using material extrusion printing. These are tailored to each

individual based on their diet, lifestyle, and health concerns [121].

Besides binder jetting and material extrusion, another type of printing technique is
being used for the manufacture of dosage forms. In 2022, Evonik Venture Capital, a
company that manufactures speciality chemicals, including excipients for the
pharmaceutical industry, announced that they had invested in Laxxon Medical, a
pharmaceutical company [122]. Laxxon Medical have developed a patented 3D
screen printing technology that allows for the mass production, as well as small
production, of oral, transdermal, and implantable dosage forms that can be tailored
through their shape, distribution of the active ingredients and choice of materials. It
allows for a much faster production of 3D printed dosage forms and it is called SPID®
Technology, which stands for Screen Printed Innovative Drug Technology and is
illustrated in Figure 1.20. While this technology follows the traditional layer-by-layer
manufacturing way of other 3D printing technologies, its way of working is quite
different. The medicated paste is dispensed into a screen with the shapes of the
layers and then pressed through the screen onto the printing plate. The shape
containing screen is then lifted and the platform containing the tablets moves onto the
drying station, where the curing of the paste can be through solvent evaporation or
UV curing. After the drying process is completed, the platform is moved back to the
printing station and the height is automatically adjusted in order to print a subsequent
layer. The cycle continues until the dosage forms are completed. The paste used in
this process will need the right viscosity to pass through the screen and maintain the

shape of the layer after the screen is lifted [123].
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Figure 1.20 Schematic of the SPID® Technology

Together, the companies are establishing a GMP lab and production site in the United
States. Some of the products that Evonik manufactures are coating excipients that
can either lead to immediate, prolonged or delayed release of active pharmaceutical
ingredients (APIs). Evonik’s excipients are to be used in Laxxon’s paste formulations,
therefore allowing for a more controlled drug delivery and a decrease in side effects.
With the control over geometry and material deposition, a single tablet can contain
more than one dose and multiple actives can be administered in one single pill as

well, which is meant to improve compliance [122].

This type of printing was reported by Moldenhauer et al. from Laxxon Medical in 2021,
where this type of screen printing was used to manufacture delayed release
paracetamol containing tablets. In one single production process, three different
geometries in three different sizes were printed (Figure 1.21), demonstrating the
capability of this technique to produce different dosage forms in one production
process [124].
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Figure 1.21 Screen printed paracetamol tablets [124]

All the advances led by companies such as Aprecia, Triastek, FabRx and Laxxon
Medical and Evonik demonstrate the wish for new and existing pharmaceutical
companies to make a wider use of additive manufacturing for the production of
pharmaceutical products. And not for the replacement of traditional manufacturing but
rather to help solve issues that cannot be easily solved with common manufacturing
process, such as fast disintegration of high loading dosage forms and the

manufacture of multi-active tablets.

1.3. Aims and objectives of this thesis

The aim of the research presented in this thesis is to explore different formulation
strategies for the extrusion printing of oral solid dosage forms containing a poorly
soluble drug, fenofibrate. This is a versatile manufacturing technique that is already
being trialled and used in hospital settings. Therefore, it is important to explore which
type of different formulations can be used with the different modalities of printing.
Depending on the printer available, only certain modalities will be possible and these

will require different feedstock materials.

As such, the thesis has the following objectives:

e  To produce different fenofibrate containing formulations
o Paste formulations for a fast and an extended release of fenofibrate that can
be printed at room temperature, without organic solvents and with commonly used
pharmaceutical excipients.
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o An amorphous solid dispersion consisting of a drug-polymer mixture for an
extended release of fenofibrate with and without the addition of a surfactant
o A eutectic mixture of fenofibrate and PEG 8000 as a crystalline solid dispersion
e To utilise all formulations and print tablets of the same size and shape with good
uniformity of weight and friability
o To assess the mechanical and physical properties of the printed tablets
o Toassess the dissolution profile of each printed formulation through in vitro dissolution
studies
e To investigate the effect that the addition of a high concentration of surfactant has on
the stability of 3D printed tablets
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2. Materials and Methods

2.1. Materials

2.1.1. Active Pharmaceutical Ingredient (API)
2.1.1.1. Fenofibrate

Fenofibrate (Cx0H21ClO4) (Figure 2.1) is a prodrug of fenofibric acid [10,125-127]
used for the treatment of cholesterolemia, hypertriglyceridemia and mixed

dyslipidaemia by reducing triglyceride levels and low-density lipoprotein cholesterol

in the blood.
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Figure 2.1 Chemical structure of fenofibrate

Fenofibrate is a poorly water-soluble drug with good permeability, meaning itis a BCS
class Il. Therefore, in oral delivery, solubility is its rate-limiting step during absorption
in vivo [10,125-128]. As such, there have been several studies trying to improve
fenofibrate’s effective solubility and hence its bioavailability, mostly aiming to produce
solid dispersions [10,125]. For example, Kallakunta et al. used a solvent-free hot melt
extrusion technique to formulate an amorphous solid dispersion of fenofibrate and
hydroxy propyl methylcellulose acetate succinate (HPMCAS), besides investigating
the effect that drug loading had on drug release and formulation stability [10].
Fenofibrate’s bioavailability has also been increased by using microemulsions, which
are defined as thermodynamically stable liquid mixtures of oil, surfactant, a co-
surfactant and an aqueous phase [9]. Liposomes are another formulation approach
example, which consist of phosphatidylcholine and cholesterol lipid bilayers, the later
carrying the hydrophobic drug. In Chen et al.’s work, not only did the fenofibrate
containing liposomes increase the drug’s solubility, the use of bile salts also increased

this effect [129]. Other studies include the production of nanoparticles through
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nanoencapsulation [130] and HME [131], while Patki et al. increased the solubility of
fenofibrate by creating nanoemulsifying drug delivery systems with co-processed
excipients [132]. Micronization of drug particles, co-grinding, spray-drying [133],
nanocrystallisation [134], supercritical fluid impregnation [135], supercritical anti-
solvent [136], pelletisation [128,137], electrospinning [126] and eutectic mixtures

[15,17] are among other techniques used for the same purpose.

While fenofibrate has not been widely used as a model drug for the 3D printing of oral
solid dosage forms, there are some examples across different printing techniques, all
using lipid-based formulations. Taking advantage of the drug’s low melting point, it
was used in formulations using beeswax [30] and Compritol HD5 ATO [138] for hot
melt inkjet printed tablets. In material 3D extrusion printing, it was a model drug in
formulations for the manufacturing of solid self-microemulsifying drug delivery
systems (S-SMEDDS) geometries [75,76,139]. However, none of the studies took
advantage of the lower processing temperature that can be utilised when working with

PEG-fenofibrate eutectic mixtures [15,17].

In summary, this poorly soluble drug has served as a model drug for lipid-based
printed formulations, though its use in paste-based, polymer matrix and eutectic
mixture formulations that are printed is still to be explored.

2.1.2. Excipients
2.1.2.1. Lactose

Lactose (Figure 2.2) is one of the most used excipients, both in oral solid dosage
forms [140] and carrier-based dry powder inhalation formulations [141]. It has the
advantage of being inexpensive and widely available, stable, water soluble, has low
hygroscopicity [69,140] and no strong flavour [140]. It is a safe material [141], being
non-toxic and non-irritant, even for paediatric use, though its use should be disclosed
in case a patient has an intolerance [142]. While widely used, its general poor
flowability in crystalline form and its particle-binding properties are hurdles to its use
in direct compression tabletting processes. This results in the use of different lactose

grades and co-processing lactose with other materials [140].
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Figure 2.2 Chemical structure of lactose

As a commonly used excipient in commercialised tablets, lactose has been used in
3D powder bed printed oral solid dosage forms [107,143,144]. When using high
temperatures, excipients such as lactose might degrade, which in turn can cause poor
flow and lead to incomplete structures [145]. Hence, lactose has primarily been used
in room temperature 3D extrusion processes using paste-based formulations
[4,5,66,67,69,78,86,142]. Due to its water solubility and low hygroscopicity, lactose
not only acts as a filler [5,67,86] in these formulations but also helps particles bond
together [69,78,142], even in formulations containing insoluble particles [86]. As a
filler material, it typically makes up less than 50% of the tablet's composition
[5,66,67,69,78,86,142], though in Khaled et al.’s work, it went up to 70% [4]. And while
its use might improve printability and decrease the extrusion pressure needed [69,86]
due to its lubrication properties [69], lactose particles can also lead to low printing
efficiency as they can block the nozzle [86]. Considering its wide use and its capability
to aid printability, lactose was chosen here as a filler in the paste-based formulation

produced in this work.
2.1.2.2. Microcrystalline cellulose

Microcrystalline cellulose (Figure 2.3) is a cellulose derivative that is commonly used
in traditional manufacturing as a bulking agent in formulations meant for direct
compression [146]. It is compatible with a wide range of actives, physiologically inert
and easy to handle. Moreover, it is self-disintegrating as it is highly porous and can
aid compaction and tableting in direct compression as it plastically deforms during the
process, increasing the area of interparticle bonding [146]. As such, this has been
used in formulations for 3D powder printing (or binder jetting) as a bulking/filler agent

[108,144,147] and a disintegrant [108]. Its use in paste formulations has varied from
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a bulking [66,67,69,73], binding [78], glidant [148] and disintegrant agent [5,112]. As
a filler, it was meant to improve the extrudability of the paste [66], though higher
amounts of this excipient can also hinder extrudability due to forming a more viscous
paste [73] which requires higher printing pressure [69,73]. For its disintegrating
properties, this excipient was used in this study in a paste formulation for the fast

release of the selected model drug.

OH
OH

HO (o) OH
OH OH
Figure 2.3 Chemical structure of microcrystalline cellulose
2.1.2.3. Sodium starch glycolate

Sodium starch glycolate (SSG) (Figure 2.4) is a hydrophilic and poorly soluble
modified starch [149,150]. It is commonly used as a disintegrant, often also called
super disintegrant, in oral solid dosage forms [4,5,32,107,112,149-151]. Another
commonly used super disintegrant is croscarmellose sodium, another modified starch
[65,78,150]. SSG and similar, aid disintegration by rapidly absorbing water and
swelling, causing the rapid breaking of the tablet, therefore releasing the active
[4,112,150]. While its disintegration mechanism is quite straightforward in powder
formulations [149], paste-based printed tablets [4,5,112] and binder jetted tablets
[107], its effect on FDM printed tablets does not seem to follow a trend [32,150,151].
Disintegrants such as SSG led to drug release 40% higher in FDM printed tablets
compared to those without SSG in Hussain et al.’s work [151], though no significant
effect was observed in Arafat et al.’s [32] and Buranovi¢ et al.’s work [150]. Arafat et
al. hypothesised that this is caused by the disruption of the disintegrating particles
with the molten polymers during the thermal process [32]. As its use in this work is for

a paste-based formulation, this is not thought to be a hurdle to the process.
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Figure 2.4 Chemical structure of sodium starch glycolate’s repeating unit
2.1.2.4. Hydroxypropylmethyl cellulose

Hydroxypropyl cellulose, Hypromellose, or simply HPMC (Figure 2.5), is a water
soluble non-ionic cellulosic polymer that is commonly used for its hydrophilicity and
swellable gelling properties [28,78,152,153]. Upon contact with water, the polymer
forms a thick viscous layer that can be used to modify drug release
[28,66,73,152,154], with higher amounts of HPMC in a formulation leading to slower
drug release as the gel that forms upon hydration is stronger [5,66,112]. Taking
advantage of its gel forming abilities, a hydrogel can be formed and used as a binder
in paste-based formulations for 3D printing, with the amount of gel formed dictating
the formulations viscosity, the solid tablets’ weigh, and hardness [153]. Depending on
the HPMC grade that is chosen, as that will influence the ink’s viscosity, the wet
formulation might be too viscous to print and contain lumps that cannot be broken
apart to produce a smooth homogenous ink that is printable [28]. It is due to its binding
capability, as well as its ability to form hydrophilic matrices that this was chosen for a

paste-based formulation.
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Figure 2.5 Chemical structure of hydroxypropyl cellulose’s repeating unit
2.1.25. Polyacrylic acid

Polyacrylic acid (Figure 2.6), also known as carbomers, are high molecular weight
polymers made of acrylic acid [155,156] used in cosmetics and in pharmaceutical
applications [155], as a taste masking agent, an extended release agent, rheology
modifier and tablet binder [157]. It is a non-toxic, stable and high thickening polymer
[155]. Upon contact with water, it forms a hydrogel [69,112,155,156] with its swelling
behaviour depending on different stimuli, such as temperature, pH, light or electric
field [156]. However, it is the pH of the medium that determines its final dimensions
[155,156], with alkaline pH leading to a maximum swelling of the produced hydrogel
and allowing for the release of a higher drug concentration [156]. As it forms a
hydrophilic matrix [69,112], it is used for controlled release formulations [69,112,156],
sometimes used alongside HPMC [112]. As an excipient in formulations for 3D
extrusion printing, the viscosity and swellability of the produced formulation should be
considered as to not cause nozzle blockage and severe shrinkage of the printed
tablets after drying [69]. Polyacrylic acid was chosen here to, alongside HPMC, to
help create a smooth and printable paste that could be used to print extended release
tablets containing fenofibrate.

Figure 2.6 Chemical structure of polyacrylic acid’s repeating unit
2.1.2.6. Eudragit® RL PO

Eudragit® are a group of polymethacrylates made for sustained release whose
differences lay on their substituents. Eudragit RL PO (Figure 2.7) is an insoluble, pH
independent and highly permeable polymer [158,159]. Being a stable polymer with
good extrudability properties, it is often chosen as the sole polymer matrix or as part

of a mixture of polymers in hot melt extrusion [158].
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Figure 2.7 Main structure of Eudragit polymers. For Eudragit RL PO R; = H, CH3s; R
= CHs, CoHs; R3 = CH3; Ry = CHzCHzN(NH3)3+ Cl [158]

While other polymers in the Eudragit family have been widely explored as part of
different types of formulations [26,83,104,160-164], Eudragit RL PO is infrequently
discussed in literature, as mentioned in an extensive review by Santos et al. [158].
Still, its use in AM goes back to early publications on tablets manufactured using
binder jetting [106,165] and more recently on a formulation for selective laser sintering
as reported by Yang et al. [166]. When it comes to 3D material extrusion, it was part
of Kuzminska et al.’s work, where RL PO and RS PO, were used alone or in a mixture
as part of a formulation to print solid tablets using a direct extrusion printing method
utilising low printing temperature [85] and part of Gliltekin et al.’s work, as part of a
mixture with a low molecular weight polymer in order to produce flexible filaments
suitable for use in FDM [167]. Due to the infrequent use of Eudragit RL PO in the
literature, this polymer was chosen as the polymer matrix in an amorphous solid

dispersion printed using direct powder printing.
2.1.2.7. Tween 80

Tween 80 (Figure 2.8), or polysorbate 80, is an amphiphilic polymer and non-ionic
surfactant that is widely used in biopharmaceuticals and many dosage forms,
including oral solid dosage forms [168]. As well as being used as a plasticiser, this
material is also used as a solubilising agent for formulations containing poorly soluble
drugs [26,168-170]. In processes such as hot melt extrusion, Tween 80 is capable of
lowering the glass transition temperature (Ty) of a system, improving processability
and extrudability of filaments [26,169], and preventing drug degradation [26].
Ghebremeskel et al. hypothesised that the smaller Tween 80 molecules dilute and
weaken the cohesive chains of a povidone polymer, increasing the free volume in the

polymer, therefore having a good plasticising effect and reducing the dissolution time
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of an API by 6 times [169]. The addition of Tween 80 can indeed improve the
dissolution rate of APIs, though only up to a certain extent [170]. However, there is a
concern that using a surfactant, such as Tween 80, in processes such as HME could
possibly impact the product’s stability. Still, even at 10% loading, Ghebremeskel et
al. have demonstrated that while the use of this material can indeed lower the glass
transition temperature of the formulation and increase water uptake, the effect on
stability of the product is minimal [171]. While this surfactant has been a part of
formulations for HME and FDM printing [26], it has not been present in any of the
formulations for direct extrusion printing. As this printing method can already require
lower printing temperatures, Tween 80 is meant to further lower the printing

temperature and facilitate the printing process.

