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Abstract

The main objective of this study was to evaluate manufacturing processes for the fabrication
of tailored solid dosage forms. Two hot-melt extrusion based manufacturing processes were
investigated, a 3D printing process called fused filament fabrication (FFF) and the high-volume
process injection moulding (IM). The initial hurdle to overcome was to determine the
compatibility of pharmaceutical-grade materials with FFF, since the number of available
feedstock materials is limited due to the novelty of this technology. Three material properties
were identified as vital for determining the feasibility of a formulation to be implemented as
feedstock for FFF. Melt flow rates over 10 g/10 min, brittleness equal or smaller than 2 %Pa
(1074), and a stiffness below 1,000 N/m are all crucial factors in whether a filament is flexible
enough to be fed through the feeding mechanism at the same time being capable to act as a
piston to push the molten material out of the nozzle in the hot-end of the extruder without

breaking or bending.

Our next step was to compare tablets fabricated via FFF to those produced via IM, a melt
processing technique capable of continuous rapid manufacturing and direct compression (DC),
a more conventional means to produce oral tablets in industry. Three parameters were varied
during the 3D printing to evaluate their effects on the tablet properties. Infill percentage had
the most significant effect on the release of the selected model drug, caffeine. IM samples
were the slowest due to the increased tortuosity of the matrix, while DC offered the quickest
release. IM offered the highest production rate and specific FFF parameters could be altered
to control tablet properties. These two characteristics were combined for the production of a
single bilayer tablet, thus combining the advantages of each manufacturing process while
reducing the disadvantages, thus customising a tablet without significantly impeding
production volume. This study proposes applying the methodology of mass-customisation to
the production of solid dosage forms as technological platform to deliver patient-tailored solid

dosage forms in a rapid, sustainable and affordable manner.
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1. Research Context

The initial question at the outset of this project was, how can engineering be used to aid
the development of future medicine? There is a long history of advances in engineering
improving the ability of the healthcare professional to tackle medical conditions both directly
and indirectly. To cite an example, the advances in refrigeration allowed for the reliable
preservation of human organs during transportation from donor to recipient, as well for the
safe storage of drugs, vaccines, serums and blood for extended periods. The future of medicine
is predicted to integrate concepts of machine learning, big data analysis, systems biology,
cloud-computing, gene therapy, genome modification, among others yet to be identified and
integrated (Aquino et al., 2018; Knowles et al., 2017; Rooij et al., 2015; Snyderman and
Spellmeyer, 2016; Tien and Goldschmidt-Clermont, 2009; Unertl et al., 2015; van Rooij and
Marsh, 2016). In an era of uncertainty and quick technological advancement, healthcare and
its conservative approach to development represent one of the last frontiers for the digital

industrial revolution to make an impact.

One of the growing areas in healthcare is personalised medicine, a treatment methodology
which concentrates on the treatment of the patient as an individual, and not the disease as a
condition, in order to improve treatment outcomes and patient health. The interest in tailoring
medical treatment to patient-specific needs stems from the discoveries in the areas of
pharmacogenomics and pharmacogenetics, and it is creating pressure on stakeholders and
healthcare providers to create technological, managerial, and structural strategies and
techniques to guarantee an affordable, responsive, customisable and sustainable healthcare
system. Currently, the infrastructure set by pharmaceutical manufacturing follows a one-size-
fits-all methodology and batch production. From an engineering vantage point, it is evident
that the current manufacturing infrastructure offers no room for the customisation of
therapies at the pace proposed by personalised medicine. The fabrication of customisable
therapies will require implementing novel manufacturing techniques and strategies capable of

creating a platform for personalised treatment with sustainable and competitive outputs.

2. Research Questions

Considering these factors, manufacturing methodology and techniques becomes a gap
which offers an opportunity to introduce novel advances from engineering sciences, in an

effort to collaborate in the creation of an infrastructure capable of producing patient-tailored
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therapies. At the forefront of manufacturing processes being investigated for the
customisation of therapies is additive manufacturing. Additive manufacturing, also known as
3D printing, is a manufacturing technique that has been gathering attention from
pharmaceutical scientists because of its potential for the fabrication of highly customised solid
dosage forms, as well as geometrical design freedom, low start-up costs and extraordinary
degree of personalisation with little to no tooling costs. Among the different types of 3D
printing, fused filament fabrication, an extrusion-based process, has been heavily researched
in the last five years for its potential to readily modify solid dosage forms with no changes in
formulation, tooling or machinery. The process starts with a computer aided design (CAD)
model of the part intended for 3D printing. This model is uploaded to a software suite that
controls the machine and the 3D printing settings. Once this settings have been set, a different
software operating in the background cuts this model into horizontal layers, the thickness of
each layer determined by the settings of the print. The thermoplastic material in filament form
is simultaneously fed into a heated nozzle which softens the material enough to melt it but not
to the point it drips out of the nozzle. The nozzle then deposits each one of these layers, one
by one, by using the filament as a piston to push the soft material out while hoovering across
the printing bed. The process stacks all layers together horizontally on top of each other, fusing
as the material cools down, building the part in physical form One of the drawbacks of this
process is the shortage of available materials that can be used, which hampers the properties
and customisation potential of solid dosage forms fabricated using this process. Production
volumes are considerably lower when compared to other current manufacturing techniques
implemented for the fabrication of solid dosage forms and there is also a level of uncertainty
since the properties of solid dosage forms fabricated via this method haven’t been fully

elucidated.

3. Research Objectives
Once the current landscape of solid dosage form manufacturing and the envisioned future of

healthcare had been considered, the set objectives for this doctorate project were:-

e Determine the material property profile required for a material to be suitable for

the fused-filament fabrication process.
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e Manufacture of solid dosage forms via fused-filament fabrication and evaluation of
the effects of different printing parameters on physical and in vitro pharmaceutical
properties.

e Compare 3D printed solid dosage forms to those fabricated using the same
formulation via the tableting industry gold standard, direct compression, and the
high-volume hot melt injection moulding process.

e Combine the manufacturing methodologies in the fabrication of solid dosage forms

to overcome the disadvantages observed for fused filament fabrication.

4. Project Output

Academic Journal Papers
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Major, I., Fuenmayor, E., McConville, C., 2016. The Production of Solid Dosage Forms
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https://doi.orq/10.2174/1381612822666160217141049

Impact Factor: 2.412 Citations: 11

2. Material Considerations for Fused-Filament Fabrication of Solid Dosage Forms

Fuenmayor, E., Forde, M., Healy, A., Devine, D., Lyons, J., McConville, C., Major, .,
2018. Material Considerations for Fused-Filament Fabrication of Solid Dosage Forms.

Pharmaceutics 10, 44. https://doi.org/10.3390/pharmaceutics10020044
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1.1 Engineering and Medicine

Engineering is a practical endeavour that harnesses mathematics and science to provide
solutions to problems facing our society. Engineering improves our lives by converting scientific
knowledge into applications such as transportation, communication, building, energy
production and protection from the elements. Engineering focuses on the development of new
technologies or simply improves existing ones so as make to them more reliable, efficient or
cheaper. Across several branches of the discipline, engineering has contributed to shaping
modern society and improving the quality of our lives. The construction of aqueducts and
sewage disposal were crucial in the control of waterborne plagues that had claimed the lives
of many millions (Rose and Masago, 2007). The invention of the printing press allowed for the
collection and dissemination of information at unmatched rates before its invention during the
15th century (G. Bushko, 2002). The perfected model of the horse-drawn seed drill is
considered to have changed agricultural activities from small-scale manual labour to an
automated animal powered procedure which marked the beginning of the agricultural
revolution, resulting in the commencement of an era of surplus food for the general population
(Overton, 2006). Leaps of human ingenuity like these are perfect examples of how technology

brings changes to the way people live.