wtx+y+z=20

Figure 2.8 Chemical structure of Tween 80
2.1.2.8. Polyethylene glycol (PEG)

Polyethylene glycol (PEG) (Figure 2.9), or Macrogol, is a polymer family made of
repeating ethylene glycol units, with different degrees of polymerisation granting
different properties [172]. PEG is an amphiphilic polymer that has a highly flexible
structure, is biocompatible [172], biodegradable [173] and whose high polarity
increases hydrophilicity which in turns aids increasing water solubility. It is often used
as a plasticiser [26,62,172,173] and solubility enhancer in polymer-based
formulations [26,97]. Its low melt viscosity is an advantage in hot melt extrusion
[26,62] and direct powder printing [49]. Smaller molecular weight PEGs, such as PEG
400, have also been found to be good plasticisers and solubility enhancers in
photopolymerising formulations [97]. Moreover, certain solid PEGs have been found
to produce eutectic mixtures with poorly soluble drug molecules such as fenofibrate
[15,17] flurbiprofen [15] and puerarin [50], increasing their release rate [15,17]. This
type of formulation has yet to be explored for the printing of oral solid dosage forms,

hence this choice of material, more specifically, PEG 8000.
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Figure 2.9 Chemical structure of polyethylene glycol’s repeating unit

2.2. Methods

2.2.1. 3D extrusion printing

As stated previously, there are different modalities to 3D extrusion printing. In turn,
this means that different types of formulations, with different preparations methods,
cartridges and printing parameters’ requirements are required. The printer chosen for
this study is a BIO X bioprinter (Cellink). According to the manufacturer, the printer is
capable of automating 3D cell cultures, print tissues and tissue models and test new
dosage forms. Depending on the printhead chosen, printing can be done between
4°C and 250°C while maintaining a heated printbed. It is the flexibility in terms of
formulation type that dictated the choice of equipment. As described by the
manufacturer, this is a pneumatic-based extrusion printer that depends on the input
of air pressure in order to extrude the formulation contained in the cartridges [174].

Figure 2.10 illustrates what the printer looks like.
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Figure 2.10 Image of the BIO X bioprinter [174]

Typically, 3D printers require a 3D model of the object to be designed and converted
to an .stl file that can then be input into a slicing software. A slicing software allows
the creation of a G-code stating the coordinates, movements, and actions that the
printer must follow when printing. As the BIO X printer has its own slicing software
included, an stl. file can be used as the input to the printer. Still, there is the possibility
to input G-codes as well. Besides setting parameters as printing temperature and
pressure on the printer itself, parameters such as infill geometry and its percentage
can also be selected on the printer [174]. Simple 3D models, as the one used
throughout the project, and that can then be saved as .stl files, were created using
the free software Tinkercad®. Figure 2.11 illustrates a 3D image of a common tablet

shape, a cylinder.
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Figure 2.11 lllustrative example of a CAD model of a cylindrical tablet done using

Tinkercad®. Dimensions shown are in mm
2.2.2. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy is
an infrared spectroscopy technique in which infrared light interacts with matter [175].
Molecular vibrations upon absorption of infrared light (mid-infrared region of 4000-
400 cm?) by the samples are very characteristic [176] and give information on the
chemical and structure of the entities present in the sample [175]. This is an important
technique that can give information on the component materials in pharmaceutical
formulations and also on finished products, reason why it is used in this study. When
processing techniques such as material extrusion are used, it is important to assess
whether there has been any degradation of the drug and that can easily be done with
ATR-FTIR as the functional groups of the drug and excipient molecules will give very
characteristic peaks in the spectra [4,5,35,46,112].

2.2.3. Viscosity measurements

Viscosity is an important property of printable inks, a parameter that should be within
the range suggested by the printer manufacturer, especially for inkjet printing.
However, it is also an important parameter for extrusion printing, as formulations that
are too viscous will not be extruded even at the highest possible printing pressure.

While viscosity can be determined with a viscosimeter and a rheometer [177], the
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latter was used in this project. Rotational rheometers, such as the one illustrated in

Figure 2.12, are the most common types.

Figure 2.12 a) Image of a rotational rheometer, followed by the different geometries
used. b) Cup and bob, ¢) cone and plate and d) parallel plates [54]

The first measuring slit shown in Figure 2.12 b) is more common for liquid inks, such
as the ones used in inkjet printing [27,88]. The two following ones, cone and plate
(Figure 2.12 ¢)) and parallel plate (Figure 2.12 d)), respectively, are commonly used
for more viscous materials [64,68,75,84]. The measurement of viscosity (n) is
intrinsically related to the shear stress of a fluid (1) and the rate (shear rate (y)) at

which it deforms. This relation is explained by Equation 2.1 [177]:
Equation 2.1

In a rheometer, shear stress (1) is applied to the sample and a graph of the shear
stress as a function of the shear rate of the sample (y) is usually given by the
rheometer software [177]. This is an equation derived from Newton’s law of viscosity

which consists of Equation 2.2 [178]:

F Av Av dv e tion 2.2
—_— = - —_ & = — —_— = — e .
y U Ay T U Ay T U ay guation

where F is the force (N), A is area (m?), u is a proportionality constant, Av is the

velocity (m-s) and Ay is the distance, with (Z—;) being shear rate. There are two types
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of fluids, Newtonians, and non-Newtonians. Newtonian fluids, such as water, closely
follow ideal Newton’s law of viscosity (Equation 2.2) and their viscosity is for practical
purposes independent of the shear rate applied. However, non-Newtonian fluids
deviate from this relation and can be better described by a power law equation,
Equation 2.3 [178]:

T=—-k (Z—;)n Equation 2.3
where k is a proportionality constant. These can exhibit either shear-thinning
behaviour (pseudoplastics) as viscosity decreases as shear forces are increased, or
a shear-thickening behaviour (dilatants), as viscosity increases as shear forces
increase. As a further consideration, a common characteristic of viscous formulations
for 3D printing is that they exhibit time-dependant viscoelastic properties. This means
they exhibit both solid and liquid properties and as such, this is important to
characterise. As a material is deformed, its elastic behaviour is depicted as the
storage modulus, measuring the amount of energy that has been stored. At the same
time, energy is dissipated in the form of heat, which is quantified as loss modulus, its
viscous element [178]. As conditions change during processing it is important to
investigate how the change in parameters can influence an ink’s viscosity and hence

printability.
2.2.4. Powder X-ray diffraction (pXRD)

X-ray diffraction of powders is one of the most used methods to analyse materials
[179], and one of the most important techniques in the pharmaceutical sciences [180].
Itis a simple process [179], requiring minimal sample preparation and by being a non-
destructive technique, makes it ideal for the analysis of finished products [180]. When
a material is in its crystalline form, the atoms are arranged in an organised manner
and will therefore diffract light. The diffraction of x-rays by the crystalline structure
produces a diffraction pattern which will be characteristic from that material
[13,179,180]. For amorphous materials with no long-range molecular organisation, no
peak is seen in the diffraction pattern, rather a broad halo [4,13,83,180]. This is an
important technique when analysing APIs, as different polymorphs of the same active,
which will have different x-ray diffractograms as internal order is different, can exhibit
different properties such as solubility and melting points. As such, it is important to
identify which polymorph is present in formulations and finished products
[26,28,37,49,59,63,83,180,181]. Considering the amorphization approach often used
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for poorly soluble drugs, pXRD can be useful to show the absence of diffraction peaks
(and hence crystalline order), though detection limitations should be considered
(typically around 1% w/w crystalline material), especially when the drug loading in a
formulation is low [83,167,182,183]. In part for this reason pXRD is often utilised along
other techniques such as DSC [17,33,182,184], hot stage microscopy [17] and others
[161,185] to study amorphicity or further confirm which polymorph of the material is
being used and which one can be found in the final product. pXRD is also used to
assess the stability of formulations with time under different conditions, as the drug
particles can begin to crystallise and hence show diffraction peaks [83,186,187]. In
this study, pXRD is used to investigate, alongside differential scanning calorimetry,

the solid-state of raw materials and the printed tablets.
2.2.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a thermal analysis technique based on thermal
transitions [26]. As temperature changes in a sample, the heat flow associated with a
material transition is measured, as a function of time and temperature. DSC measures
the heat quantity that is either lost or absorbed by the sample in comparison with a
reference material as temperature changes [83,188]. It allows the assessment of the
crystalline form of a material prior to processing and after and whether molecules are
incorporated into a  matrix, forming an  amorphous  dispersion
[26,60,63,65,84,151,173,189,190]. Moreover, it allows for the measurement of the
glass transition temperature [63,182]. The glass transition temperature is the
temperature at which a solid material(s) is in a ‘glass state’ after cooling from its
melting phase [191]. This method is usually used along other techniques such as
pXRD [17,33,182], especially when the amount of crystallinity in a sample is below
the limit of detection in the DSC (around 2% w/w) [184]. Other techniques used
alongside DSC include polarised light microscopy [161,187] and hot stage
microscopy [181]. While some materials in formulations are used specifically for their
plasticising effect [83], which may be observed as a decrease in the T4 of the system,
using DSC can also indicate whether other components [58], such as drug molecules
[36,55], can also have a plasticising effect on a formulation. DSC is also useful when
determining the eutectic point of a eutectic mixture as only one melting event will be
observed in the DSC curve, while two melting peaks are observed away from the
eutectic point [17,192-194]. In this study, DSC is used to investigate, alongside
pXRD, the solid-state of raw materials and the printed tablets as well as to produce a

phase diagram of a binary mixture in order to confirm the eutectic point of the mixture.
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2.2.6. Polarised light microscopy (PLM)

Polarised light microscopy is an optical contrast-enhancing technique [195] that takes
advantage of anisotropy of materials to visualise them [195,196]. The microscope is
equipped with a polariser and an analyser (Figure 2.13). The polariser is placed
between the light source and the analyser, with the analyser being placed in between
the objective and the camera [195,196]. As a polarised light encounters an anisotropic
(or birefringent) material, such as crystalline materials that display various refractive
indexes, the polarised orientation of the incident light varies [195] leading to a
difference in colour and colour intensity in the image that is obtained from the

microscope (Figure 2.14 a)).
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Figure 2.13 Configuration of a polarised light microscope [195]

Amorphous materials, which do not show anisotropy, only show one refractive index
when light passes through them [195], with no colour being displayed on the captured
image [27,195,196] (Figure 2.14 b)).
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Figure 2.14 Examples of samples under standard light and polarised light; a)

birefringent sports marked with circles [161]; b) amorphous material [27]

As printed tablets can sometimes be sufficiently transparent, this is a useful technique
to assess and confirm whether the drug or excipients are present in crystalline form
[27,197]. The same approach has been taken with HME produced filaments used for
FDM 3D printing [161]. Whilst PLM is not a quantitative technique such as pXRD and
DSC it can also be used with these techniques [27,161] to confirm whether materials
and products are crystalline or amorphous, as it has a much more sensitive detection
limit to crystallinity [161]. It is due to its higher sensitivity compared to DSC and pXRD
and the fact that it is a non-destructive method that it was chosen for the detection of

the onset of crystallinity in a stability study.
2.2.7. Thermogravimetric analysis (TGA)

In thermogravimetric analysis, a precision weight balance monitors the change in the

sample’s mass as the temperature changes. Generally, this is done as the
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temperature is increasing, though some experiments are studied with decreasing
temperature. The sample is placed in a furnace where gas is purged to maintain a
controlled environment. TGA can quantify loss of water, and decomposition [198] and
temperature materials start to decompose at, therefore determining the maximum
processing temperature [32,62,199,200]. It can also be used to quantify any
remaining solvent post printing [189,201] and residual water [57,60,62,162,202],
which can be crucial to longer shelf-life formulations [62,162]. When unexpected
mass differences are observed during processing, TGA analysis can give an
indication of whether this was caused by material degradation, water evaporation or
by one of the processing steps, thermal or not [203]. Moreover, it can help confirm
the incorporation of a drug molecule into a polymer matrix, with the decomposition
temperature changing from the drug itself [36,60]. TGA was use here to assess
whether there was degradation of any of the raw materials and powder mixtures when

printing at a high temperature.
2.2.8. Scanning electron microscopy (SEM)

Scanning electron microscopy is a type of electron microscopy that utilises an
electron beam to produce images of the surface of materials up to a resolution of 1
nm [204-206]. A focused electron beam interacts with the atoms of a sample
generating different types of ejected electrons and x-rays [204—206]. These signals
are then captured by a detector and an image is produced [206]. The formed electrons
are termed backscattered electrons (BSE) and secondary electrons (SE). While BSE
come from deeper within the sample and give information on the sample’s
composition, SE come from the sample’s surface, giving information on the
topography and morphology of the sample. X-rays are produced from deeper within
the sample [205,206] and give information on elemental composition [205]. Standard
SEM generally requires the use of a high vacuum environment and the need for
samples to be conductive [204,206]. In case of polymers, this means it is necessary
to coat the sample with a conductive material such as a thin layer of gold, making this
a destructive technique [204,206]. However, the sample can be kept and analysed

multiple times [206].

In practical terms in this project, SEM allows for observation of the surface
morphology [5,26,69,83,85] (Figure 2.15 a)), the fusion or lack thereof between
printed layers [26,85] (Figure 2.15 b)) and to assess whether there is a physical
change in the tablets after dissolution testing [5] (Figure 2.15 c)).
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Figure 2.15 Examples of the use of SEM for observation of a) surface morphology of
filaments [69], b) fusion of printed layers [85] and c) effect of channelling agents
during dissolution testing [5]

2.2.9. X-ray micro-computed tomography (micro-CT) scanning

X-ray micro-computed tomography (micro-CT) is a powerful 3D imaging technique
that is used in the medical field, engineering, the study of archaeological samples
[204,207], in food, biology and geosciences [208], as well in the additive
manufacturing field [26,27,69,209,210]. This is a non-invasive [207,208] and non-
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destructive technique [204,208,211] that allows for the acquisition of two-dimensional
(2D) x-ray images/projections of a rotating sample, which can be reconstructed into
a 3D image [204,208,211] showing the inside and outside of a sample [204]. This
provides information on internal cavities and porosity [204,210], as well as density
estimation [210].

In a micro-CT scanner, there are three main components (Figure 2.16), an x-ray
source, the sample, and a detector [204,208,210,211].
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Figure 2.16 Schematic of an x-ray micro-CT scan components and process [210]

The x-ray source produces radiation that passes through the sample and is
attenuated as it does so [208,211]. The detector then converts the attenuated
radiation into visible light [211], producing 2D projection images [208,210,211]. These
are then reconstructed into cross-section images [204], creating a volumetric data
set, with the brightness of each volumetric pixel (or voxel) being related to the x-ray
density of the material. After, 3D analysis can be performed, and the 3D image of the
sample can be visualised [208,210]. A typical micro-CT resolution can be as low as 5
um and the systems may vary depending on the type of detectors, x-ray sources and
translation and rotation hardware, as well as the possible sample size [210]. Figure
2.17 Micro-CT images of inkjet printed tablets [27]
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gives an example of reconstructed images of inkjet printed tablets and this technique
was used in this study in order to non-destructively observe the interior and exterior
of the printed tablets.

bottom view side view
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Figure 2.17 Micro-CT images of inkjet printed tablets [27]
2.2.10. Tablet friability tester

Another test described in pharmacopeias and that is important from a regulatory
perspective to perform for oral solid dosage forms is friability. The friability test is done
to mimic the handling of the tablets while going through the packaging process. When
a tablet has high friability, it might lose particles (mass) due to abrasion, friction or
mechanical shock which in turn might cause the actual drug loading to be lower than
expected. It is generally accepted a maximum of 1% weight loss after the friability test
[115].

2.2.11. In vitro drug release studies

For finished products, there are several quality tests that are usually described in the
pharmacopeias. Different countries will have different monographs for each drug,
though they are similar. One of them is the in vitro drug release (dissolution) studies.
This is an important test in drug development and quality control as it is meant to (an
extent) mimic and aid prediction of a drug’s in vivo drug release [212]. Monographs
for the different existing drugs recommend the type of dissolution apparatus and
media, quantification method and assay tests, amongst others. While this is usually
followed for conventional tablets, this cannot always be followed to the full regulatory

extent when new formulations, excipients and release profiles are being tested [213].
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2.2.11.1. UV/VIS quantification

Drug quantification in the samples collected from the in vitro drug release studies can
usually be done by using UV/VIS spectroscopy, although HPLC is also used. When
UV light is transmitted onto a specific material, the chromophores in the compound
dictate at which wavelength of the group will absorb the light [214]. For example,
fenofibrate absorbs UV light at 290 nm [30]. This is based on the Beer-Lambert law
(Equation 2.4) where the absorbance of a compound depends on the molar
absorption coefficient (¢), the light path (b) and the concentration of the compound
that absorbs the light (c) [214].

A =¢bc Equation 2.4

For sample quantification, a calibration curve is usually done by reading the
absorbance of standards at a known concentration.
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3. Paste-based formulations for 3D

printing of fenofibrate tablets

3.1. Introduction

3.1.1. Aims of chapter

To produce paste formulations that:

o  Are easily prepared

¢ Incorporate commonly used pharmaceutical excipients and the drug as received
¢ Do not require organic solvents

e  Can be printed at room temperature

e Enable a more rapid and extended release of a poorly soluble drug
3.1.2. Background

3D extrusion printing can make use of varying different types of formulations
[28,75,83], with the most explored ones being used in FDM printing [36,183,215]. This
approach requires heat which in turn requires polymers and active pharmaceutical
ingredients to be stable at the extruding/printing temperature used [46,49,154].
However, paste-formulations have also been shown to work for the manufacture of
different active tablets and multi-active tablets without the need for high temperatures
and UV curing steps, while using pharmaceutical excipients commonly used in
traditional manufacturing. After extrusion, the paste is left to solidify so that solid
tablets can be obtained. The paste-based extrusion also demonstrated the possibility
of using water and HPMC-gels as binding agents, which eliminates the need to use
and remove organic solvents [35,46,112]. While water has been used to create these
extrudable pastes [35,46,64,68,78,112,124,216], though hydroalcoholic gels and
other organic solvents have also been reported to prevent product defects and nozzle
blockage [4,5,65,67,154,189,190].

These types of paste-based formulations have been used for producing immediate
release tablets [46,63], multi-active tablets [4,5,68], floating systems [154] and
orodispersible systems for paediatric use [216]. It has also been explored for hospital

dispensing of hydrochlorothiazide tablets and compared with tablets split by
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pharmacists to tune the dose needed for patients [190]. Moreover, this type of
formulation has also been used for the large-scale production of different tablets in a
single production process in Laxxon Medical’s screen printing technique [124].

Here, we explore a low temperature paste-based extrusion process to produce
fenofibrate tablets with two different release rates, fast and extended. Excipients used
in the commercially available tablets and other common pharmaceutical ones are also

used in the two formulations.

3.2. Materials and Methods

3.2.1. Materials

Fenofibrate and a-lactose monohydrate were purchased from Merck Life Science
(Gillingham, UK) and microcrystalline cellulose (MCC) was purchased from Fisher
Scientific (Loughborough, UK). Hydroxypropyl methylcellulose 2910 (K4M) and 2208
(K100M CR), sodium starch glycolate type a (Primojel) and poly(acrylic acid)
(Carbopol® 974P NF) were kindly gifted by Colorcon (Harleysville, USA), DFE
Pharma (Goch, Germany) and Lubrizol (Wickliffe, USA), respectively.

3.2.2. Methods
3.2.2.1. Paste preparation and extrusion-based printing

Two different formulations, intended for fast release (FR) and extended release (ER),
were prepared in accordance with Table 3.1. To act as a binder for the FR formulation,
a HPMC 2910 (1%, w/v) gel was prepared. This was prepared as described in Khaled
et al. [112]. For the FR formulation, fenofibrate (FEN), microcrystalline cellulose
(MCCQC), sodium starch glycolate (SSG) and lactose were mixed for 15 min using a
mortar and pestle until a homogeneous fine powder was obtained. After, a pre-
adjusted volume of the HPMC gel was added and mixed until good paste
homogeneity was obtained. The same method was used to prepare the ER paste.
Fenofibrate, HPMC 2208, polyacrylic acid (PAA) and lactose were mixed for 15 min
using a mortar and pestle and then a pre-adjusted volume of water (used as binder)
was added and mixed thoroughly until a smooth paste was obtained. For each 1 g of

solid, 0.5 mL of water was used.
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Table 3.1 Composition (%) of the different solid formulations

Ingredient Function % (w/w) in FR % (w/w) in ER
Fenofibrate Active ingredient 10 10
Lactose Filler 67.75 80
HPMC 2910 Binder (gel) 1.25 -
SSG Disintegrant 9 -
MCC Disintegrant 12 -
HPMC 2208 Hydrophilic matrix - 5
PAA Hydrophilic matrix - 5

For both formulations, the fenofibrate paste was loaded into a syringe. A lock adapter
was then attached between the syringe and a plastic 3 mL cartridge with a 0.610 mm
diameter nozzle, where the paste was transferred to. An .stl file of a cylinder geometry
(10 mm x 10 mm x 1.5 mm) was obtained using TinkerCAD®. The tablets were printed
using a Cellink BioX printer (Gothenburg, Sweden). The printed infill geometry and
percentage were selected prior to printing using the different parameters offered on
the printer software. A concentric 100% infill (solid tablet) and a linear 40% infill (mesh
tablet) were chosen. All formulations were printed at 20 °C and onto a 20 °C printbed
using a temperature-controlled printhead. The remaining printing parameters are
shown in Table 3.2. The tablets were dried in an incubation oven at 40 °C overnight
and stored in a desiccator at room temperature until further tests. To assess the
amount of water remaining on the tablets after drying, 10 tablets were selected. Their

mass was taken right after printing and on the following morning.

Table 3.2 Printing parameters

Printing
FR paste ER paste
parameter
Speed (mm/s) 11 15
Pressure (kPa) 250 230
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3.2.2.2. Weight uniformity

Twenty 3D printed tablets of the same batch of each formulation and geometry were
selected, individually weighed and their average weight calculated, along with its
relative standard deviation (RSD%).

3.2.2.3. Friability

For friability testing, ten solid tablets of each formulation were selected and weighed.
The tablets were then put into the rotating drum for 100 revolutions at 25 rpm,
following the Tablet Friability test recommendation by the United States
Pharmacopeia [217]. After, the tablets were weighed again, and break and crack

analysis were done visually by observation.
3.2.2.4. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

A PerkinElmer Frontier ATR-FTIR (Waltham, USA) spectrometer was used to collect
the infrared spectra of the drug fenofibrate, all excipients, the wet pastes and the
printed tablets between 4000 cm™ and 600 cm™ with a scan resolution of 2 ym and

a step size of 0.5 cm™.
3.2.2.5. X-ray diffraction (XRD)

X-ray diffraction patterns of fenofibrate, the solid excipients and the tablets were
obtained at room temperature using a Bruker D8 Advance with DaVinci XRD
instrument (Billerica, USA). This was set up in divergent beam mode running in
Bragg—Brentano geometry and a Lynxeye 1D detector. A generator voltage of 40 kV
was set, with a current of 40 mA. Samples were scanned over 2 theta range of 5° to

40° in a step size of 0.02° and time per step of 0.1 second.
3.2.2.6. Scanning electron microscopy (SEM)

SEM images of the printed tablets were obtained using a scanning electron
microscope JEOL 6490LV (Tokyo, Japan) with a 10 kV voltage. The samples were
mounted on stubs with carbon tape and then gold coated using an AGAR AGB7341

automatic sputter coater (Essex, UK).
3.2.2.7. Micro computed tomography (micro-CT) scanning

Micro-CT scanning was performed using a Skyscan 1174 Micro CT, with 50 kV

voltage and 800 pA current, a resolution of 12.2 ym with a 0.4° rotating step. An
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averaging frame of 6 was used. The samples were mounted on a stub containing an
Eppendorph™ centrifuge lid as a sample holder. The obtained images were
reconstructed using the NRecon, the analysis was done with CTAn and CTVox was

used as a volume rendering software.
3.2.2.8. In vitro drug release dissolution studies

The studies were done using a United States Pharmacopeia (USP) type 1 apparatus
Copley Dissolution system (Nottingham, UK). In each vessel, 500 mL of 0.1 M
phosphate buffer (pH 7.40) with 0.05 M sodium lauryl sulphate as the dissolution
medium was added and maintained at 37 °C. The rotation of the baskets was set to
50 rpm. 1 mL samples were collected at times 1, 2, 5, 10, 15, 30, 45, 60, 75, 90, 105
and 120 min for the fast release tablets and at times 5, 15, 30, 45, 60, 60, 120, 180,
240, 300 and 360 min for the extended-release tablets and pure fenofibrate. For pure
fenofibrate, three 10 mg samples were used. All dissolution samples were filtered with
a 0.45 ym MF-millipore membrane filter (Millex HA) before transferring to the
collection vial. After each sample removal, an equivalent amount of fresh buffer kept
at the same temperature was reintroduced in the dissolution vat. All dissolution tests
were done in triplicate. Drug quantification was done using a TECAN Spark® (Zrich,
Switzerland) multimode microplate reader UV-Visible spectroscopy (UV-VIS). A
wavelength scan performed, and a wavelength of 290 nm was used for sample

quantification.

3.3. Results and Discussion

3.3.1. Extrusion-based printing of tablets

For both formulations, FR and ER, two different geometries were printed. Figure 3.1
shows the images of the 3D printed tablets, solid and mesh, with the FR formulation
(Figure 3.1 a)) and ER formulation (Figure 3.1 b)). While the solid tablets look identical
and are cylindrical as the .stl file specified, the mesh ones have a gap on the outside.
When choosing the printing parameters, there is an option to add a perimeter layer.
This perimeter layer, which is just an outside layer, while not necessary for a solid
tablet, is needed for a mesh tablet for rigidity. This allows it to have a more defined
outside shape while maintaining the mesh geometry on the inside and it is the first

part of the print. It begins with the printing of the perimeter, followed by the extrusion
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of the infill. Due to the paste’s viscosities, there was a continuous delay in the initial

printing process, causing the gaps to be formed.

Figure 3.1 Images of 3D printed tablets. a) FR tablets, solid and mesh geometry; b)

ER tablets, solid and mesh geometry

While a HPMC gel was used as a binding agent for the FR formulation, only water
was necessary for the ER. There is a considerable difference in the formulation’s
components. Most of both formulations consist of lactose, a filler and bulking agent.
Part of the fast release formulation are disintegrants. Both MCC and SSG are usually
used as disintegrants, causing breakage of oral solid dosage forms upon contact with
water and while MCC has been used as a binding agent [78], this was not enough to
form a paste that could be extruded and sustain a 3D structure. As such, a hydrogel
made with a lower viscosity HPMC [112] was used as a binding agent. On the other
hand, two polymers known to swell upon contact with water and form a hydrophilic
matrix were used for the extended release of fenofibrate in the ER formulation. Upon
mixing the ER powder formulation with water, the swelling of these two polymers led
to a smooth and elastic paste that could easily be extruded and sustain its shape.
The effect of the swellable, hydrophilic polymers can be observed in Figure 3.2, with
the surface of ER tablets being smoother and with defined layers. Large patrticles of
similar shape can be seen in the SEM images of both tablets, most likely
corresponding to the lactose particles, which along with the fenofibrate, are the only
common ingredient in both formulations. Moreover, these appear to be of tomahawk
shape, as typically associated with unprocessed a-lactose monohydrate crystalline
lactose [218].
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Figure 3.2 SEM images of the top layer of a) FR tablet (different magnifications) and
b) ER tablet (different magnifications)

After printing, the tablets were all put to dry overnight in an incubation oven. The
residual water post drying was quantified in 10 tablets of each formulation. With an
initial water content of 55.56% (w/w) (from the HPMC gel), the FR tablets had around
3.71% of water remaining. For the ER paste, there was an initial 33.33% (w/w) of
water, with tablets retaining around 3.39% (w/w). From the SEM images of each
formulation (Figure 3.2) it is possible to observe small pores formed on the surface of
each due to water evaporation. The dimensions of the tablets are shown in Table 3.3.
While the height of the tablets is identical in both formulations and geometries the
diameter of the ER printed tablets is larger than for the FR tablets. This is likely due
to the use of the swelling polymers in the ER formulation, expanding while in contact
with water, which led to the use of a faster printing speed and lower printing pressure

than the ones used for the FR formulation.

Table 3.3 3D printed tablets’ dimensions, measured with a Vernier caliper (n=10)

Solid Mesh
- @ =10.02 £ 0.04 mm @ =9.97 £ 0.07 mm
H=1.26+0.04 mm H=1.24 £ 0.05 mm
ER @ =10.47 £ 0.10 mm @ =10.20+0.10 mm
H=1.27 £0.06 mm H=1.26+0.06 mm
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In Table 3.4 there is a summary of the calculated uniformity of weight for both
formulations and geometries. While all are within the limits established by the British
Pharmacopeia for tablets under 250 mg [219], there is a clear trend in a higher
variation for tablets printed using the fast release formulation, especially for the mesh

printed tablets.

Table 3.4 Uniformity of weight of printed tablets, RSD (%) (n=20)

Solid Mesh
FR 5.62% 7.22%
ER 4.80% 4.78%

From the micro-CT scans of both solid FR (Figure 3.3) and ER (Figure 3.4) tablets, it
is possible to see the poor binding between extruded filaments in the FR tablet when
compared to the ER one. This is presumably due to the sole use of the HPMC gel as
a binding component, in comparison with the two swelling polymers in the ER
formulation. The swelling of the paste for the ER formulation leads to a better binding
between extruded filaments, leading to a more homogeneous solid tablet, lacking
larger gaps or pores. Regardless of the formulation, both types of solid tablets had a
mass difference of less than 1% when testing their friability, with no breakage or

cracks observed.

Figure 3.3 Micro-CT scan of a solid FR printed tablet. a) top view, b) vertical cross

section, ¢) horizontal cross sections at different heights of the tablet
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Figure 3.4 Micro-CT scan of a solid ER printed tablet. a) top view, b) vertical cross

section, ¢) horizontal cross sections at different heights of the tablet
3.3.2. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

FTIR was used to confirm the incorporation of the drug, fenofibrate, in both
formulations. Figure 3.5 shows the spectra of fenofibrate, the FR wet paste and the
FR printed tablet. Figure 3.6 shows, again, the spectra of fenofibrate, as well as the
ER wet paste and the printed tablet using this formulation. Figure S 3.1 and Figure S
3.2 in the supplementary information show the FTIR spectra of FR and ER excipients,
respectively.
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Figure 3.5 FTIR spectra of fenofibrate, the wet FR paste and the FR printed tablet

A clear indication of the incorporation of fenofibrate in the formulations is the peak
corresponding to the C-Cl bond. In the fenofibrate spectra, shown in both Figure 3.5
and Figure 3.6, there is a sharp absorption centred at 764 cm™, which can also be
seen, though with a weaker absorption considering a drug loading of less than 10%,
on the spectra from both wet pastes and the printed tablets. Another two characteristic
peaks of fenofibrate are the ester carbonyl stretching at 1725.7 cm™ and the ketone
carbonyl stretching at 1649.7 cm™ [220]. Both can be observed in the spectra of
fenofibrate, wet pastes and printed tablets which confirms the incorporation of the

drug in the formulations, wet and dry.
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Figure 3.6 FTIR spectra of fenofibrate, the wet ER paste and the ER printed tablet
3.3.3. X-ray diffraction

The diffraction patterns of the drug, lactose and printed tablets are shown in Figure

3.7 and Figure 3.8, for FR and ER, respectively.