The industrial revolution represented a turning point in medical sciences with the
introduction of machinery and instruments available to be used, directly or indirectly, in the
treatment of medical ailments. Cheap and rapid mass-production was made possible and
played a critical role in the fight against polio epidemic and subsequent eradication (Juskewitch
B.A. et al., 2010). Salk’s polio vaccine was approved in 1955, and in no time, infrastructure was
built to produce and distribute this new weapon against a dreaded disease (Blume, 2000).
Blood banks were fully developed during the 1930s when adequate refrigeration technology
became available. Electron microscopes were introduced in the 1950s and provided significant
advances in visualising relatively small cells (Saltzman, 2009). Technology strove its way directly
into medicine with the introduction of ground-breaking concepts, such as X-rays and
electrocardiograms, capable of peering behind the insulation of flesh and bone, opening up
the human body for non-surgical medical inspection. The late 1960s saw the introduction of
machinery capable of sustaining life in operating rooms and maternity wards bringing among

other benefits the capabilities for whole-organ transplantation (Saltzman, 2009). Engineers
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helped considerably in transforming hospitals from the housing for the ill to places of healing

and the restoration of wellness (Fye, 1994; Glasser, 1932).

All engineering disciplines have contributed to medicine. Civil engineers design the hospitals
that accommodate the necessities and requirements of a building where life-threatening
conditions are treated. Mechanical and aeronautical engineers make it possible for men to fly,
reducing the distribution time of medicines and the delivery time of human organs from donors
to recipients across the globe (Kravitz et al., 2012; Williams et al., 2004). Kidneys for donation
are kept alive through machinery developed by engineers collaborating with nephrologists
(Ciancio et al., 2010), and efforts are ongoing adapting this technology to further preserve
hearts and livers as they transition from donor to recipient (Cobert et al., 2008; Monbaliu and
Brassil, 2010). Chemical engineers have contributed with their research in biomaterials that
are nontoxic to humans and now are extensively studied for their responsive characteristics to
different stimuli making them strong candidates to be drug carriers for localised and triggered
drug delivery (Henthorn and Lee, 2012). These biomaterials provide opportunities for more
effective drug administration strategies, leaving behind the periodic dosing approach for a
controlled release of active pharmaceutical ingredients when it is desired to sustain drug levels

in the bloodstream or for targeted drug release (Li and Jasti, 2006).

The development of new chemical entities with therapeutic properties and the research
involved in designing the most successful administration strategy is a costly procedure with a
high probability of failure (Schuster et al., 2011). It is imperative to introduce new technologies
and strategies for the manufacture of solid dosage forms to facilitate the transition of our

therapeutic approaches from a one-size-fits-all to the personalization of drug delivery systems.

1.2. Drug Delivery

Drugs can be defined as agents administered for the diagnosis, mitigation, treatment, cure
or prevention of diseases in humans or other animals (Food and drug administration, 2008).
Drugs are a cornerstone of modern medicine, used for a full array of purposes, from treating
common infections to stopping the proliferation of cancer. Modern surgery would be virtually
impossible without the implementation of anaesthetics, analgesics and antibiotics (Allen et al.,
2015). Drug compounds are derived from plant and animal sources, from by-products of
microbial growth, or through chemical synthesis and molecular modification (Mahato and

Narang, 2012).
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The method of administration for such drugs plays a role equally important to the effect of
the drug. Even more promising drugs would be rendered useless if when administered orally
do not bypass the gastrointestinal (Gl) barrier into the bloodstream for example, or are
unstable in their suspension media (Mitra et al., 2013). Thus, it is imperative to devise the most
suitable strategy to enhance or achieve the capabilities of therapeutics agents through drug
delivery. ‘Drug delivery system’ is a broad term which engulfs strategies; materials; dosage
methodologies and frequency; manufacturing processes; routes of administration and

instruments used in the administration of drugs (Wilson and Crowley, 2011).

The development of a drug delivery system focuses on therapeutic accuracy and efficacy.
This objective is driven by three recurrent elements found in the literature: drug, formulation
and route of administration (Aulton, 2001; Wilson and Crowley, 2011). Drugs are characterised
by biochemical and physical properties; attributes that determine which pharmacological
effects drug molecules will exert and how they will exert them, as well as dose response and
duration of action, among others. Formulations are known for playing a crucial role in the
ability to enhance (or compromise) the effectiveness of the active pharmaceutical ingredient
(API). Drug delivery is then an engineering problem, creating a system capable of hitting or
maintaining a desired plasma/drug concentration ratio, above the minimum effect
concentration and below the minimum toxic concentration, an area known as the therapeutic

window which is depicted in Figure 1.1. (Li and Jasti, 2006).
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Figure 1.1 Therapeutic window displaying the different thresholds for drug
concentration in the bloodstream, drugs have a therapeutic effect when their levels
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are between the minimum effect concentration and the minimum toxic
concentration.

Drug delivery is controlled by a combination of factors. Different designs can tailor drug
delivery systems based on the most effective route of administration. Materials can improve
the stability of drugs or create drug dosage forms which target specific organs inside the body.
Different manufacturing procedures offer scalability, or contribute to the complexity of the
formulation or designs, allowing the possibility for personalization. Although these different
factors above are mentioned inisolation, they must be considered holistically when developing
drug dosage forms. Therefore, even a slight modification of one factor may have possible
repercussions on the other two. For example, using a material that offers a more suitable drug
release profile for treatment might not be fit to be manufactured through the same procedure

as the original formulation.

Route of administration is an essential consideration in whether the drug is intended for
local or systemic effects — the former consists of the direct application to a specific area, organ
or system of the intended action. For the latter, the APl is carried by the circulatory system to
its cellular site of action (Allen et al., 2015). A drug with intended systemic effects may be
injected into the bloodstream or absorbed into the bloodstream after its absorption by the Gl
tract if administered orally in the form of a capsule or tablet. Further considerations would be
the desired drug release profile; different dosage forms could be used for the same drug to

curb the rate in which the drug is released (Jones, 2013).

While the most common route of administration for drugs is oral, since it is convenient and
straightforward (Jones, 2013), drugs administered via this route have to be absorbed by the
lining of the Gl tract and once the drug is metabolized by the liver, its bioavailability decreases,
in a process called first-pass effect (Mitra et al., 2013). Oral dosage forms intended for systemic
effects have a bioavailability equal to the drug absorbed by the Gl tract times the fraction that
escapes the first-pass metabolism. Increasing the bioavailability of drugs administered could
be achieved by selecting other administration routes that bypass the liver and the Gl track or
the use of formulations loaded with excipients that increase the bioavailability of the drug by
protecting it from the harsh environment of the digestive system or promote its absorption by
it (Obach, 2013; Wilson and Crowley, 2011). Further considerations when deciding the correct

formulation for a therapeutic are the patient group age and general health conditions. Younger
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children and some adults find it difficult to swallow tablets; in this case, solutions and
suspensions are administered. For situations when the oral route is not an option; for example,
comatose or unconscious patients, an injectable solution may be readily available. It is possible
to treat motion sickness using oral tablets, but treatment, using a dermal patch or suppository
prevents the drug for being expelled from the body when one of the most common symptoms,
vomiting, manifests. All these factors among many others, must be taken into consideration

when choosing the route of administration.