FR (tablet)

Lactose

Intensity (offset)

Fenofibrate

5 15 25 35
2 theta (degrees)

Figure 3.7 X-ray diffraction patterns of fenofibrate, lactose and the FR printed tablet

The diffraction pattern of fenofibrate shown in Figure 3.7 and Figure 3.8 matches the
pattern from fenofibrate form | [27,30,31]. It is possible to see that fenofibrate has
characteristic peaks at 11.9° (20), 14.5° (20), 16.2° (28), 16.6° (28) and 22.2° (20). In
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both formulations, apart from fenofibrate and lactose, all other excipients are
amorphous or semi-crystalline (Figure S 3.3, Figure S 3.4). The peak at 22.2° (20)
from fenofibrate, for example, is not one that the drug molecule shares with lactose
in the same 26 range. However, it can be observed in the FR tablet diffractogram
(Figure 3.7), as well as in the ER tablet diffractogram (Figure 3.8). As such, it can be
assumed that the drug was incorporated in its crystalline form in both formulations.
As the manufacturing process consisted purely of producing a paste using a hydrogel
or water and extruding it, plus a drying step, the likelihood of a phase transition was

minimal [8] and therefore not expected.
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Figure 3.8 X-ray diffraction patterns of fenofibrate, lactose and the ER printed tablet

Still, as the amount of lactose is much higher than the amount of fenofibrate in the
printed tablets, the decrease in peak intensity of fenofibrate was expected.
Nonetheless, this shows how there has been no phase transition for the drug particles

during the mixture and printing process.
3.3.4. Invitro drug release

Figure 3.9 shows the fenofibrate release profile from FR tablets, while Figure 3.12

corresponds to the release profile of fenofibrate from ER tablets. In both cases, there
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is a comparison of the release of fenofibrate present in the tablets with pure

fenofibrate.
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Figure 3.9 Dissolution data showing drug release profiles of FR printed tablets and

comparison with pure fenofibrate (n=3)

Fenofibrate on its own, releases an average of 8% in 120 min, and 19% after 6h. In
comparison, FR solid and mesh tablets released 34% and 35%, respectively after

120 min, and ER solid and mesh tablets released 11% and 18% after 6h, respectively.

What can be clearly seen is that the FR formulation did not ensure an immediate
release of the active (Figure 3.9), but rather a faster release than the ER formulation
(Figure 3.12). However, both did not achieve complete release after the defined time.
The formulations chosen were inspired by the previous work of Khaled et al. [112]
which used a water-soluble drug. Fenofibrate is a poorly soluble drug with a solubility
of less than 1 mg/mL at 37 °C [134]. As the drug was used as received and no phase
transformation occurred during the processing of the formulation, no change in its
solubility was expected [8]. With a much lower solubility than the drug used in Khaled
etal.’s work [112], itis clear that neither formulation would be suitable for the delivery
of a drug such as fenofibrate. When using excipients such as the disintegrants MCC
and SSG, upon contact with water there is the breakage of the tablets, and the drug
is released. The consequence of this breakage can be seen on the image from a
dissolution basket after the 120 min study (Figure 3.10 a)) as there is only residual

material left. It is apparent from the release data of this formulation that a higher
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surface area provided by the mesh infill does not lead to significant increase in the

release of fenofibrate (Figure 3.9).

Figure 3.10 Images of the residual material in the dissolution baskets for a) FR tablet
and b) ER tablets

This is likely due to the disintegrating nature of the excipients used. As such, there is
a higher release from this formulation when compared to the pure drug. The drug
release data was also fitted to existing mathematical models, zero and first order,
Higuchi and Korsmeyer-Peppas [221], with the first order model better fitting the
releases from both FR geometry tablets (Figure 3.11). This is characteristic of dosage
forms in which it is assumed that the drug release rate is proportional to the remaining
drug concentration [221]. A slow release was not intended with this chosen
formulation, which is a clear indication that changes in the formulation and/or process

are necessary.
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Figure 3.11 Dissolution models applied to the drug release data from FR printed
tablets

With the ER formulation, it is clear that a difference in surface area by having a mesh
geometry plays a role in increasing the release rate of fenofibrate from the matrix, as
that led to a release of 18% in comparison with 11% from solid tablets (Figure 3.12).
The swellable matrix which leads to a delay in release can still be observed in the
photo taken of the tablets after a 6h study, by covering the bottom of the dissolution
basket (Figure 3.10 b)). The matrix could retain the active inside and only allowing for
its release to start between the 2-3h mark, which is in clear contrast with the pure
active release in the medium (Figure 3.12). With such a small amount of drug being
released when using this formulation demonstrates the need for a change in
excipients and/or processability as well. Once again, the drug release data was fitted
to existing mathematical models, with the zero order model also better fitting the
releases from both ER geometry tablets (Figure 3.13).
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Figure 3.12 Dissolution data showing drug release profiles of ER printed tablets and
comparison with pure fenofibrate (n=3)
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Figure 3.13 Dissolution models applied to the drug release data from ER printed
tablets

The aim of this chapter was to investigate whether it was possible to produce tablets
for a faster and extended release of fenofibrate, a poorly soluble drug, utilising

commonly used pharmaceutical grade excipients as received and without the use of
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organic solvents. It is clear from the results presented above that such this type of

formulations are not the most suitable for the release of fenofibrate.

To improve release rate of a paste formulation containing fenofibrate, a first option
would be the micronisation of the drug particles and/or the micronisation of the drug
and excipients particles, instead of using all powders as received. Though with
different excipients than the ones used in this work and with the intent of producing
orally disintegrating tablets, higher dose fenofibrate formulations have been shown to
have higher release rate when either jet-milling the drug prior to the blending step or
jet-milling the powder mixture after blending all ingredients together, both prior to a
granulation and tabletting process [11]. This micronisation of poorly soluble particles
leads to a reduction in size and hence an increase of the surface area and the
dissolution rate. The jet-milling of a powder blend of drug-excipients leads to a further
increase in release rate as it increases its hydrophilicity and wettability due to the co-
processing with the excipients [11]. As such, and without having to change the chosen

formulation, this extra step could improve the results obtained.

A second possible approach, for a faster release of fenofibrate from 3D extruded
tablets would be to increase the amount of sodium starch glycolate (SSG), as this is
a superdisintegrant. Wet granulation of other poorly soluble drugs with high
concentrations of this disintegrant has been shown to significantly improve drug
release and bioavailability from both capsules and tablets. A concentration of 35%
(wiw) of SSG was found to be optimum for the release of methylprednisolone, with
this poorly soluble drug achieving complete release in less than 30 min. However, a
too high concentration of SSG was also found to delay drug release, as it leads to the
formation of a viscous barrier in the granules during dissolution [6]. As such, a change
in the amount of each component of the FR formulation could lead to a faster release

of fenofibrate.

A third option, which would work for both types of formulations, would be to use an
organic solvent in which fenofibrate is soluble, as a prior step to forming the paste. In
Chen et al. work, in which a paste-based formulation was used in the production of
3D printed floating core-shell systems to deliver the poorly soluble clarithromycin,
ethanol was used. The excipients’ mixture was dissolved and mixed with ethanol, with
the drug then added and stirred in until solidification. This solid mass was then
grounded and mixed with water to form the paste that would be used to produce the
printed tablets [154]. This would be a simple step to be added to both processes,

though it would include the use of an organic solvent.
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There are many other approaches that can be used for improving the release rate of
a poorly soluble drug [6,11,12,20,21,64], though they might not be the most suitable
for a paste-based formulation that can be extruded at room temperature. Different
approaches will be explored in the next chapters.

3.4. Conclusions

The following conclusions can be made from this chapter:

e Paste-based formulations were produced with different excipients to allow a faster and
extended release of fenofibrate, a poorly soluble drug.

¢  TheFR formulation, due to the materials used, led to the printing of tablets with a slightly
higher variability between them, in comparison to the ER tablets. The poorer binding
between extruded filaments led to gaps inside the tablets and the variability was also higher
in mesh tablets.

¢ ER tablets, due to the swellable polymers used for the production of a hydrophilic
matrix which are meant to delay the release of drugs dispersed in them, led to solid tablets
with no clear gaps and with much smoother surfaces.

¢ Theincorporation of fenofibrate in the wet pastes and in the dry tablets was confirmed,
as well as its incorporation as crystalline form I.

e While the release of fenofibrate from FR tablets was indeed faster than from ER tablets,
less than 40% had been released after 120 min. However, the incorporation of the
disintegrants led to an increase in release rate when compared to pure fenofibrate.

e  The use of swellable polymers such as HPMC and polyacrylic acid led to the formation
of a hydrophilic matrix that delayed the release of fenofibrate completely up to 2 h, and led
to a maximum release of 11% from solid tablets after 6 h.

e  Both formulations and the process chosen were shown to not be the most suitable for

the preparation and printing of tablets containing a poorly soluble drug.
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3.5. Chapter appendix: supplementary information
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66



Fast release

SSG
5
X%,
S
>
2 MCC
<
<
HPMC 2910
5 15 25 35

2 theta (degrees)

Figure S 3.3 X-ray diffraction patterns of excipients from the FR formulation

Extended release

PAA
B
o
15
2
B
c
O
E
HPMC 2208
5 35

25
2 theta (degrees)

Figure S 3.4 X-ray diffraction patterns of excipients from the ER formulation

67



4. The effect of a surfactant on the
printability, solubility and stability of a
poorly soluble drug 3D printed tablet

4.1. Introduction

4.1.1. Aims of chapter

To investigate the impact of different concentrations of Tween 80, a commonly used

pharmaceutical grade surfactant, on:

e  The viscosity and printability of the inks

The morphology of the printed tablets, assessing the existence of internal gaps
e  Possibility of phase transformation of the model drug
o Therelease rate of the drug

¢  The physical stability of the printed tablets
4.1.2. Background

Amorphous solid dispersions (ASD) are one of the approaches used to increase the
effective solubility and hence bioavailability of a poorly soluble drug. It involves the
molecular dispersion of a poorly soluble drug into an inert polymeric matrix, often
amorphous. Amorphous materials do not possess the ordered crystal lattice that
crystalline materials do, in turn having “the molecular conformation of a frozen-in
higher temperature liquid”. Such materials have such high viscosity that they appear
solid [222]. Consequently, they possess high free energy, which results in higher
apparent solubility and dissolution rate though also resulting in higher
thermodynamical instability [8,14-17,26,222]. Not only are ASD highly used in
research using traditional manufacturing techniques [10,169,171,223], but they are
also mentioned in studies where 3D printing is being used to manufacture oral solid
dosage forms. ASD have been used in 3D printing in conjunction with traditional
techniques such as hot melt extrusion (HME) in the case of fused deposition
modelling (FDM) [26,224,225] or as a sole manufacturing technique in case of direct
powder printing (DPP) [80,83,84]. While FDM requires a filament as feedstock

material, direct powder printing solely requires a homogeneous mixture of powders.
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This one step approach reduces the need for optimisation of the mechanical
properties of the used filaments and the possibility of thermal degradation [49].
However, while lower printing temperatures can be used with DPP, ASD are not
always obtained [49,82,85].

Different drugs have been used as model drugs and different polymers have also
been explored as carriers for this system in DPP, though Eudragit RL PO has not
been used as a carrier for the delivery of fenofibrate as it is employed here. Moreover,
most formulations used in 3D printing, whether using FDM or DPP, require a
plasticiser in order to be printable [26]. Plasticisers are used as they reduce the glass
transition temperature of polymeric systems and their melt viscosity, therefore
reducing the processing temperature [169,171]. Surfactants such as Tween 80 have
been used in HME and FDM printing for their plasticising effects [26,169,171]. The
amount of plasticiser material can vary vastly, with values that can go up to 25 %
(w/w) [81]. Amorphous solid dispersions are in general more hygroscopic than
crystalline ones as they tend to absorb moisture more easily. The absorbed moisture
then tends to act as a plasticiser which leads to an increase in molecular mobility [8].
By adding a plasticising material to a formulation that is meant to form an amorphous
solid dispersion, there might, hence, be too great of an increase in molecular mobility.
As an ASD is already potentially physically unstable, this can more easily lead to a
phase transition of materials in the formulation, such as the drug recrystallising, and
hence losing the advantage in improved solubility. Therefore, it is very important to
study the stability of this type of systems in different storage conditions [222]. While
3D printing has been argued as being for on-demand manufacture, the stability of
these manufactured dosage forms should still be assessed, even if for a much shorter

amount of time than the required for drug products [226].

This work explores the effect that the addition of a surfactant has on printability,
solubility, and stability of fenofibrate tablets using direct powder printing.
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4.2. Materials and Methods

4.2.1. Materials

Fenofibrate was purchased from Merck Life Science (Gillingham, UK). Tween 80 and
Eudragit RL PO were kindly gifted by Croda (Cowick, UK) and Evonik Industries

(Essen, Germany), respectively.
4.2.2. Methods
4.2.2.1. Rheology

Rheological characterisation of the powder mixtures at the printing temperature of
150 °C was done using a Malvern Kinexus Rheometer (Worcester, UK). 40 mm
disposable parallel plates were chosen and a 0.4 mm gap to mimic the nozzle
diameter was selected. Samples were placed on the bottom plate and allowed to melt
and stabilise before analysis. An amplitude sweep was first conducted at 1 Hz in order
to determine the range of linear viscoelasticity. This was then followed by a frequency

sweep at a constant strain of 1%.
4.2.2.2. Ink preparation and extrusion-based printing

With the aid of a mortar and pestle, Eudragit RL PO , fenofibrate and Tween 80 were
mixed for 15 min until a dry homogenous (by appearance) paste was obtained. The
different formulation compositions are shown in Table 4.1. The formulation was then
transferred to a stainless steel 10 mL cartridge with a 0.4 mm nozzle and placed in a
thermoplastic print-head. An .stl file of a cylinder geometry (10 mm x 10 mm x 1.5
mm) was obtained using TinkerCAD®. The tablets were printed using a Cellink BioX
printer (Gothenburg, Sweden). The printed infil geometry and percentage were
selected prior to printing using the different parameters offered on the printer
software. A concentric 100% infill (solid tablet) was chosen for all formulations and a
linear 40% infill (mesh tablet) was also used for the 10% (w/w) Tween 80 containing
formulation. All formulations were printed at 150 °C, with a printbed temperature of
65 °C and a printing pressure of 700 kPa. The printing speed varied between 1-14.5
mm/s, depending on the Tween 80 % (w/w). The tablets were allowed to solidify at
room temperature and were stored in a desiccator at room temperature until further

tests.
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Table 4.1 Composition (%) of the different formulations

Formulation Fenofibrate % Eudragit RL PO Tween 80 %
name (wiw) % (w/w) (wiw)
oT 10 90 0
1T 10 89 1
10T 10 80 10
4.2.2.3. Weight uniformity

Twenty 3D printed tablets of each formulation and geometry from the same batch
were selected, individually weighed and their average weight calculated, along with

its relative standard deviation (RSD%).
4.2.2.4. Friability

For friability testing, ten tablets of each formulation and geometry were selected and
weighed. The tablets were then put into the rotating drum for 100 revolutions at 25
rpm, following the Tablet Friability test recommendation by the United States
Pharmacopeia [217]. After, the tablets were weighed again, and break and crack

analysis were done visually by observation.
4.2.2.5. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

A PerkinElmer Frontier ATR-FTIR (Waltham, USA) spectrometer was used to collect
the infrared spectra of fenofibrate, Eudragit RL PO, Tween 80, and the printed tablet
between 4000 cm™ and 600 cm™ with a scan resolution of 2 ym and a step size of

0.5cm™,
4.2.2.6. X-ray diffraction (XRD)

X-ray diffraction patterns of fenofibrate, Eudragit RL PO and printed OT, 1T and 10T
tablets were obtained using a Bruker D8 Advance with DaVinci XRD instrument
(Billerica, USA).