1.3 Engineering and Drug Delivery

The first therapies of humans were rudimentary, based on the therapeutic effects of natural
ingredients via chewing, smoking or brewing of leafs, roots, fruits or animal products (Reza
Rezaie et al., 2018) and as such, were lacking uniformity, robustness and efficacy associated
with modern delivery systems. The first record of controlling the release of an API is found
1,000 years ago, when two Persian alchemists, Rahazes and Avicenna, proposed to coat pills
with mucilage using an extract of psyllium, followed by silvering and gildering (Reza Rezaie et
al.,, 2018). Fast forward to the end of the nineteenth century and dosage forms are
encountered in shapes and forms more familiar to our current state-of-the-art - tablets, elixirs,
syrups, suspensions, injections and solutions, and all intended to minimize the effects of the
drugs beyond the targeted site of actions and maximize the beneficial response (Akala, 2004).
Modern-day drug delivery systems have benefitted from many advancements, including
microencapsulated drug particles (Rosen and Abribat, 2005) and sustained release
formulations (Park, 2014) discoveries in the 1950s, and in-depth of pharmacokinetic studies of
drugs (Levy, 1965) and polymeric drug carriers (Rosen and Abribat, 2005) in the 1960s to name

a few that have changed our capabilities to tailor drug delivery systems.

Currently, the ability to determine the genome of individuals and link that information to a
growing catalogue of specific therapeutic agents and strategies is a cutting-edge tool for
medical practitioners (Hassan, 2015). However, therapies based on the genetic make-up of
individuals is a science in its first years of development, and just like other discoveries in their
infancy, thereis stillan immense amount of labour to be done to fully comprehend the benefits
of this breakthrough (Ginsburg and Willard, 2009). New drug delivery technologies, or even
just new protocols using established means, are needed to permit doctors to prescribe

therapeutic cocktails in a manner that is specific to the individual and not produced for the
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mass market (Bates, 2010). Another foreseeable issue is the lack of an infrastructure capable
of accommodating the personalization of therapies in a sustainable or/and affordable manner
(Overby and Tarczy-Hornoch, 2013; Knowles et al., 2017; Pritchard et al., 2017; Ricciardi and
Boccia, 2017).

Collaboration through different disciplines may offer advantages that are being neglected
currently by the pharmaceutical industry. Hot-melt extrusion (HME) is an essential process in
the polymer industry, and by the employment of polymeric biomaterials, it is possible to
manufacture drug delivery systems in a solvent-free continuous manner. Injection moulding, a
manufacturing method for rapid and inexpensive manufacturing of parts, offers easy-to-
process, rapid, solvent-free, high-volume fabrication which could be further expanded for the
production of solid dosage forms. Additive manufacturing is a relatively new technology which
offers the fabrication of complex geometries in an almost waste-free process with no involved
costs for customisation (personalization) of finalized products. All these technologies are well
known by manufacturing engineers and have caught the eye of pharmaceutical scientists as
possible alternatives to standard manufacturing processes. They are currently being
investigated for their possible contributions to advance drug delivery. In the following sections,
the current literature for these manufacturing processes will be reviewed with a focus on
publications related to the topics touched in this body of work. The suggested strategy for the
introduction of these technologies for the manufacture of personalized solid dosage forms will

be presented in combination with a literature review of the materials used in this body of work.

1.4 Hot-Melt Extrusion

Hot-melt extrusion (HME) is a manufacturing process consisting of the conversion of
thermoplastic resin to a product of uniform shape and density by forcing it through a heated
die under controlled conditions (Lyons et al., 2007). HME is an adaptable technology with wide
acceptance in a variety of manufacturing operations (Kenny et al., 2013). HME has been the
workhorse in the plastics industry since the 1930s and has begun to see slow uptake in
pharmaceutical applications in the last few decades (Treffer et al., 2013). Several studies have
been published describing the use of HME as a technique of choice to address the formulation
challenges of new drug molecules (Feng et al., 2012; Lu et al., 2014; Madan and Madan, 2012;
Patil et al., 2016; Ridhurkar et al., 2016).
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1.4.1 Fundamentals - Single-Screw Extrusion

The manufacturing industry relies heavily on single screw extruders for its relatively low
cost, simplistic design, and reliability and favourable performance/cost ratio (Rauwendaal,
2014). A conventional plasticizing extruder has different sections, depicted in Figure 1.2. The
main body of the extruder is composed of a barrel, heaters, a hopper and a screw sitting inside
the heated barrel. The polymer resin is placed in the hopper and enters the heated barrel
where a rotating screw conveys the material forwards. The control panel controls the
processing conditions, such as screw speed, barrel temperatures, material feed rate, as well as

displaying working conditions of the machine, such as torque, temperature, and pressure.

Control
Pressure Panel Hopper
Sensor
Barrel [‘ﬁ‘]
i =
----- ey a—— =]
! : i{l’ TT " I f
SN — H# e i / Gearbox
4:_ E Feed
Casing | Belt
Heaters ~ — 1 |lll Sheaves
™~
™\ Air Cooling Motor [
Fans

Figure 1.2 Schematic of a typical single-screw extruder (Campbell and Spalding,
2013).

Conventional single extrusion screws are divided into three main zones shown in Figure 1.3.
The conveying section is the closest to the feeder and has deeper flights which are a helical
structure that is machined into the screw and extends from the flight tip to the screw root.
Deeper flights capture the material between them and push it to the next area. Next is the
melting section where the material is pushed against the barrel due to increasing screw
diameter. Screw diameter increases nearer to the die to guarantee the compression of the

material in the screw channel (Kaufman, 1969). Finishing in the metering section with the
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shallowest flight depths, where the compression and friction forces are the greatest (Giles et

al., 2005).

Flight Flight Screw
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Figure 1.3 Geometry of Conventional Extruder Screw pointing different parts of the
screw and its sections from (Campbell and Spalding, 2013).

Passive and active flanks of the screw act on the material bounding it to the screw channel,
as a consequence, frictional forces will act on the material, both from the abrasion of the barrel
and as well as the screw surface (Rauwendaal, 2014). The material is pushed forward while
adding heat to it by a combination of frictional heat and heat from the barrel heaters, reaching
and exceeding the melting point or glass transition temperature of the material, transforming
it into a melt film at the barrel surface. Shear heating counts for 80-90% of the heat needed to
melt the material (Giles et al., 2005). The plasticizing zone ends when all the polymeric material
has been melted, and in the subsequent melt conveying zone, molten polymer is pumped to
the die. The melt has to be forced out through the die, due to the resistance to flow exerted
by changes in geometry. The pressure applied in order to push the material out is referred to
as the die-head pressure (Lyons et al., 2007). The geometry of the final portion of the die flow
channel, the temperature of the polymer melt, the flow rate through the die; and the
rheological properties of the polymer melt also contribute to determining die-head pressure

(Rauwendaal, 2014).

1.4.2 Fundamentals - Twin-Screw Extrusion

The twin-screw extruder is defined in its simplest as a machine with two Archimedean
screws, and it is considered the most versatile and adaptable extruder. There are an enormous
variety of twin-screw extruders in the industry. In Table 1.1, different classifications of twin-

screw extruders based on the geometrical configuration are shown.
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Table 1.1 Classification of twin-screw extruders depending on the characteristics of the screws
and examples of the applications for such extruders (Audus, 1999)

Low-speed extruders for profile

extrusion

Co-rotating extruders
High-speed extruders for

compounding

Conical extruders for profile

Intermeshing Extruders )
extrusion

Parallel extruders for profile

Counter-rotating extruders .
extrusion

High-speed extruders for
compounding

Equal screw length

Counter-rotating extruders
Unequal screw length

Co-rotating extruders Not used in practice

Non-Intermeshing Extruders Inner melt transport forward

Inner melt transport rearward

Co-axial extruders Inner solids transport rearward

Inner plasticising with rearward

transport

Twin screw extruders play a crucial part in the polymer processing industry and are mainly
used for two applications - profile extrusion of thermally sensitive materials and speciality
polymer operations such as compounding, devolatilization and chemical reactions
(Rauwendaal, 2014). To better understand twin-screw extruders, it is necessary to compare
them to single screw extruders. Material conveying inside of a single screw extruder is along
the flights and barrel, whereas, twin screw intermeshing flights create a positive displacement
which pushes the material out, making it a favourable option when working with materials with
troublesome frictional properties (Rauwendaal, 2014; Treffer et al., 2013). The behaviour of

the material while processing is another crucial distinction between single and twin-screw

extruders.
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Figure 1.4 Schematics of a twin-screw extruder with visible in the barrel and an inset
detailing screw element influence over mixing capabilities.

Material behaviour inside a single screw extruder is quite easy to predict based on the
geometry of the barrel and screw, as well considering the viscoelastic properties of the
material extruded (Douroumis, 2012). It is much harder to reliably predict material behaviour
inside a twin-screw extruder because of the intermeshing regions of the screws. Complicated
flow patterns that the material experiences offer several advantages including good mixing,
good heat transfer, large melting capacity, good devolatilization capacity, control over stock
temperatures, high rotational speeds, superior distributive and dispersive mixing (Rosato,
1998). On the downside, prediction of the performance of twin-screw extruders proves to be
difficult when based on the geometry of the extruder, polymer properties and processing
conditions (Rauwendaal, 2014). It is equally difficult to predict the proper screw geometry
when specific performance is required. These drawbacks lead to the development of twin-
screw extruders of modular design. These machines have removable screw and barrel
elements allowing the modification of the sequence of the screw elements along the shaft,
giving access to an almost infinite number of screw geometries, increasing its flexibility and
optimisation of the geometry of the barrel and screw to each particular application (Martelli,

1983). A depiction of modular screws and parts can be found in Figure 1.5.
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Figure 1.5 Modular build-up of screws (a) a library of standard elements commonly
used, (b) an example of a screw configuration with standard conveying elements and
kneading elements with 30° staggering angle, (c) screw with SME elements (Sarhangi

Fard et al., 2012).

The screws of a twin-screw extruder can be further classified according to their
intermeshing properties. When the two screws are intermeshing, the distance from the axis of
the screws is less than the outer diameter of the screw and the surfaces of the screws are in
near contact (Lyons et al., 2007). This configuration creates a positive conveying of material,
and since the intermeshing part of one screw does not allow material in the other screw to
rotate freely, the slip at the barrel wall is prevented. In the non-intermeshing configuration,
the centre line distance between the screws is larger than the sum of the radii of the two
screws, meaning that there is a possibility of exchange of material from one screw to another
(Kohlgriber et al.,, 2008). Non-intermeshing configuration twin-screws sacrifice material
conveying characteristics for an increase in back-mixing properties, making them suitable for
blending operations. In Figure 1.6 the geometry of a counter-rotating, non-intermeshing twin

screw is depicted.
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Figure 1.6 Counter-rotating non-Intermeshing twin extruder depiction and a cross-
sectional picture displaying the free volume between screws and barrel (Rauwendaal
et al., 2014)

Intermeshing twin-screws can be classified by the rotating direction in reference one to the
other - co-rotating and counter-rotating. The rotation direction in the intermesh regions in
these co-rotating extruders is in opposite directions, occasioning the material to be wiped from
one screw to the other (self-wiping), with a comparatively low percentage entering the
intermesh gap (Lyons et al., 2007). Materials tend to follow a figure-eight patternin the flighted
screw regions, and shear-inducing kneaders impart most of the shear in localised regions
(Lyons et al., 2007; Rauwendaal, 2014; Sarhangi Fard et al., 2012). Counter-rotating twin-screw
extruders have minuscule openings between the channels of the two screws, smaller than the
co-rotating extruders; grating them relatively positive conveying features. The screw’s rotating
direction in the intermeshing region are in the same direction, meaning that the material
entering this region will have a strong tendency to flow through the intermeshing gap resulting
in a bank of material accumulating at the entry of intermeshing zone exerting a considerable

amount of pressure to the screws (Kohlgriber et al., 2008; Rauwendaal, 2014).

1.4.3 Pharmaceutical Applications of HME

The process of HME within the polymer industry has been widely viewed as a cornerstone
feature in terms of a continuous processing method and owing to this it has found applications
within the pharmaceutical industry. One such application is that HME has significant potential
to allow for continuous processing of pharmaceutical dosage forms (Crowley et al., 2007;
Repka et al., 2007). The advantages of HME over traditional methods, including aqueous and

organic solvent extrusion, it is important to add: (I) shorter and more efficient times to the final
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product, (Il) environmental advantages due to elimination of solvents in processing (including
the possibility of recycling), (Ill) a suitable method for moisture sensitive thermostable drugs
(Madan and Madan, 2012), and (IV) flexibility in manufacture due to the number of screw
geometries and die shapes available. There are, however, limitations with HME such as the
requirement of high levels of expertise, scale-up issues, GMP compliance, high start-up costs,
inherent shear forces and requirement of high temperatures which are not conducive to the
stability of thermally labile drugs (Lu et al., 2014; Repka et al., 2018). Regardless of these
problems and challenges, HME still remains one of the most applicable technologies in the

pharmaceutical sciences and materials industry alike.

Since HME relies on heat and shear energy to achieve molecular dispersion of drugs in the
polymer matrix, degradation of thermally labile drugs can occur. In order to better understand
how processing conditions could be modified to reduce this phenomenon, Huang et al. used
the thermally labile drug gliclazide (GLZ) as a model drug to develop a map of degradation
during the HME process using different screw geometries, barrel temperature, rotating speeds
and feeding rates (Huang et al., 2017). They kept the processing temperatures below the
melting point of the drug to rely on the solubilisation of drug crystals for the formation of
amorphous solid dispersions (ASD) instead of melting the drug in the polymer during HME. Five
runs and twenty-one batches were evaluated to determine an energy input and thermal model
which increased the total amount of drug recovered and at the same time produced
solubilisation of the drug in the polymer matrix to enhance solubility. They managed to reach
a 95 % drug recovery after reducing the residence time of the formulation and keeping the
kneading areas in the screw to a minimum. The results from this study could be translated to
other thermally labile drugs during formulation and processing trials to enhance the solubility

and stability of the formulation while using HME to fabricate ASD using thermally labile drugs.

Ultimately, the advantages of ASD as a solid dosage form strategy comes from enhancing
the solubility of drugs. Oral bioavailability of drugs depends on the dissolution rate, which
depends on the solubility of the drug, making biopharmaceutical classification system (BCS)
Class Il and IV drugs (low solubility) a challenge for pharmaceutical scientists to administer
efficiently (Allen et al., 2015). HME offers a tool for enhanced bioavailability of poorly soluble
chemical entities. In research phases, water-insoluble HIV protease inhibitor drug ritonavir was

dispersed in a solid polymeric matrix of Kollidon VA64 via HME (Tho et al., 2010). An ASD was
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created which increased the quantity of drug present in an aqueous media in comparison to

pure drug crystals diluted directly.