Further experimental details can be found in section 3.2.2.5.
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4.2.2.7. Thermal analysis
4.2.2.7.1. Thermogravimetric analysis (TGA)

To assess the thermal stability at the printing temperature of the raw solid materials
and the powder mixtures a TGA 4000 thermogravimetric analyser (Perkin Elmer,
Waltham, USA) was used. Samples of 10-15 mg were placed in the instrument
crucible and scanned between 20 and 700 °C at 20 °C/min.

4.2.2.7.2. Differential scanning calorimetry (DSC)

In order to characterise the thermal properties of the solid constituents, the powder
mixtures and the 3D printed tablets, a Perkin EImer DSC 8000 (Waltham, USA) was
used at a heating rate of 10 °C/min between 0 °C to 160 °C. The samples were heated
and cooled through this cycle twice. 4-7 mg of each material was weighted onto an
aluminium pan and hermetically sealed using an aluminium lid. To identify a baseline
and remove the peaks associated with the aluminium pan, an empty pan was
analysed prior to the materials. The gas flow was controlled at a flow rate of 20 mL/min
of N2 and the DSC was calibrated using iridium (T, =156 + 5°C, AHf = 28.71 + 5 %
J/g). The results were analysed using the Pyris software, provided with the DSC

equipment.
4.2.2.8. Scanning electron microscopy (SEM)

SEM images of the printed tablets were obtained using a scanning electron
microscope JEOL 6490LV (Tokyo, Japan) with a 10 kV voltage. The samples were
mounted on stubs with carbon tape and then gold coated using an AGAR AGB7341

automatic sputter coater (Essex, UK).

4.2.2.9. Micro computed tomography (micro-CT) scanning
Micro-CT scanning was performed using a Skyscan 1174 Micro CT.
See section 3.2.2.7 for experimental details.

4.2.2.10. In vitro drug release studies

The studies were done using a United States Pharmacopeia (USP) type 1 apparatus
Copley Dissolution system (Nottingham, UK). Drug quantification was done using a
TECAN Spark® (Zurich, Switzerland) multimode microplate reader UV-Visible
spectroscopy (UV-Vis).
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Details on the dissolution media and drug quantification can be found in section
3.2.2.8. 1 mL samples were collected at 5, 15, 30, 45, 60, 120, 180, 240, 300 and 360
mins and filtered with a 0.45 ym MF-millipore membrane filter (Millex HA) before
transferring to the collection vial. After each sample removal, an equivalent amount
of fresh buffer at the same temperature was added to the dissolution vat. All

dissolution tests were done in triplicate.
4.2.2.11. Stability studies

As 3D printing can be viewed as an on-demand manufacturing technique, a 4-week
study (28 days) was done for all three formulations at accelerated conditions, 40 °C/
75% relative humidity (RH), following part of ICH guidelines [226]. Five solid tablets
of each formulation, OT, 1T and 10T were placed in 20 mL vials, with closed lids. The
vials were placed in a closed container in an incubation oven set at 40 °C (Figure 4.1
a) and b)). The container had a concentrated sodium chloride solution to create the
high humidity atmosphere, as described in [227]. Furthermore, five samples of each
formulation were also kept in a desiccator to assess their stability in normal laboratory
storage conditions ((Figure 4.1 c)). The amorphous form of printed tablets of each
formulation was confirmed at the start of the stability study. After, a tablet from each
formulation and storage condition was analysed at 24h, 48h, 1 week, 2 weeks and 4
weeks. Polarised light microscopy (PLM) was used as a sensitive method for
detecting the onset of crystallisation. All tablets were printed on the same day so the

study could start on the day they were produced.

[ S

Figure 4.1 a) Stability samples (blue arrow) placed in vials inside container, b) closed

container in incubation oven, c) samples placed in desiccator

The presence of crystalline material was analysed using a Nikon Eclipse LV100ND

Optical Microscope with polarising filters. Individual tablets were placed in a glass
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slide and examined using both polarised and non-polarised light. Images of different
areas of each tablet in both lights were recorded. Crystalline material was defined as
bright white or a coloured spot under polarised light, while making sure this had a
defined shape and was not caused due to a physical defect of the examined surface
or any contamination (for example fibres from the isopropanol wipes used to clean
the cartridges). Material was considered crystalline material if exhibiting a geometric

shape such as star-like, a square or rectangle.

4.3. Results and Discussion

4.3.1. Extrusion-based printing of tablets

Figure 4.2 shows two printed tablet geometries of the 10T formulation, a concentric
100% infill solid tablet (Figure 4.2 a)), and a linear 40% infill mesh tablet (Figure 4.2
b)). The process starts with the printing of a perimeter layer first, followed by the infill
printing in a geometry and percentage that the user chooses. It is possible to observe
that where the perimeter printing starts, there is a smaller indentation on the outside
of both types of tablets from a delayed start of extrusion. This is marked on Figure
4.2 with a blue arrow and it is likely due to the viscosity of the material. This is more
noticeable in the micro-CT scans of both printed geometries, shown in Figure 4.3 and
Figure 4.4. A possible way to solve this issue would be to add a pre-flow delay in the
print, which means the material would be extruded for a specified amount of time prior
to the start of the printhead moving. This would be required during the infill printing
phase also. While this pre-flow delay would potentially solve the small gap in the
perimeter, it would lead to an accumulation of material in the centre of the tablet from
excess material deposition. Therefore, no pre-delay was used. Both geometries were
printed at the same speed, 14.5 mm/s. Their average sizes are shown in Table 4.2.
From twenty printed solid tablets, uniformity of tablet weight was calculated at 3.05 %
(RSD%) for an average mass of 131 mg, with the mesh tablet at 4.33% (RSD%) and
an average mass of 75 mg. This is within the limits established by the British
Pharmacopeia for tablets under 250 mg [219]. The increase in RSD% for the mesh
tablet might be explained by the geometry of the infill, which is more prone to gaps,

as can clearly be seen in the micro-CT of the tablet in Figure 4.4.
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Table 4.2 10T tablets’ dimensions, measured with a Vernier caliper (n=10)

Geometry Solid Mesh
; ; @ =9.41+£0.11 mm @ =9.29+£0.15 mm
Dimensions
H=1.79+0.17 mm H=172+0.18 mm

Figure 4.2 Images of 3D printed tablets: a) solid 10T; b) mesh 10T; c¢) solid OT, 1T
and 10T tablets, respectively
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Figure 4.3 Micro-CT scan of a solid 10T printed tablet. a) top view, b) vertical cross

section, ¢) horizontal cross sections at different heights of the tablet

Figure 4.4 Micro-CT scan of a mesh 10T printed tablet. a) top view, b) vertical cross

section, c) horizontal cross sections at different heights of the tablet

Friability testing of the solid tablets was also performed to assess the robustness of
tablets and in particular their resistance to weight loss on physical agitation, which
may happen from production until administration [1]. After the test, the difference in
mass met regulatory standards, being less than 1% with no cracks or breakage being

observed in the tablets.
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Tablets without Tween 80 (0T) and with a smaller percentage of Tween 80 (1T) were
also printed (Figure 4.2 ¢)). A comparison of the complex viscosity of each formulation
is shown in Figure 4.5, with frequency sweep test data being shown in the
supplementary information (Figure S 4.1). High frequencies simulate a faster motion
over a shorter amount of time, while lower frequencies simulate a slower motion for
a longer period of time, which can be the material at rest [228]. For all three
formulations, the viscosity decreases as frequency increases, which indicates shear
thinning at higher shear rates. This shear thinning effect would lead to an easier
extrusion of the materials [225]. As the melt viscosity of these formulations was much
higher than the formulation containing a higher percentage of Tween 80, a much
lower printing speed had to be utilised. The smaller amount of Tween 80 did not lead
to a significant difference in printing speed, consistent with the almost identical
viscosities (Figure 4.5). OT was printed at 1 mm/s, the slowest speed possible, and
1T was printed at 1.5 mm/s. This marks the viscosity limit for using the same nozzle
size and printing pressure. By being printed at the lowest possible speed, this
demonstrates that a printing process for a formulation of Eudragit RL PO and
fenofibrate without a plasticising material would not be possible at lower
temperatures, unless a larger nozzle was used, as it was in Kuzminska et al.’s work
[85]. A larger nozzle diameter can decrease the shear stress suffered by the material
being extruded, therefore allowing for a more viscous material to be printed [229],

although it reduces the spatial resolution of the printing.

10000
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Complex viscosity, n* (Pa-s)
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o

0.1 1 10 100 1000
Frequency (rad/s)

oT 1T 10T

Figure 4.5 Effect of frequency on the viscosity of the different formulations
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Figure 4.6 Micro-CT scan of a solid OT printed tablet. a) top view, b) vertical cross

section, ¢) horizontal cross sections at different heights of the tablet

However, the addition of Tween 80 (1T) did reduce the gaps found inside the tablets
when compared to the formulation with no Tween 80. In the micro-CT scan (Figure
4.6) and SEM of a vertical cross section of a OT tablet (Figure 4.8 b)) it is possible to
see the gaps in between filaments and layers, these were usually near the outside of
the tablet. Even though they can still be seen for the 1T tablets (Figure 4.7 and Figure
4.8 b)), they are considerably smaller and consistent throughout the entirety of the
tablet rather than the much larger gaps near the edges. The improved viscosity of the
material also led to a better contact and binding of the layers. As such, 1T tablets had
an average mass of 128 mg and uniformity of weight of 4.60% (RSD%), whereas 0T
had an average of 128 mg as well but with a uniformity of weight of 5.08% (RSD%).

A summary of the OT and 1T tablet's dimensions is shown in Table 4.3.

Table 4.3 0T and 1T tablets’ dimensions, measured with a Vernier caliper (n=10)

oT 1T
. ; @ =9.53+0.16 mm @ =9.63+0.14 mm
Dimensions
H=156+0.17 mm H=1.67+0.17 mm
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Figure 4.7 Micro-CT scan of a solid 1T printed tablet. a) top view, b) vertical cross

section, ¢) horizontal cross sections at different heights of the tablet

10kV X50  500pm 10 50 SEI X43  500pm 13 40 SEI

Figure 4.8 SEM images of vertical cross sections of tablets. a) 0T, b) 1T, c) 10T
4.3.2. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

FTIR was used to investigate the incorporation of the drug, fenofibrate, in all
formulations, as well as its change from Form | to an amorphous form. Figure 4.9
shows the spectra of the formulation’s raw materials (fenofibrate, Eudragit RL PO and

Tween 80) and the printed tablets.
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Figure 4.9 FTIR spectra of the raw materials fenofibrate, Eudragit RL PO and Tween

80, and the printed tablets of each formulation

Considering fenofibrate, Table 4.4 summarises some of the characteristic absorption
peaks. As mentioned previously (3.3.2), a clear indication of its incorporation in the
formulations is the peak corresponding to the C-CI bond. In the fenofibrate spectra,
there is a sharp absorption centred at 764 cm™, which can also be seen, though with
a weaker absorption considering a drug loading of only 10% w/w, on the spectra in
all of the printed tablets. Two other characteristic peaks can be seen at 1725.7 cm™*
for an ester carbonyl stretching, and 1649.7 cm™ for a ketone carbonyl stretching
[220]. Literature shows that between form | and the amorphous form of fenofibrate
there are shifts in the absorption peaks [220,230]. This can also be observed in the
spectra of fenofibrate and the printed tablets. There is a downward peak shift for the
ester carbonyl stretching and an upward shift for the ketone carbonyl stretching (Table
4.4). The upwards shift for the ketone carbonyl stretching peak is consistent in the
literature, as well as it being a more significant shift [220,230]. Sailaja et al.
hypothesises that this upward shift for the ketone carbonyl stretching suggested a
stronger hydrogen bond in the crystalline phase when compared to the amorphous
phase of fenofibrate [230]. However, both upwards [220] and downwards shifts [230]

have been reported for the peaks corresponding to the ester carbonyl stretching peak
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of crystalline form | and amorphous fenofibrate. Regardless, the shift reported for the
ester carbonyl stretching is smaller in both reported cases [220,230], which is also
observed in the printed tablets as shown in Table 4.4. The absorption peaks
corresponding to the two carbonyl groups and the C-Cl bond, are the most distinctive

peaks and confirm the presence of amorphous fenofibrate in the printed formulations.

Table 4.4 Summary of fenofibrate’s characteristic absorption peaks in pure

component and printed tablets

Wavenumber (cm)

Functional
Fenofibrate
group OT spectra 1T spectra 10T spectra
spectra
C=0 (ester) 1725.7 1724.4 1723.6 1725.5
C=0 (ketone) 1649.7 1656.8 1657.9 1658.9
C-Cl 764.0 763.5 763.5 764.4

4.3.3. X-ray diffraction (XRD)

X-ray diffraction of the raw solid components and the printed tablets of each
formulation were performed to examine the physical state of the drug in the final
product (Figure 4.10). As Eudragit RL PO is amorphous, its diffraction pattern exhibits
a broad halo [186]. As shown in section 3.3.3, fenofibrate’s diffraction pattern
demonstrates it is crystalline and matches form 1 [9,194,220]. Peaks are observed at
11.9° (26), 14.5° (2 8), 16.2° (2 6), 16.6° (20) and 22.2° (2 6). In Figure 4.10, the data
for all tablets confirm the amorphous form of fenofibrate within the formulations, with
the presence of a broad halo and no distinctive peaks. Moreover, this demonstrates
that the presence of Tween 80 is not required for the amorphicity of the drug-polymer

printed system.
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Figure 4.10 X-Ray diffraction patterns of raw solid components fenofibrate and
Eudragit RL PO and printed tablet

4.3.4. Thermal analysis

To assess the stability of the raw solid materials and powder mixtures at the printing
temperature (150 °C), TGA was used. A partial thermogram up to 200 °C can be seen
in Figure 4.11, with the entire thermogram available in the supplementary information
(Figure S 4.3). Eudragit RL PO and the powder mixtures with (10T) and without
Tween 80 (0T) showed a 2.3% weight loss at 150 °C, as has been reported previously
and that is thought to be associated with moisture evaporation [60,85]. Fenofibrate

appears to start degrading at 200 °C, in agreement with literature [125].
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Figure 4.11 Partial TGA thermal degradation profiles of raw solid materials and

powder mixtures

Figure 4.12 shows DSC thermograms of fenofibrate, including its first and second
heating cycle and Figure 4.13 show the DSC thermogram of the solid raw materials,
the powder mixtures, and the printed tablets. The fenofibrate thermogram shows a
sharp endotherm peak at 82.2 °C in the first heating cycle, with the onset melting
temperature at 80.7 °C, but the same feature was not observed in the second heating
cycle. Even though the accepted melting point of fenofibrate form | is 80.5 °C [194],
different melting points have been reported previously [9,10,194,231], including 83.4
°C [125], still believed to be indicative of fenofibrate form I. There is a lack of an
endothermic peak for the melting of fenofibrate on the second heating run. Gorniak
et al., at the same heating and cooling rate used here, also did not observe the
endothermic peak of fenofibrate in the second heating cycle, but rather an exothermic
peak indicating the crystallisation of amorphous fenofibrate [194]. This was not
observed here indicating a slow recrystallization of fenofibrate and hence the lack of
an exothermic or endothermic peak. As such, and in order to investigate whether
crystalline fenofibrate is present, the 1 heating cycle was analysed for the physical
mixtures. However, and in order to eliminate the polymer’s thermal history, the second

cycle was used for Eudragit RL PO and the prints, as long as no endothermic peak
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corresponding to the melting of crystalline fenofibrate was observed in the first heating

cycle.