Another group of researchers implemented HME to create solid dispersions with the
intention to increase the solubility of the anti-cannabinoid substance CB-1, a drug indicated for
weight management, overweight and obesity treatment (Ranzani et al.,, 2011). These
conditions are risk factors for developing diseases like diabetes, cardiovascular disease, and
hypertension among others. The drug has a very low solubility and it is thermostable, making
it a suitable candidate for HME applications (He et al.,, 2010). The study evaluated three
polymers, Kollidon VA64, poly ethylene glycol 8000 (PEG 8000) and methyl methacrylate
polymer (Eudragit E). The HME was performed using a twin-screw extruder and the feedstock
material were binary formulations with drug concentrations of 10% (w/w). The extrudates
were milled into fine powders which could be direct compressed into tablets and the
properties of the powder analysed. The solubility improvements were 35-fold for Kollidon
VA64 and Eudagrit E formulations and 14-fold for PEG 8000 when compared to the drug active
directly in vitro. Of all polymers, Kollidon VA64 exhibits the best stability when extrudates were
stored in an environmental chamber at 40 °C and 75% relative humidity, showing the
advantages of using this polymer for increasing the bioavailability of poorly soluble drugs via
HME. Beyond research and laboratory setting studies, there is a handful of products in the
market that exploit the HME technology for increased bioavailability of drugs, to name a few:
Griseofulvin® tablets is a solid dispersion of griseofulvin suspended in polyethylene glycol;
Intelence® are etravirine loaded tablets for the treatment of HIV type 1 virus, norvir® (ritonavir)

and nurofen® (ibuprofen) (Gryczke et al., 2011).

Other strategies to enhance bioavailability of drugs via HME is the creation of cocrystals (Li
et al,, 2018, 2016; Liu et al., 2012; Moradiya et al., 2014). HME applications also involve taste-
masking capabilities increasing patient compliance to treatment (Repka et al., 2012). Rapid
release formulations based on effervescent tablets with eutectic formulations (Robinson and
McGinity, 2008, 2000) and as an alternative for the fabrication of enteric formulations
(Andrews et al., 2008; Mehuys et al., 2005; Repka et al.,, 2012; Schilling et al.,, 2010).
Furthermore, HME can be implemented for the creation of time-controlled, sustained and

targeted drug delivery systems (Stankovi¢ et al., 2015).
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1.5 Injection Moulding

Injection moulding manufacturing accounts for 27% of all plastic material consumed
worldwide in 2016 (Mikulasch, 2016). Injection moulding in the pharmaceutical industry has
mostly been dedicated to improving the manufacture of conventional drug dosage forms, since
it offers reductions in production time and manufacturing costs. Regardless of this, only a
handful of studies describe innovative, unique designs, composition or functional
characteristics (Zema et al., 2012). Present day use of injection moulding techniques for
pharmaceutical related components compromises the production of caps, seals, closures,

syringes, valves and implants.

1.5.1 Fundamentals of Injection Moulding

Injection moulding is a melt-processing technique consisting in soften material being
injected into a mould cavity with the geometrical shape of the desired final product followed
by the solidification of the material and its ejection from the tool. The two main areas
comprising an injection moulding machine are a plasticizing area which softens the material,
conveys it forward and injects it into the mould, and a mould area in which the material is
cooled and shaped. Parts of an injection moulding machine can be identified as injection unit;
machine base with hydraulics; control unit and control cabinet; and clamping unit with mould

[Figure 1.7].
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Reciprocating Screw Movable Platen

Motor and Gears for Screw Rotation

Figure 1.7 Injection moulding machine for the production of thermoplastic parts with
its different parts identified.

During a moulding cycle materials are placed in a hopper and fed to the injection barrel in
which heat is applied via conduction from the controlled heated zones along the barrel
combined with shear stresses from the rotation of the screw (Rosato and Rosato, 2000)
resulting in the softening of the material. The molten material is conveyed by the reciprocating
screw to a cavity before the nozzle, this zone is created by the movement of the screw away
from the nozzle while it accumulates molten material in front of it and a non-return valve at
the front of the screw prevents the melt from moving backwards. The melt is injected into a
clamped mould using high pressure generated by the screw moving forwards filling the tool’s
cavity. The now formed part is allowed to cool down for a period of time which varies
depending on the material and processing conditions before the mould opens and the part is

ejected. The mould closes and the process starts over again (Goodship, 2004).

Injection moulding machines come in a variety of sizes and designs. However, injection
machines are dominated by four variables that engulf most operating parameters:
temperature, pressure, time and distance (Bryce, 2011). Temperature not only involves the
melt temperature along the barrel in the injection unit, also included temperature of the
mould, hydraulic unit system and ambient temperature around the machine. Pressure relates
to the amount of energy used in different stages and procedures of the injection moulding

process. Some of the most important pressures in an injection moulding cycle are the primary

42|Page



injection pressure that is the force applied to the molten material in front of the screw at the
beginning of the injection. The initial pressure is followed by the force necessary to finish filling
the mould and hold the material in a densely packed state while it cools down, which is why
this pressure is known as holding pressure. Back pressure refers to the energy applied to the
material while being prepared for injection while being held in front of the screw. Lastly, the
clamping unit applies a certain amount of force when opening and closing the mould, the main
force is known as clamping pressure, the amount of energy used to keep the mould closed

during injection.

Time is measured as a gate-to-gate cycle (Bryce, 2011) and its defined by the amount of
time it takes for a part to be fabricated. Some significant specific settings relating to time are
injection time which starts with the closing of the mould with full clamping pressure signalling
the injection unit to move the screw forward, acting as a plunger pushing the material into the
mould cavity. Holding time starts once the injection is completed and is characterised by a drop
in pressure compared to the force used during the injection Cooling time represents the period
after injection when the part is allowed to freeze inside the close cavity of the mould, it is
considered a crucial time of the injection moulding process as it represents the curing of the
part Ejection time as the name suggest, involves the interval when the mould opens fully and

the ejector pins push the part out of the mould cavity mechanically.

Distance is measured and controlled in different parts and functions of the injection
moulding machine. Mould-close distance is usually divided in two phases, first the moving half
of the mould approaches the fixed half swiftly with little force behind it, when it is near to the
fixed half the speed is reduced to prevent damage from impact to the tool halves. The mould
then crawls to a closing for the last inch and once touching, the full clamp pressure is applied.
Shot size is also known as injection distance or stroke, and it is set as the span between the
nozzle and the screw tip once the machine is ready for injection Holding distance finishes the
filling of the mould and hold the pressure on the material while it freezes as described before
in this section. This pressure is held by another distance called cushion or pad. This is critical,
as this small amount of material left in front of the screw after injection transfers the injection
pressure to the injection volume, preventing the part from having defects while curing during
the cooling down cycle. Mould opening is done in two stages, initially the mould is opened at

slow pace to break the vacuum created during clamping/injection followed by a faster rate to
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accelerate the moulding process. The last distance is the ejection distance, and it is defined by
the thickness of the part inside the moving half of the mould plus 0.3 to 0.6 cm to ensure full

clearance of the moulded part from the mould surface.