2"d heating cycle

Heat flow (mW) (endo up) (offset)

J k 1st heating cycle

30 50 70 90 110 130 150
Temperature (°C)

Figure 4.12 DSC thermogram of fenofibrate showing the 1%t and 2" heating cycle

Eudragit RL PO, as seen already by its diffraction pattern, is an amorphous material
and did not show any characteristic peak in the thermogram (Figure 4.13). As with
fenofibrate’s melting point, different glass transition temperature values have been
reported in the literature [85,158,232,233], ranging from 62 to 70 °C. However, it was
not possible to detect this in this analysis, nor was it possible to detect the glass
transition temperature of the other samples. Though not possible to see, what is
expected is a decrease in T for the mixtures and prints with Tween 80, especially for
the one containing 10% (w/w), as this surfactant was used with the intention to
decrease the melt viscosity of the system, which was already demonstrated
(subsection 3.3.1). A loading of 10% (w/w) of this type of surfactant has been seen to
decrease the glass transition temperature of a drug-polymer system by up to 30 °C
[169]. However, a significant difference was not expected to be seen for 1T, as a 2%
(w/w) loading has not significantly impacted on the glass transition temperature of a
drug-polymer systems [169]. Fenofibrate has also been found to act as a plasticiser
in amorphous solid dispersions, though in higher concentrations (30% (w/w) and with

different carrier polymers than used here [10]. Therefore, a decrease in glass
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transition temperature for Eudragit RL PO with fenofibrate might be expected as well.
For the physical mixtures, what was observed is a single endothermic event
corresponding to the melting of the crystalline fenofibrate present in these mixtures.
The onset temperature was detected at 80.30, 80.45 and 79.10 °C for OT, 1T and
10T, respectively. The decrease in the endothermic peak height of the powder
formulations and printed tablets compared to fenofibrate is due to the drug being only
10% (w/w) of the mixtures. The lack of endothermic peak, as observed for the carrier
polymer, shows that the drug is amorphous in the printed formulation, at least below
the limit of detection of DSC of around 2% w/w [184]. The DSC results further confirm
what was observed with the XRD pattern of the printed tablets, which show that the
drug in the printed tablets, regardless of the formulation, to be in its amorphous form.
Eudragit RL PO therefore allows the transition of fenofibrate from its stable crystalline
form | to an amorphous form which remains stable and unchanged for the period of

observation.
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Figure 4.13 DSC thermogram of fenofibrate, Eudragit RL PO and the printed tablet
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4.3.5. Invitro drug release

Figure 4.14 a) shows the cumulative % release of fenofibrate from the two different
geometries that were printed with the 10T formulation. As it has been extensively
shown in the literature for non-disintegrating tablets [52,231,234], when a lower infill
% has been used to print a tablet, the surface area available for the release of the
drug from the tablet matrix increases, therefore increasing the rate at which said drug
is released. Notably, the mesh tablets show full release after 360 min (6hrs), while
the solid tablets only exhibit a release of around 57% of fenofibrate after 6hrs. It is
worth noting that the .stl file used for printing the tablets was the same, which means

the shape is similar, though the amount of drug in the mesh tablets is pro rata less.

Figure 4.14 b) shows the comparison of cumulative % release of fenofibrate from the
solid tablets from all three formulations. As expected, due to its solubilising effect
[26,169-171], the tablets with the highest amount of Tween 80, the 10T tablets, have
the highest release of drug in the 6 hours of the study. However, it is surprising to see
the addition of 1% Tween 80 (1T) has no significant impact on the release of the drug
in the same amount of time when as compared to the formulation with no Tween 80
(OT). Both released an average of 36% after 6h. One might argue that this was to be
expected as the impact it had on the formulations’ viscosity and printability was not
significant but the addition of this material at a concentration as low as 1% has been
reported to have a positive effect in the solubilisation of a poorly soluble drug and its
consequent release rate, almost as much as the addition of a higher concentration of
Tween 80 [170]. However, there have been reports of an addition of 10% (w/w) Tween
80 having no positive effect on the release rate of a poorly soluble drug when
compared to the same drug-polymer system without the surfactant. In that case, the
extrusion temperature of the drug-polymer-Tween 80 system was higher than 150 °C,
which might have caused the degradation of the Tween 80, preventing its potential
solubilising effect [169,171]. Still, the temperature used here for printing was lower
than the one used in Ghebremeskel et al.’s work [169,171] and from the TGA
thermogram (Figure 4.11) no thermal degradation of the surfactant occurred.
Nonetheless, a positive effect with a higher concentration of Tween was observed.
The difference in amount released in the first 5 min between all samples, but
specifically for the OT samples, could be due to a higher amount of the drug near the
surface of these tablets, something that could be investigated in the future using

techniques such as energy dispersive x-ray analysis (EDX) [138].
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comparison of the release from tablets containing the different formulations

To better understand this difference in release profiles, a tablet of each formulation
was removed from a dissolution vat after 3hr and analysed using micro-CT scanning

and SEM imaging. The effect of 10% (w/w) Tween 80 can be seen in the micro-CT
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scan of this tablet (Figure 4.15) and on the SEM image of a vertical cross section of

the same tablet (Figure 4.18 c¢)). In both, several pores can be observed.

Figure 4.15 Micro-CT scan of a partial dissolved solid 10T printed tablet. a) top view,

b) vertical cross section, c¢) horizontal cross sections at different heights of the tablet

As seen previously in the micro-CT scan (Figure 4.3) and SEM of a vertical cross
section of a 10T tablet (Figure 4.8), the existence of pores and gaps in tablets printed
with this formulation were minimal. They were mostly found in the filament interphase
and were much smaller than the ones found in the other two tablets. We can therefore
presume that these larger pores have appeared during the dissolution testing and are
likely caused by a leaching of the Tween 80 into the dissolution media, something
that has been seen by Tween 80 present in hydrogels [235]. The appearance of these
pores is increasing the surface area of the tablet. Consequently, the release rate of
fenofibrate increases as well and that leads to a much higher release from that tablet
when compared to tablets OT and 1T. Figure 4.16 and Figure 4.17 show the micro-
CT scans of both OT and 1T tablets after dissolution, respectively and Figure 4.18
shows the SEM image of vertical cross sections of the same tablets in the same
condition. Besides the normal gaps found in these type of tablets in the interphase of
the extruded filaments, from the high viscosity of material and (Figure 4.6 and Figure
4.7), no pores of significant size have formed in either OT and 1T, consistent with the

lower and similar amount of drug released.
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Figure 4.16 Micro-CT scan of a partial dissolved solid OT printed tablet. a) top view,

b) vertical cross section, c¢) horizontal cross sections at different heights of the tablet

Figure 4.17 Micro-CT scan of a (broken) partial dissolved solid 1T printed tablet. a)
top view, b) vertical cross section, ¢) horizontal cross sections at different heights of

the tablet

Cross sectional SEM images of the same tablets (Figure 4.18) show that few pores
or cracks have been formed during dissolution, as compared to their form prior to

dissolution (Figure 4.8).
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Figure 4.18 SEM images of vertical cross sections of partial dissolved tablets. a) OT,
b) 1T, c¢) 10T, d) 10T (higher magnification)

Independently of the geometry chosen and the addition of a plasticiser, the use of a
polymeric matrix such as Eudragit RL PO leads to a sustained release of the drug.
The drug release data was fitted to existing mathematical models, zero and first order,
Higuchi and Korsmeyer-Peppas [221], with the zero order model better fitting the
release profiles from all types of tablets (Figure 4.19, Figure 4.20 and Figure 4.21).
This is characteristic of dosage forms with a slow drug release that is not caused by
disintegration of the dosage form, where the same amount of drug is released per
unit of time [221].
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Figure 4.21 Dissolution models applied to the drug release data from 1T printed
tablets

4.3.6. Stability study

The stability test started soon after printing. A photo of tablets at the beginning of the
study is shown in Figure 4.22 a).
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Figure 4.22 Printed tablets (OT on the left, 1T in the centre and 10T on the right) over
time under accelerated conditions. a) day 0, b) day 7, ¢) day 14, d) day 28

These samples were analysed using optical microscopy and polarised light
microscopy to characterize amorphicity upon printing (Figure 4.23). While some bright
spots could be seen, these were not of defined geometrical shape and were not
considered to be recrystallised drug, but rather features caused by localised
scattering. The difference that the addition of 10% (w/w) Tween 80 makes can be
seen from the same day they are printed, as the tablets are more transparent (Figure
4.23 c)). It is also with this formulation (10T) that more significant changes can be

seen over time, for both storage conditions.
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Figure 4.23 Images of the printed tablets on day 0 using optical microscopy followed
by the same image under cross polarised optical microscopy. a) 0T, b) 1T and c¢) 10T

Starting with the study under accelerated conditions, there were no significant
differences observed for the OT and 1T tablets over the 28-day period (Figure S 4.4
and Figure S 4.5, respectively). The tablets retained their shape and appearance
throughout the experiment (Figure 4.22). For the 10T tablets, the appearance
changed significantly over time (Figure 4.22). On day 7, they had lost part of their
shape, as can be seen from their optical microscopy image in Figure 4.24 c). By day
14 their shape had been lost and under both polarised and non-polarised light, the
sample appeared ‘glassy’ (Figure 4.24 d)). As previously mentioned, amorphous
materials have higher hygroscopicity, with absorbed moisture acting as a plasticiser
and leading to increased molecular mobility [8]. The system without Tween 80 is

already an amorphous dispersion, in which the high humidity of the accelerated
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conditions could be used as a plasticiser. By adding a high concentration of Tween
80 (10T), a plasticiser, the uptake of moisture might have led to an even greater
plasticisation effect and consequent increase in molecular mobility. Moreover, as
discussed previously (section 4.3.4), the addition of such a high concentration of
Tween 80 might have decreased the glass transition temperature of the system
considerably. With a temperature of 40 °C, likely near the T4 of the system, this would
lead to a softening of the material [169]. Surfactants with higher glass transition
temperatures and semi-solid in nature that provide higher viscosity to drug-polymer
systems have been reported to have a higher stabilising effect of felodipine, another
poorly soluble drug, when compared to Tween 80 [215]. As such, this combination of
high temperature and high humidity led to the loss of shape of these tablets with

higher concentration of Tween 80.
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Figure 4.24 Images of the 10T tablets under accelerated conditions using optical
microscopy, followed by the same image under cross polarised optical microscopy.

a) day 1, b) day 2, c) day 7, d) day 14

At room temperature and in the desiccator significant recrystallisation was observed.

While not much difference was observed for samples of OT and 1T over time (Figure
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S 4.6 and Figure S 4.7, respectively), clear crystallisation can be observed in the
centre and outside border of a 10T sample starting on day 7 (Figure 4.25 a)). Spread
of the crystallisation is seen on day 14 (Figure 4.25 b) and Figure S 4.8 a)), becoming
even more spread throughout the entirety of the tablet by day 28 (Figure 4.25 c) and
Figure S 4.8 b)). So, once again, the high amount of a plasticiser lead to an increase

of mobility and instability.

Figure 4.25 Images of the 10T tablets stored in desiccator using optical microscopy,
followed by the same image under cross polarised optical microscopy. a) day 7 (blue

arrows marking probable crystallisation), b) day 14, c) day 28
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4.4. Conclusions

The following statements and conclusions can be made from this chapter:

e Direct powder printing is a modality of 3D material extrusion in which the material is
melted, as with FDM printing, but where the prior production of a filament is not required,
and a lower printing temperature can usually be employed.

¢  Amorphous solid dispersions of poorly soluble drugs can be achieved using this
approach.

¢  Adding Tween 80, a surfactant, as a plasticiser can significantly decrease the viscosity
of the melt, increase the printing speed of the mixture and improving the binding of the
printed filaments and layers, leading to a more contiguous and uniformly solid tablet.

¢ The addition of Tween 80 has a significant effect on the release rate of fenofibrate. The
surfactant aids solubilisation of the poorly soluble drug, and it is proposed to preferentially
leach out the tablet during dissolution, creating pores that increase the surface area and
consequently increase release rate.

e Achange in geometry from a solid to a mesh tablet increases the surface area of the
tablet which leads to an increase in release rate of fenofibrate.

¢  The formulations without Tween 80 and with a 1% (w/w) concentration of Tween 80
remain stable, whereas the one with 10% (w/w) of Tween 80 leads to physical instability
under the same conditions. At higher temperatures and humidity, the tablets lose their
shape as there is an increase in molecular mobility due to the temperature being close to
the glass transition temperature of the system and the additional plasticising effect of
absorbed water. While stored in the desiccator and at room temperature, Tween 80 leads
to an increase in mobility though leading to an onset of crystallisation of fencfibrate, between
day 2 and day 7.

e Inorder to print at lower temperatures and further optimise this process, there is a need
to explore different plasticising materials. As such, it is imperative that their impact on the
printability, solubility and stability of poorly soluble drugs is also studied.
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4.5. Chapter appendix: supplementary information
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Figure S 4.4 Images of the OT tablets under accelerated conditions using optical
microscopy, followed by the same image under cross polarised optical microscopy.
a) day 1, b) day 2, c) day 7, d) day 14, e) day 28
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Figure S 4.5 Images of 1T tablets under accelerated conditions using optical
microscopy, followed by the same image under cross polarised optical microscopy.
a) day 1, b) day 2, c) day 7, d) day 14, e) day 28
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Figure S 4.6 Images of the OT tablets stored in the desiccator using optical
microscopy, followed by the same image under cross polarised optical microscopy.
a) day 1, b) day 2, c) day 7, d) day 14, e) day 28
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Figure S 4.7 Images of 1T tablets stored in the desiccator using optical microscopy,
followed by the same image under cross polarised optical microscopy. a) day 1, b)
day 2, c) day 7, d) day 14, e) day 28
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Figure S 4.8 Images of a 10T tablet stored in the desiccator using optical microscopy, followed by the same image under cross polarised optical
microscopy. a) day 14 and b) day 28
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5. Printing of a PEG-FEN eutectic system

5.1. Introduction

5.1.1. Aims of chapter

e  Produce a phase diagram of a binary mixture of PEG 8000 and fenofibrate to confirm
the eutectic point
e  Assess the printability of a eutectic mixture using an extrusion-based printer

e  Show that release of fenofibrate is enhanced by using this type of system
5.1.2. Background

In the previous chapter, the focus was on the use of amorphous solid dispersions in
order to improve the release rate of fenofibrate from extrusion 3D printed tablets. Solid
dispersions can be amorphous, partially crystalline or crystalline in nature. Indeed,
solid dispersions can be thought of as being in the following categories, eutectic
mixtures (EM), solid solutions, glass solutions/suspensions, amorphous regions of
drug in a crystalline carrier, and where the drug and matrix strongly interact with each

other in aqueous environment to form complexes.

A eutectic is defined as the combination of two crystalline compounds with a melting
temperature below the melting temperature of each of the components [14—-16,194].
In a eutectic system, where the drug and carrier are completely miscible in the liquid
state but negligibly in the solid state, the drug is maintained in a normal crystalline
state in a soluble crystalline matrix [16,194]. Such a system can be
thermodynamically stable with a much lower possibility of phase transformations
compared to amorphous systems [14-17]. Besides increased stability, eutectic
mixtures have reduced particle size [15,17,194] and this increase in surface area
leads to an increase in dissolution rate [194]. Moreover, as one of the components of
the binary mixture is chosen to be hydrophilic, it can help solubilise the poorly soluble
drug dissolution [16]. As a way to improve the solubility of poorly soluble drugs, this
is not a widely explored option [192]. The lower melting temperature of the system
can be an advantage for its processability, something that does not seem to have

been explored much in 3D printing of pharmaceuticals [50].
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Several methods have been reported to produce eutectic mixtures, with many using
fusion followed by a grinding step in order to obtain a powder mixture that can be
further used for analysis and drug release evaluation, as well as it facilitates the
particle size reduction of the drug particles aiding an increase in solubility [15-17].

Others have used solely grinding for the preparation of the binary mixtures [194,236].

Continuing with the use of fenofibrate as a model drug, there have been studies with
fenofibrate as part of eutectic systems. Both Law et al. [17] and Vippagunta et al. [15]
have explored the eutectic mixture formed between PEG 8000 and fenofibrate (PEG
— FEN), the first focusing on the eutectic microstructure and the enhancement of
release rate, and the second focusing on the factors that affect the formation of
eutectic systems, such as polymer molecular weight and possible drug-polymer
interactions. Both used a fusion process followed by grinding as their preparation
methods. Vippagunta et al. reported that there were no observable interactions
between PEG 8000 and fenofibrate and that the molecular weight of the PEG polymer
had no significant effect on the formation of the eutectic or on the release rate of the
drug [15]. Both studies concluded that the eutectic point determined the upper limit
for drug loading which would benefit from increase solubility and that the eutectic
point was situated at around 25% (w/w) fenofibrate [15,17]. PEG 8000 has been found
to also form eutectics with flurbiprofen and ibuprofen [15], with other molecular weight
PEGs also forming eutectics with drugs such as temazepam [236], ibuprofen [16] and
puerarin [50]. Eutectic systems can not only be formed between a drug and a polymer
but also between different drugs. Gorniak et al. reported a eutectic system formed
between fenofibrate and acetylsalicylic acid with a threefold increase in fenofibrate
release when compared with pure fenofibrate [194].

5.2. Materials and Methods

5.2.1. Materials

Fenofibrate was purchased from Merck Life Science (Gillingham, UK) and Kollisolv®
PEG 8000 was kindly gifted by BASF Pharma (Ludwigshafen, Germany).
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5.2.2. Methods
5.2.2.1. Binary mixture preparation

With the aid of a mortar and pestle, fenofibrate and PEG 8000 were mixed for 15 min
in ratios of 10:90, 15:85, 20:80, 25:75, 30:70, 40:60, 50:50, 70:30 and 90:10. The
powder mixture was then transferred to a glass vial with a magnetic stirrer and placed
in a water bath on a hot plate, as shown in Figure 5.1. The bath was heated to 70 °C
and the mixture was mixed for 1h until all materials were melted and a clear visibly
homogeneous mixture was obtained. This was left to cool overnight and the mixtures

were then ground using a mortar and pestle and left in a desiccator until further use.
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Figure 5.1 Melting and mixing of the binary mixture
5.2.2.2. Differential scanning calorimetry (DSC)

The binary mixtures from section 5.2.2.1, fenofibrate and PEG 8000 were analysed
in a Perkin EImer DSC 8500 (Waltham, USA). A heating rate of 5 °C/min between
30 °C to 90 °C was used and samples of 4-7 mg of each material were weighed onto
an aluminium pan and hermetically sealed using an aluminium lid. To identify a
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baseline and remove the peaks associated with the aluminium pan, an empty pan
was analysed prior to the materials. The gas flow was controlled at a flow rate of 20
mL/min of N> and the DSC was calibrated using iridium (Tm =156 + 5°C, AHf = 28.71
+59% J/g). The results were analysed using the Pyris software provided with the DSC.

5.2.2.3. Ink preparation and extrusion-based printing

For printing, the eutectic mixture consisting of fenofibrate (25 wt %) and PEG 8000
(75 wt %) was prepared as in section 5.2.2.1. Prior to printing, this mixture was
remelted in a water bath as shown in Figure 5.1 and then transferred to an aluminium
3 mL INKREDIBLE+ cartridge with a 0.5 mm stainless steel micro metal precision
nozzle and placed in a temperature-controlled print-head with a custom-made nozzle
cap. The custom nozzle cap was designed using Autodesk® Fusion 360™
considering the measurements of the nozzle cap that comes with the printhead. The
same .stl file of a cylinder geometry (10 mm x 10 mm x 1.5 mm) used in the previous
chapters was used for the tablets. The tablets were printed using a Cellink BioX
printer (Gothenburg, Sweden). Tablets with a concentric 100% infill were printed at
57 °C, with a printbed temperature of 40 °C, a pressure of 240 kPa and a speed of 4
mm/s. The tablets were allowed to solidify at room temperature and were stored in a

desiccator at room temperature until further tests.
5.2.2.4. Weight uniformity

Ten 3D printed tablets of the same batch with 100% infill were selected, individually
weighed and their average weight calculated, along with its relative standard deviation
(RSD%).

5.2.2.5. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

A PerkinElmer Frontier ATR-FTIR (Waltham, USA) spectrometer was used to collect
the infrared spectra of pure fenofibrate, PEG 8000, the different mixtures and the
printed tablet between 4000 cm™ and 600 cm™ with a scan resolution of 2 ym and a

step size of 0.5 cm™.
5.2.2.6. X-ray diffraction (XRD)

X-ray diffraction patterns of pure fenofibrate, PEG 8000, the eutectic mixture and the
printed tablet were obtained using a Bruker D8 Advance with DaVinci XRD instrument
(Billerica, USA).
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Further experimental details can be found in section 3.2.2.5.

5.2.2.7. Micro computed tomography (micro-CT) scanning
Micro-CT scanning was performed using a Skyscan 1174 Micro CT.
See section 3.2.2.7 for experimental details.

5.2.2.8. In vitro drug release studies

The studies were done using a United States Pharmacopeia (USP) type 1 apparatus
Copley Dissolution system (Nottingham, UK). Drug quantification was done using a
TECAN Spark® (Zdrich, Switzerland) multimode microplate reader UV-Visible
spectroscopy (UV-Vis).

Details on the dissolution media and drug quantification can be found in section
3.2.2.8. Samples were collected at times 0, 1, 2, 5, 10, 15, 30, 45, 60, 75, 90, 105
and 120 mins and filtered with a 0.45 yum MF-millipore membrane filter (Millex HA)

before transferring to the collection vial.

5.3. Results and Discussion

5.3.1. Differential scanning calorimetry (DSC)

The first step in analysing the PEG—FEN system was to produce thermograms at
different fenofibrate concentrations to determine the eutectic point (Figure 5.2 a)).
Although this has been reported in literature [15,17], it was important to confirm these
findings for the materials used in this work to further decide on the parameters to be

used in the printing process.
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Figure 5.2 a) Stacked DSC thermograms of PEG 8000 — FEN systems and b) phase
diagram of the PEG 8000 — FEN system (A — melted EM and excess solid fenofibrate,
B — melted EM and solid excess PEG 8000, solid PEG 8000 and fenofibrate, D —
liquid PEG 8000 and fenofibrate)
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The PEG 8000 had an onset melting temperature of 61.3 °C and fenofibrate of 80.5
°C, both consistent with literature [15,17], it was hence expected that the eutectic
system would have a melting point lower than these two values. Moreover, a
fenofibrate concentration lower than 50% (w/w) was also expected due to the
difference in melting temperatures [15]. Law et al. reported single endothermic events
at 20 and 30% (w/w) fenofibrate when using DSC and 20 and 25% (w/w) when using
hot stage microscopy, therefore determining that the eutectic composition was
between 20 and 25% (w/w) fenofibrate [17]. Using solely hot stage microscopy,
Vippagunta et al. determined that 25% (w/w) fenofibrate was the eutectic composition
[15]. From our DSC analysis (Figure 5.2 a), it is possible to observe single
endothermic events for the pure components, PEG 8000 and fenofibrate, and the
mixtures with 20 and 25% (w/w) fenofibrate. With the melting temperature of PEG
8000 and the eutectic mixture so close together, there are peaks overlapping. These
are more easily distinguishable and analysed with the Pyris software that is available
with the DSC equipment. The single endothermic event of 20% (w/w) fenofibrate
occurred at 57.86 °C, with the one of 25% (w/w) at 58 °C, which is in agreement with
the literature [15,17]. With the values obtained from the DSC analysis, a phase
diagram was constructed (Figure 5.2 b)). This allows for the visualisation of the
eutectic composition, which can be found where there is one single endothermic
event and the lines for solidus and liquidus points meet. As with Law et al., this is
between 20-25% (w/w) [17]. As it would be desirable to have the highest drug loading
possible, the printing experiments were done with a concentration of fenofibrate of
25%.

5.3.2. Extrusion-based printing of tablets

The eutectic mixture of PEG 8000 and fenofibrate at room temperature is solid. A
solid object or powder cannot be printed, it must be semi-solid or melted. Considering
the requirement for a higher temperature than room temperature, the first attempt was
with the thermoplastic printhead (Figure 5.3 a)) as with a melting temperature of 58
°C, there would be no need for an excessively high printing temperature. The
peculiarity of the thermoplastic printhead is that it was made to be used with
thermoplastic polymers, preferably in a granulated form [237]. The heating element
of the printhead is right above the nozzle, meaning the material further away from the

nozzle is at a lower temperature.

113



Figure 5.3 a) Thermoplastic printhead, b) initial printing attempts, c) possible prints

with this set-up showing top and bottom of printed tablets

This can be seen in Figure 5.4. This difference in temperatures within the printhead
meant that part of the ink was fully melted, and another part was solid. The solid
material would create a solid lid inside the cartridge, preventing the soft or melted
material from being extruded. To prevent the creation of this lid, the ink material was
heated up to 60 °C. However, this caused the material to be completely melted. When
using extrusion printing, the material cannot be too viscous, or it will not be extruded
but, it equally cannot have too low a viscosity, or it will not retain its shape [63]. With
the mixture being in a molten state, the printed tablet could not retain the desired
shape and instead of using a 100% infill geometry, a 50% infill would have to be used,
as the diameter of the extruded filament was much larger than the desired 0.4 mm,
which was the size of the used nozzle. The effect of this can be observed in Figure
5.3 ¢), as the tablets printed were not of a cylindrical shape but rather a round top.
Moreover, in Figure 5.3 b), inconsistency in the printing can be observed. Inkjet
printing potentially would be a more suitable printing technique to use with this
formulation in a melted form as its viscosity would be low, the material deposition

would be more selective, and the resolution would be higher [138,231].
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Figure 5.4 Temperature measurements in thermoplastic printhead (set to 100 °C as
example): a) heating element highlighted with red rectangle, b) temperature
measured inside nozzle, c) temperature measured on the walls in the middle of the

cartridge

Considering this difference in temperature within the cartridge (Figure 5.4), the
temperature-controlled printhead was chosen. Moreover, to help with the heat
transfer within the material, an aluminium cartridge from another Cellink printer model,
the Inkredible + was used as well. However, as this cartridge is meant for another
printer, the nozzle cap that comes with the temperature-controlled printhead did not
fit. The nozzle cap is meant to help with controlling the temperature within the nozzle,
as this part is not inside the printhead. As such, the nozzle was completely exposed
without a nozzle cap, causing a blockage of said nozzle as material was solidifying
(Figure 5.5).
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Figure 5.5 Images showing the use of the Inkredible + aluminium cartridge in a BioX
temperature-controlled printhead. a) fitting of cartridge in printhead, b) printhead with
nozzle cap, ¢) nozzle exposed to room temperature, d) solidified material blocking

exposed nozzle

A first attempt to solve this issue was made using aluminium foil to cover the nozzle

and help retain heat (Figure 5.6).

Figure 5.6 First try at covering nozzle to prevent ink solidification: a) placement of
aluminium foil, b) image showing tip of nozzle is not covered, c) first printing attempt

at 60 °C showing different infill percentages

As this seemed to have a positive effect but was not a viable permanent solution, a
custom-made nozzle cap was made. Measurements of the existing nozzle cap were
taken and used to design a new nozzle cap. The CAD model made from the existing

nozzle cap and the new version can be seen in Figure 5.7.
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Figure 5.7 Different views of the CAD models of the a) existing nozzle cap and b)

custom-made nozzle cap

A first prototype was printed with polylactic acid (PLA) using an FDM printer, the
Ultimaker 2+ (Ultimaker B.V, Utrecht, The Netherlands) (Figure 5.8 and Figure 5.9)
and the final version was printed in 316L stainless steel using a laser powder bed
fusion printer, the AconityMIDI+ (Aconity3D, Herzogenrath, Germany) (Figure 5.10).
Stainless steel was chosen due to its lower thermal conductivity (13.40 W/m K) [238]

compared to the other available options, titanium and copper alloys.

Figure 5.8 Side to side comparison of existing nozzle cap (grey) and PLA printed

custom made nozzle cap (yellow)
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Figure 5.9 Fitting of FDM printed nozzle cap prototype: a) close-up of inserted nozzle

cap, b) printhead with inserted cartridge and nozzle cap

The first EM printing attempts were made at a temperature higher than the melting
point but as the printing parameters were optimised, it was possible to print at 57 °C,
using 240 kPa of pressure and a printing speed of 4 mm/s (Figure 5.11). In this case,
the material was semi-solid and an infill of 200% was possible. Still, and even though
the printing was possible, there were inconsistencies in the prints and gaps can be
seen in the tablets (Figure 5.11).

Figure 5.10 Different angles of laser powder bed fusion printed nozzle cap

Moreover, it was not possible to successively print as material would stop extruding
mid print. 10 tablets were printed, with an average mass of 111 mg and a RSD(%) of
6.2%. Their dimensions are summarised in Table 5.1. While this relative standard
deviation value is not too far from the generally accepted 5% for uniformity of weight,
it is still within the limit established in the British Pharmacopeia of 7.5% for tablets
under 250 mg [219]. This variation might be explained by the gaps that can be seen
in the tablets (Figure 5.11) and in the micro-CT scan of the tablet (Figure 5.12). The
extruded material would consistently curl near the centre of the print, which could

have been more strongly impacted by the concentric infill geometry that was chosen.
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This can be seen in Figure 5.12 on the top view of the tablet (Figure 5.12 a)) and the
vertical cross-section (Figure 5.12 c)), where there is a large gap in between the
extruded filaments. The printing inconsistency can also be seen in the bottom view of
the tablet (Figure 5.12 b)) and in the horizontal cross-sections of the tablet (Figure
5.12 d)), all acquired using micro-CT scanning. These considerable-sized gaps are
likely to differ between all printed tablets, which will consequently impact the mass

uniformity and the release rate of the drug dispersed in it.