1.5.2 Pharmaceutical Applications of Injection Moulding

Gelatine capsules have been fabricated for over a century via dip-moulding and since its
first days, it has improved considerably. However, this technique still calls for the use of 30%
agqueous gelatine solutions maintained at 40-50°C, conditions that promote the growth of
some bacteria. Applying injection moulding technology, in the mid-90s a new soft shell capsule
was manufactured offering disintegration and bioavailability characteristics comparable to the
current standard marketed hard gelatine capsules. Using potato starch, Capill® was created as
an injection moulded shell device with excellent dimensional repeatability (Bouman et al.,
2015; Stepto, 1997), mechanical strength and surface porosity and has replaced dip-moulding

production methods ever since (Vilivalam et al., 2000).

Conventional tablets, oral prolonged-release matrix systems, intravaginal inserts and
implants currently fabricated by compression or HME have been evaluated for production by
injection moulding (Cheng et al., 2009; Chiu Li et al., 2002; Gazzaniga et al., 2011; Goyanes et
al., 2015b; Konig et al., 1997; Kuutti et al., 1998; T Quinten et al., 2011; Quinten et al., 20093,
2009b; Rathbone, 2002; Rothen-Weinhold et al., 1999; Stepto, 1997; Taylor et al., 2010). Wood
et al (Wood et al., 2016) successfully created solid oral dosage forms. During this research, the
feedstock used for the injection moulding of capsules was prepared via two separate methods,
powder mixtures and HME granulation. Both processes had similar drug release rates at
different drug to excipient ratios. When the API concentration was medium and low, the
injection moulding process successfully created an amorphous dispersion of the drug in the
polymeric matrix. Injection moulding has been also used for the fabrication of immediate
release tablets (Vilivalam et al., 2000), oral non-disintegrating matrices (Quinten et al., 2011)
and oral multi-layered devices (Pedersen and Hemmingsen, 2006). However, all of these
studies required a manufacturing step of melt compounding and granulating of the

formulations before being fed to the injection moulding machine.

Similarly to Wood et al, Eggenreich et al. (Eggenreich et al., 2016) developed oral tablets via
injection moulding, feeding the machine directly with physical powder mixtures. Different

ratios of model drug fenofibrate with Soluplus® were used, and compared the dosage forms
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to tablets fabricated with the same formulation but including melt compounding before
injection moulding. The results were mixed depending on the drug loading for the physical
mixtures, higher loads (20% and 30%) being incapable of being manufactured in an automated
fashion. Conversely, 10% drug loading formulations represented no problems for an automatic
manufacturing procedure of solid dosage forms. In addition, these tablets had homogeneous

content of API with sustained drug release profiles in vitro.

A different approach would involve the integration of HME and IM for the continuous
fabrication of drug dosage forms. The advantages of continuous manufacturing include a
reduce carbon footprint, minimized manufacturing costs, required space and production times
to name a few (Sacher and Khinast, 2016; Van Snick et al., 2017). Continuous manufacturing
for the fabrication of drug products would entail a flow process that starts with the synthesis
of an APl downstream to the finalized dosage form in an uninterrupted procedure with non-
stop automated monitoring of all involved phases (Byrn et al., 2015). One of the proposed
strategies to achieve this manufacturing method is the integration of new technologies to the
pharmaceutical industry (Rantanen and Khinast, 2015). In order to do so, the Novartis-MIT
centre of continuous manufacturing, part of the Massachusetts institute of technology (MIT)
champions the integration of HME and IM into a single processing step (Desai et al., 2017;
Mascia et al., 2013; Puri et al., 2017). Whereas the MIT group evaluated the critical procedure
parameters for the integration of these two hot-melt processing techniques for the
manufacture of oral dosage forms. In Italy efforts relate to formulation adaptation and suitable
material candidates for this specific application; Melocchi et al (Melocchi et al., 2015) set up
an extensive list of polymers including HPMC, PVA, Kollicoat IR (PVA-PEG graft copolymer),
Soluplus®, Eudagrit E PO (metacrylic acid copolymer), Kollidon VA-64 (Polyvynilpirrolidone-
Vinyl acetate copolymer), corn-starch to screen their adaptability to a continuous HME-IM set
aiming to produce furosemide-loaded tablets with immediate drug release (IR) properties.
Formulations were evaluated after both processes, with the IM process reducing mass loss rate
regardless of composition. The group managed to identify sodium starch glycolate as a
candidate for the IR of the low solubility model drug, they also successfully integrated soluble,
disintegrant and effervescent adjuvants to the formulations to promote IR via disintegration

while complying with USP dissolution requirements.
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Chronocap® is a versatile capsule constructed from injection moulded hydroxypropyl
cellulose (HPC). It is a container shell for therapeutic compounds offering scalability for
production, and different dimensional nominal wall thicknesses which can be changed to
control the release of drugs in vitro, depending on the HPC-grade used and the shell wall
thickness (Zema et al., 2010). Other examples of injection moulding technology employed for
the production of targeted release dosage form are tablets to be controlled externally inside
the Gl tract using bio-degradable magnets (Zema et al., 2012) or the coating of oral tablets to
delay drug release (Puri et al., 2018) while attempting to understand IM parameters effects on
the performance of the coating is the main objective of other research groups (Desai et al.,
2018). There is also promising clinical trial results to adapt IM for the manufacture of abuse-

deterrent opioid dosage forms (Dayno, MD et al., 2017).

The complexity of the shapes achievable using injection moulding and the homogeneous
drug distribution within polymer matrices makes it a strong candidate for the manufacture of
non-disintegrating prolonged-release drug delivery systems. In contrast, biodegradable
implants manufactured using injection moulding, due to the high temperatures required for
the processing of some materials, could be sterilised during the manufacturing phase, avoiding
post-manufacturing procedures which could affect the chemical and mechanical properties of
the finished products (Konig et al., 1997). IM parts are also capable of achieving six-sigma
dimensional accuracy, which is why it is also used for the fabrication of biodegradable
microneedles for transdermal drug delivery (Ita, 2017, 2015; Nguyen, 2014). Table 1.2 was
adapted from (Zema et al.,, 2012) and represents some examples of the applications for
injection moulding in the pharmaceutical industry, being standard or alternative, with the
respective material related to the device or product, the aspect of the formulation and the

equipment used.
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Table 1.2.Solid dosage forms fabricated via Injection moulding showing relevant characteristics and applications (Zema et al., 2012).