Figure 5.11 Successful printing attempts of eutectic printed tablets
Table 5.1 EM tablets’ dimensions, measured with a Vernier caliper (n=10)

Diameter (9) Height (H)

Dimensions
9.61 +0.14 H=1.56+0.11
(mm)
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Figure 5.12 Micro-CT scan of one of the printed tablets: a) top view, b) bottom view,

¢) vertical cross-section, d) horizontal cross-sections at different heights of the tablet

Inconsistencies and differences in the temperature inside the cartridge and nozzle
were still observed, even though a temperature-controlled printhead and a nozzle cap
were used (Figure 5.13 and Figure 5.14). While some part of the material inside the
cartridge was melting, other parts were solid (Figure 5.14). As such, in a few seconds
there would be purging of liquid material even when using low pressure and an
extrusion of a well-defined filament. The solid parts were also preventing the ink from
being properly extruded, which in turn would lead to leakage. The material would
quickly go from solid to melted and from melted to solid with the slightest temperature
change. Another possible influence was the temperature inside the laboratory.
Depending on the day and time of day this seemed to change, which could also be
contributing to such inconsistencies. As this seemed to vary greatly and could not be

controlled, this was something that could be monitored but not easily improved.
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Figure 5.13 Temperature differences a) inside and b) outside of nozzle cap

Figure 5.14 a) Solid material on sides of cartridge, b) material leakage, c) material
purge and defined print, and d) printing inconsistency

To try and overcome the described issues, to improve the printing process and to
increase the loading of fenofibrate, the addition of a tertiary material, PEG 400, was
considered. This has previously been used as a plasticiser in filaments produced via
hot melt extrusion [239]. Even though this is in the same chemical compound as the
PEG 8000 but lower molecular weight, this would no longer be the printing of a binary
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eutectic mixture but rather a ternary one. PEG 400, in this case, was to act as a
plasticizer and its concentration would be 1% (w/w) of the total weight. The relevant
DSC thermograms can be seen in the supplementary information, as well as a phase
diagram (Figure 5.15 a) and b), respectively). Because of the small number of

samples data interpretation is not as clear as that for the data in Figure 5.2.
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Figure 5.15 a) Stack of DSC thermograms of ternary mixtures of PEG 8000:FEN:PEG
400, with proportion shown being of PEG 8000:FEN and total mixture containing 1%
(w/w) PEG 400; b) Partial phase diagram of the ternary mixture

However, it is clear that there was a shift in the eutectic composition towards a higher
fenofibrate loading for this ternary mixture and a decrease in the temperature needed
to melt the system. Moreover, there is a single endothermic event in the mixtures that
contain 20, 25 and 30% (w/w) fenofibrate (with the PEG 8000-FEN accounting for
99% of the mixture), while two endothermic events are observed in the 40% (w/w)
fenofibrate mixture. Therefore, there was an attempt to print a mixture of 70:30 PEG
8000:fenofibrate with 1% (w/w) PEG 400. However, this did not improve the printing
process as hoped. It led to the material melting even at a temperature of 55 °C, while
still being heterogeneous in texture. Moreover, it caused a leakage and the material
to be extruded from the middle of the cartridge while solid material remained on the
sides of it (Figure 5.16), which in turn led to an uncontrolled splatter of the ink (Figure
5.17).
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Figure 5.16 Tertiary mixture: a) material agglomeration and displacement to the sides
of the cartridge, b) material sticking to sides of cartridge, ¢) material remaining on
sides d) material on nozzle remaining on sides and solidifying e) material leakage

and solidification near nozzle

Figure 5.17 Attempt to print a tertiary mixture of 1:29.5:69.5 PEG 400:FEN:PEG 8000.

a) Extruded filament inconsistency, b) printing attempts, c) splattering of material
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The addition of PEG 400 was included to help soften the ink more homogeneously
and improve the printability of it. However, this was not the case and the material
remained on the sides of the cartridge. A possible future improvement could be to
design and print a plunger that would be inserted in the cartridge to help press the
material down near to the nozzle. An exploration of other possible plasticisers or
change in PEG 400 could also be assessed, in order to achieve a more homogeneous
semi-solid mixture that is more easily extruded while not being in a molten state.
However, the purpose of using such formulation was due to its simplicity in
preparation and number of excipients so that the modification and improvement of
the printing equipment could be seen as a first step moving forward. The influence of
a more easily controlled temperature in the equipment has proven to lead to more
consistent tablets printed using a eutectic mixture. The printer used in Li et al.’s work
had two hot ends, allowing the setting of a temperature for both the chamber and the
nozzle [50]. Additionally, exploring different materials with which fenofibrate could

form a eutectic mixture could be trialled.

Considering the described difficulties and because of time constraints, there was no
further attempt to improve this process and the binary eutectic mixture printed tablets

were analysed in order to assess if this type of formulation in a solid tablet was viable.
5.3.3. Attenuated total reflection Fourier transform infrared (ATR-FTIR)

The FTIR spectra of the pure components, the eutectic mixture in powder form and
the EM printed tablet can be found in Figure 5.18. With FTIR it is possible to assess
whether there are intermolecular interactions between the two components of the
mixture [192]. In section 3.3.2, three of the most distinctive peaks from fenofibrate
had already been identified. These peaks are shown in Figure 5.18 and corresponded
to fenofibrate’s ester carbonyl stretching, ketone carbonyl stretching and its C-ClI
bond. These can all be identified in the spectra from the eutectic powder mixture and
the printed tablet. Moreover, peaks from the PEG 8000 molecule can also be
observed in those two spectra, indicating no interaction between the two components.
This is in agreement with what is reported in Vippagunta et al.’s work, that there was

no interaction between the two [15].
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Figure 5.18 FTIR spectra of pure components fenofibrate, PEG 8000, the EM powder
and EM printed tablet

5.3.4. X-ray diffraction (XRD)

X-ray diffraction of the pure solid components, the eutectic composition (EM) powder
and the printed tablet were also performed to examine the state of the drug in the final
formulation (Figure 5.19). At room temperature, the two components of the mixture
are phase separated and both are crystalline [17], which can be observed in the EM
(mixture) diffractogram. As stated before (section 3.3.3), the diffraction pattern of the
used fenofibrate matches form |. Its characteristic peaks at 11.9° (20), 14.5° (20),
16.2° (20), 16.6° (20) and 22.2° (20) can all be observed in the pure, mixture and
printed tablet diffractograms. While no peak shift was observed, there is a clear
difference in peak intensities. As stated by Chaturvedi et al., the difference in peak
intensity between the pure components and the EM could be due to preferred
orientation of the crystals and the particle size reduction [16]. Still, this confirms the
presence of crystalline fenofibrate in the mixture and printed tablet and that there

seems to not have been any phase transformation of the drug in question.
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Figure 5.19 X-ray diffraction patterns of the pure solid components fenofibrate and
PEG 8000, the powdered eutectic system and the printed tablet

5.3.5. Invitro drug release

Despite the difficulties presented in section 5.3.2, from the possible printed tablets,
three of the most similar ones (Figure 5.20) were chosen for dissolution testing to

assess the drug release from a eutectic mixture printed tablet.

Figure 5.20 3D printed tablets used for dissolution

Figure 5.21 shows the cumulative % release of fenofibrate from the printed tablets.
As expected with using a eutectic mixture of PEG 8000 and fenofibrate, a faster

release of the drug was achieved when compared with pure fenofibrate as shown in
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section 3.3.4. Even though there was no observed phase transition of fenofibrate, as
it is stated in Law et al.’s [17] and in Vippagunta et al.’s [15] work, as the two
components of a eutectic mixture crystallize simultaneously, there is a consequent
expected size reduction of the fenofibrate particles [17]. Therefore, improving the
dissolution rate of this poorly soluble drug. However, contrary to their work where
almost 100% of fenofibrate had been released after 60 min, only an average of 69%
had been released from the 3D printed tablets after 120 min. This might be explained
by the fact that in their work, dispersions in powder form had been placed in capsules
[15,17], while here solid printed tablets were used. The use of powder, while inside
capsules, increases the surface area which in turn, as explained previously [194],

increases the release rate.
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Figure 5.21 a) Release profile from eutectic mixture printed tablets (n=3) and b) 3D
printed tablets after 2h of dissolution testing
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From Figure 5.21 it can also be observed that the error bars, related to the standard
variation of the drug released from the 3 samples during the study, became larger as
the study went on. In the bottom image in Figure 5.21, it is possible to see that one
tablet began to suffer delamination between the horizontal printed layers. This
breakage causes an increase in surface area available for the release of the drug
which would explain a release of 80% after 2h, compared with the average of 69%.
Moreover, as was seen from the Micro-CT scan (Figure 5.12), there are several gaps
inside the tablets. Considering the printing difficulties, these gaps are not thought to
be consistent throughout each print, which would explain different release rates from
different tablets. As in previous chapters, the release data was fitted to existing
mathematical models, with the data being better fitted to a zero order model (Figure
5.22).
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Figure 5.22 Dissolution models applied to the drug release data from EM 3D printed
tablets

Additionally, the stability of this type of printed formulation should be investigated. As
previously mentioned, one of the advantages of using this type of crystalline solid
dispersion is the longer stability that it ensures as crystalline materials are more
thermodynamically stable and less prone to phase transformations [16]. While Law et
al. reported that there was no change in the thermal analysis, XRD and in vitro release
studies of a 15% (w/w) fenofibrate dispersion [17], it would be important to verify that

the same can be observed for the 3D printed tablets.
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5.4. Conclusions

The following conclusions can be made from this chapter:

e PEG 8000 and fenofibrate form a eutectic mixture at a drug concentration between 20-
25% (w/w), with no observed interaction occurring between the two components at the
molecular level.

o  Withthe eutectic mixture having a lower melting temperature, the temperature required
for printing this mixture is correspondingly lower which eases the processability of this
material. However, there is a fine line between its solid and molten state which causes a
rapid change in viscosity of the system. In its molten state, the mixture does not possess
viscosity to sustain a 3D printed structure, such that a semi-solid state of this formulation is
preferred for printing 3D objects.

o A printhead that can more accurately control the temperature of the cartridge and the
nozzle is necessary to ensure the material is found in a single form, preventing purging
and/or the creation of a solid lid inside the cartridge that prevents the extrusion of the
material. This better control of the equipment would ensure that the environment
surrounding it would not have an influence on the temperature inside the printhead.

e  While adding a plasticiser and forming a ternary mixture could aid shifting the eutectic
point of the mixture to higher concentrations of the drug, this did not seem to have a
significant effect on the printability of this type of system. As such, a higher concentration of
a plasticiser and/or the exploration of other types of viscosity modifiers could be done.

o  Exploring other materials such as different molecular weight PEGs with which
fenofibrate form a eutectic mixture should be investigated for 3D printing tablets.

e Reproducibility of this printing process is an issue and should be improved by
optimising the process. When printing is possible, tablets can be printed within the defined
limits for uniformity of weight. However, tablets are not uniform all throughout and large gaps
can be observed inside, as was possible to see with micro-CT scanning.

¢ Dissolution testing showed that this type of eutectic system does have a positive effect
on the effective solubility of a poorly soluble drug such as fenofibrate, increasing its release
rate considerably when compared with the pure drug. As such, this type of formulation can
be further explored for the 3D printing of poorly soluble drugs. Still, the heterogeneity of the
tablets and consequently delamination between printed layers can lead to a significant
variation in drug released and this needs to be optimised.

e Further to processing optimisation, the stability of the printed tablets should be

assessed over time.
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5.5. Chapter appendix: supplementary information

Figure S 5.1 a) Temperature setting in the printer, b) temperature inside nozzle, c)

temperature inside cartridge
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6. Conclusions and Future Work

In this thesis, different formulation strategies, with different materials and utilising
different printing modalities within material extrusion printing were to be explored for
the manufacturing of tablets containing a poorly soluble drug, fenofibrate. The
formulations were to be produced, optimised for printing and the tablets

characterised.

Firstly, paste-based formulations were produced with commonly used pharmaceutical
excipients with no material manipulation, they were all used as received. Two different
formulations were produced, so that a fast and an extended release of fenofibrate
could be obtained. As no organic solvents were to be used, water was used as the
binding agent. While pure water could be used as a binding agent for the extended
release tablets as these contained swellable polymers that allowed for good binding
between layers, a hydrogel was necessary for the fast release tablets as these mostly
contained lactose as filler as well as disintegrants. With no phase transformation
happening to fenofibrate during the room temperature manufacturing process (i.e.,
remained in crystalline state), this led to a very slow release of the drug for both paste-
based formulation strategies, though each with a different release profile which was
dependent on the excipients used. As neither formulation was shown to be the most
suitable for the release of this poorly soluble drug, different approaches were
proposed for future investigation. A first approach, which would allow the formulations
used to be the same as the ones explored in this work, would be micronization. The
use of an organic solvent prior to the past formation could also be explored, as well
as the use of high concentrations of superdisintegrants for a fast release of

fenofibrate.

Another approach to improve the release of poorly soluble drugs was explored in
chapter 4, amorphous solid dispersions. This was achieved by printing a polymer-
drug formulation with direct powder printing. This modality of material extrusion solely
requires the production of a powder mixture prior to printing and can be used at lower
temperatures when compared to the most explored thermal material extrusion
process, FDM. The addition of a surfactant, Tween 80, at different concentrations was
also explored, in order to assess the effect it has on the printability of the mixture, the
release rate of fenofibrate and on the short-term stability of the printed tablets. The

addition of Tween 80, which acts as a plasticiser, at a higher concentration led to a
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decrease in the melt viscosity of the formulation, increase of the printing speed of the
mixture and the improvement of layer binding. It also led to a much faster release of
fenofibrate by aiding solubilisation and creating pores which increased the tablet’s
surface area. The addition of a small amount of Tween 80 did not lead to any
significant effects. This was also observed in terms of the tablets’ stability, as an
addition of 10% (w/w) Tween 80 led to an increase in molecular mobility and loss of
shape in higher humidity and temperature and an onset of crystallisation while stored
in a desiccator. As such, it was proposed that for future work, different plasticising
materials should be explored while assessing the effect on the printability and stability

of printed tablets.

As amorphous solid dispersions can display physical instability, the third formulation
strategy that was explored to address this was crystalline solid dispersions. As PEG
8000 and fenofibrate form eutectic mixtures and the system forms at a lower
temperature than the melting point of the individual components, this was used to
produce tablets. However, it was found that the printing system that was available
was not adequate for this type of material and while improvements were made, more
would be needed. However, this type of formulation did produce tablets that while
heterogeneous amongst them, did lead to a fast, though not immediate, release of
fenofibrate. As such, it was proposed that further optimisation of the printing system
could be made in order to continue exploring the printing of eutectic systems, as well

as assessing the stability of these systems over time.

In summary, while all formulation strategies have their advantages, the ones explored
in this work should all be further optimised if to be taken forward in scale up or
eventual clinical studies. Upon optimisation, higher drug loadings can be explored for
personalisation, as well as the combination of different types of actives. These types
of simple formulations that can be easily prepared and used to print oral solid dosage
forms are the types of formulations that could be explored in compounding

pharmacies, hospital and clinical trials settings.

From the work done and presented in this thesis, it is possible to see how versatile 3D material
extrusion can be, in terms of formulation and process. It could be argued that it is the most
versatile AM technique as no other technigue can accommodate the use of such different
materials and processing parameters, from pastes to gels to powders and polymeric filaments
using a wide range of printing temperatures. Liquid feedstocks with limited rheological
specifications are required for material jetting, vat photopolymerization and binder jetting, while

powder feedstocks are used in selective laser sintering as well as binder jetting. Its versatility
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makes this technique useful for the preparation of tablets containing all types of drugs, whether
soluble or poorly soluble. While requirements for the different types of drugs differ, and careful
consideration must be given when using poorly soluble drugs, as was proven with this study,
the types of formulations that can be used within the modality pool of 3D material extrusion are
able to accommodate them. It makes it a strong contender for the manufacturing of tablets
during clinical trials as drug loading and release profile can be easily personalised. Moreover, it
could be useful for the manufacturing of oral solid dosage forms containing orphan drugs as
the amount of feedstock material needed can be as little or as much as needed. As such, this
is a promising technique that is worth continuing to explore, especially in clinical and hospital

settings.
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