Product

Polymer

Formulation aspects

Equipment

Application

Oral capsules

Potato starch and Gelatin

Starch/water or gelatin/water
mixtures (around 15% water
content)

Horizontal injection moulding
machine (screw type)

Alternative system to
gelatin dip-moulded capsules

IR tablets

PEG 6000 and PEG 8000

Drug: different active
ingredients
(dispersed/dissolved in the
molten carrier)
Reinforcement: MCC

Horizontal injection moulding
machine (screw type)

Alternative to immediate-
release compressed tablets

Oral non-disintegrating
matrices

Wheat Starch and EC

Drug: model active ingredient
(sodium benzoate); metoprolol
tartrate

Horizontal injection moulding
machine (screw type)

Alternative to
compressed non-disintegrating
oral matrices

Implantable matrices

PLA, Polyanhydride
copolymer, PLC and PLGA

Drug: vapreotide pamoate,
gentamicin sulphate,
fluconazole, praziquantel, 5-
fluorouracil

Horizontal injection moulding
machine (screw type)

Bench-top micro-moulding machine
(plunger type)

Twin-screw mini-extruder + lab-scale
vertical injection moulder
Homemade equipment

Alternative to current
implants

Intravaginal inserts

PLC and EVA

Drug: progesterone and
dapivirine

Horizontal injection moulding
machine

Twin-screw extruder + Injection
moulder (hydraulic or plunger-
type)

Alternative to current
intravaginal inserts

Oral multi-layer device

Impermeable shell:
biodegradable polymers

Plug/matrix:
soluble/erodible polymers

Drug: carvedilol, opioids (e.g.:
morphine, hydrocodone)

Not specified

Alternative to current
intravaginal inserts

Bi-layer device

Soy protein isolate

Drug: theophylline
Cross-linker: Glyoxal
Plasticiser: Glycerol
Reinforcement: hydroxyapatite

Twin-screw extruder plus
horizontal injection moulding
machine (screw type)

Co-injected device for
controlled release

Oral capsular device

HPC

Plasticizer: PEG 500
Mold release agent: peanut oil
(external)

Bench-top micro-moulding
machine (plunger type)

Functional container for
pulsatile/colonic release

Oral magnetic depot
capsular device

PLC, PCL and PCL/starch

Homemade equipment

Magnetic driven
container for targeted release
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1.6 Additive Manufacturing

Additive manufacturing (AM) provide a wide range of advantages over conventional
manufacturing processes: near-net shape capabilities; design geometry flexibility; superior
levels of design complexity with fewer or single-step manufacturing required; reduced tooling
and fixtures; shorter cycle times for both designs and processing; multiple material
manufacturing; savings in energy and start-up cost (Gao et al., 2015). The disadvantages of
additive manufacturing involves slow manufacturing rates compared to other manufacturing
processes like injection moulding. This increase on manufacturing time can be related to higher
processing costs due to the limited output of the process. There is also a limit to the size of the
parts that can be manufactured and the mechanical properties of such are poor compared
with to other manufacturing processes. And lastly, the discontinuous nature of the process
prevents savings via economies of scale. Regardless of these drawbacks, there is a growing
interest on these technologies for their potential to fabricate patient-tailored drug delivery

systems in a feasible and affordable manner (Sandler and Preis, 2016).

In the 1980s, a procedure called stereolithography (SLA) was invented by Charles “Chuck”
Hull, representing the birth of AM. SLA consists of an ultraviolet (UV) light beam focused down
into a UV photo-curable liquid polymer which upon contact, the polymer hardens. Once a layer
is done, the cured polymer is moved away from the liquid uncured resin attached to a build
plate, with a new layer being cured and united to the former last photocured layer. This process
continues until the solid part is finished based on a CAD design and is removed from the liquid

medium.
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Figure 1.8 Most used 3D printing technologies in 2017 versus 2018 (Moreau, 2018)

In the following decades, different types of additive manufacturing were developed
exploiting the concept of layered manufacturing. The process usually starts with a three-
dimensional model constructed using CAD software, which is translated to an STL extension
file, and such file is cut into "slices" with each of them containing the information required for
each layer of the model. 1991 saw the introduction of three AM systems which drifted away
from stereolithography, fused deposition modelling (FDM) by Stratasys, solid ground curing
(SGC) from cubital and laminated object manufacturing (LOM) from Helisys (Wohlers and
Gornet, 2014). FDM extrudes thermoplastic materials to produce parts layer by layer, SGC uses
UV-sensitive resins solidifying full layers in one pass and LOM bonds and cuts sheets of material
using digital guided lasers. FDM is of special interest since it is the main predecessor for the
technique utilised in this body of work. FDM was a patented technology of Stratasys up until
2009 (Crump, 1992) and although the name is still trademarked by the company, the

technology was adapted for making affordable desktop printers under the name fused filament
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fabrication (FFF) and specially through the efforts of the RepRap project. This interdisciplinary
project had the main aim to create affordable 3D printers capable of producing most of its
components by themselves (Sells et al., 2010) and since 2009, there has been a reduction of
costs of the hardware for this technology of two-orders-of-magnitude (Rundle, 2014). This has
turned FFF into the ubiquitous form of AM as it can be seen in Figure 1.8 when compared to

other forms of AM.

1.6.1 Fundamentals of Additive Manufacturing

FFF uses thermoplastic materials which are extruded from a moving nozzle-head and
deposited in ultra-thin layers onto a substrate. The material is heated slightly above its melting
point; this is to ensure it will quickly solidify after being deposited and welds to the former layer
or printing bed. Modern domestic FFF printers consist of a heated nozzle which is fed material
in filament form by a stepper motor. A chamber before the nozzle melts the material and the
filament pushed above this cavity extrudes out the molten material (Goyanes et al., 2015f).
Among the materials used for FDM include polycarbonate (PC), acrylonitrile butadiene styrene
(ABS), polyphenyl sulfone (PPSF), PC-ABS blends, medical-grade polycarbonate, wax, metals
and even ceramics (Kruth et al., 1998). In the following figure, a flowchart with different types
of additive manufacturing processes is presented, classifying these 3D printing procedures

based on the physical state of the feedstock material used for building parts.
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Figure 1.9 Classification of additive manufacturing processes based on the feedstock
material (Gao et al., 2015)

A number of pharmaceutical materials have been investigated for FFF, including polyvinyl
alcohol (Gioumouxouzis et al., 2017; Goyanes et al., 2016b, 2015a, 2015b, 2015c, 2015f,
2014a; Melocchi et al., 2016; Tagami et al., 2017), cellulose-based polymers (Goyanes et al.,
2017a; Kempin et al., 2017; Melocchi et al., 2016; Zhang et al., 2017), polylactic acid (Goyanes
et al, 2016a; Kempin et al, 2017; Melocchi et al.,, 2016; Weisman et al., 2015),
polycaprolactone (Goyanes et al., 2016a; Holldnder et al., 2016; Kempin et al., 2017), ethylene
vinyl acetate (Genina et al., 2016a), polyvinylpyrrolidone (Okwuosa et al., 2016a, 2016b),
Soluplus® (Alhijjaj et al., 2016; Melocchi et al., 2016), Kollicoat® IR (Melocchi et al., 2016), and
Eudragit® grades (Alhijjaj et al., 2016; Beck et al., 2017; Kempin et al., 2017; Melocchi et al,,
2016; Sadia et al., 2016). It is far from a perfect process: there are seam lines between layers;
overhanging parts need supports to be printed ; longer build-up time; low resolution compared
to other techniques; in contrast, is a process requiring no chemical post-processing, the
equipment needed is less expensive and the materials used are cost-effective (Bellini and

Guceri, 2003).
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1.6.2 Pharmaceutical Applications of Additive Manufacturing

The concept of precision therapeutics and patient-tailored devices, once in the realm of
science fiction, has become a tangible possibility in recent years with breakthrough discoveries
in the application and capabilities of AM technologies (Goyanes et al., 2014a) and in
combination with a deeper integration of digital and genomic technologies to medical practice,
it offers the possibility to accelerate the digital revolution of healthcare (Awad et al., 2018).
AM research is split in 5 major areas of interest: implants, in vitro drug testing, oral drug
administration, transdermal and rectal/vaginal routes, and the number of peer-reviewed

scientific publications related to AM has been increasing steadily since 2014 (Lim et al., 2018).

Additive manufactured solid dosage forms started using powder bed printing. Katstra et al
(Katstra et al., 2000) successfully manufactured tablets which could have their release rate
modified based on the quantity of polymer binder used for their fabrication. Content
uniformity and great accuracy of intended drug content per dosage unit were also achieved.
Using the 3D inkjet method for the manufacture of solid dosage forms results in tablets with
increased porosity and layers that do not fully bind together. As a consequence, the tablets are
friable and highly porous, an undesired characteristic for orally administered dosage forms.
However, Aprecia Pharmaceuticals, looking to exploit this apparent drawback, patented
orodispensable tablets that rapidly dissolve in very low amounts of water (Jacob et al., 2014)
resulting in Spritam®, a rapid dissolving tablet containing epilepsy drug levetiracetam which
was the first 3D printed dosage form to be approved by the FDA for human administration

(Szczerba, 2015).

Drug dosage forms fabricated via AM are expected to be the next addition to the
pharmaceutical manufacturing repertoire. Of special consideration is the potential of AM to
improve the personalization of drug treatment for patients (Goyanes et al., 2017b). Current
methods for mass production of tablets offer no window for treatment personalization, and
considering that 70% of all drug dosage forms are manufactured in the form of tablets or
capsules, there is a gap in the production industry for techniques that allow sustainable and
quick customisation of their therapeutic properties. By implementing complex geometries and
modifying the volume of the dosage forms, inner density and distribution of the matrices inside
the tablets, it would be possible to modify the pharmacokinetics of the APl in a reactive manner

to the demands of the patient without any changes in machinery or formulation (Goyanes et
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al., 2015c). This possibility makes 3D printed tablets an option for scenarios where patients
present narrow therapeutic indices or known polymorphism. A doctor could analyse a patient
pharmacogenomics profile, plus other details as age, sex and/or race to define an optimal
medication dose. Once determined, the medication could be 3D printed in a matter of minutes
to hours (Skowyra et al., 2015a) with the plausible potential of producing new formulations
composed of multiple bioactive ingredients for the treatment of multiple conditions with only
one dose, increasing patient compliance (Khaled et al., 2014). There is also the possibility to
control drug release profiles by modifying the geometry of the dosage form with no other

modifications needed than a new CAD design via FFF (Goyanes et al., 2015d).

Awad et al. summarized recently the main incentives for the implementation of FFF in
pharmaceutical applications (Awad et al., 2018). The six main motivators behind the
prevalence of FFF in recent years are identified as: (i) personalisation of dosing e.g: flexibility
in drug loading (Skowyra et al., 2015b) (ii) customisation of dosage forms e.g: preclinical testing
in animals (Arafat et al., 2018a; Genina et al., 2017; Goyanes et al., 2018), patient-centric
dosage forms (Goyanes et al., 2017b; Scoutaris et al., 2018) and adaptation of pre-existing
dosage forms (Beck et al., 2017) (iii) drug synthesis e.g: remote digitisation of the blueprints
for print and synthesis (Kitson et al., 2018) (iv) modification of drug release e.g: modifying infill
percentage (Chai et al., 2017; Goyanes et al., 2014b), tuning the polymer matrix composition
(Ehtezazi et al., 2018; Goyanes et al., 2017a), modulating the structural shape or arrangement
and modifying the external shell thickness or composition (Arafat et al., 2018b; Gioumouxouzis
et al., 2017; Goyanes et al., 2015c; Kadry et al., 2018; Lim et al., 2016; Okwuosa et al., 2016a;
Sadia et al., 2018; Yang et al., 2018) (v) drug combinations e.g: combining two or more drugs
in a single dosage form (Khaled et al., 2015; Robles-martinez et al., 2019) as well as the use of
incompatible drugs (Maroni et al., 2017; Melocchi et al., 2018) (vi) adaptation of medicated
devices e.g: topical masks (Goyanes et al., 2016a; Muwaffak et al., 2017), vaginal rings (Fu et
al., 2018), intra-uterine devices (Genina et al., 2016a; Hollander et al., 2016), subcutaneous

devices, transdermal microneedles (Luzuriaga et al., 2018), mouthguards (Liang et al., 2018).

FFF includes building features that could contribute to the tailoring of dosage forms. Infill
percentage determines the amount of material packed inside the outer layers of a 3D printed
model. A 0% infill results in a hollow shell; while a 100% infill will create a solid tablet. The

evaluation of these features is a crucial part of this body of work as it has been evaluated by
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the work of Goyanes et al (Goyanes et al.,, 2014b) using commercially available materials
(polyvinyl alcohol) for FFF of tablets loaded with the model drug fluorescein. Verstraete et al
(Verstraete et al., 2018) managed to increase the drug loading of formulations up to 60% for
FFF applications using combinations of hydrophobic and hydrophilic thermoplastic
polyurethanes without sacrificing drug release tailoring properties. Achieving complicated
geometries that modify the release kinetics of drugs usually involves complicated compression
manufacturing processes (Prasad and Smyth, 2015). Doughnut shape tablets are capable of
delivering zero-order kinetics but are complicated to manufacture via standard production
methods at best. Using 3D powder printing, Yu et al. (Yu et al., 2009) were capable of creating
multi-layered doughnut-shaped solid dosage forms with active and retardant layers providing
linear release profiles of poorly water-soluble drug acetaminophen. The release rate of these
tablets could be further controlled by varying the thickness of inert retardant outer layers and

the height of the tablet itself.

Non-resorbable materials could be candidates for constructing personalised 3D printed
temporary implants. In two cases, drug loaded intrauterine systems (IUS) and subcutaneous
rods were created using FFF (Genina et al., 2016b; Hollander et al., 2016). The research team
used the same parameters for both studies, contrasting the feasibility of using different
thermoplastic drug-loaded biomaterials, EVA and PCL. For the EVA model study, twelve
different grades of the material were used, the model drug was indomethacin and it was
loaded in two concentrations, 5% and 15%, into the polymeric matrix via HME. Dissolution and
mechanical characterization proved that certain grades of EVA copolymer with a flexural
modulus, that is the tendency of the material towards bending, within 42 MPa and 123 MPa
are an acceptable feedstock material for the FFF of drug-loaded prototypes. Among other
discoveries of this study, the drug release properties of the HME filaments and 3D printed
prototypes was dependent of the grade of EVA used, the extrusion temperatures and 3D
printing conditions. Also, a correlation between the melt flow index and flexural modulus of
the material was shown to have a crucial influence on the feasibility of the 3D printing process,
although a clear limit values were not clarified, the trend found was that a higher viscosity
would require a stiffer filament for FFF process. The second study used PCL has the feedstock
material for the additive manufacturing of IUS and subcutaneous rods, with the same model

drug as the former case presented and introduced into the polymer via HME as well. The
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researchers found that higher concentrations of the drug reduced the quality and mechanical
integrity of the prototypes printed and an inversely proportional relation between drug
content and drug dissolution profiles. The research concluded that FFF is a feasible production
method for drug-containing IUS and offers possible alternatives for the manufacturing of

controlled release implantable devices (Hollander et al., 2016).

The advantages in medical imaging and image data processing combined with design
flexibility offered by 3D printing devices promise the production of patient-specific devices
(Rengier et al., 2010). Multi-detector computed tomography and magnetic resonance imaging
(MRI) are capable of high-resolution data recollection in the form of 3D images in a universal
format named DICOM (Digital Imaging and Communications in Medicine). As precise these
images are, they are limited to the display of a flat two-dimensional screen that illustrates
poorly this information. Using additive manufacturing, the DICOM image can be built into a
physical model. In the case of surgical planning, this method greatly aids the understanding of
complex underlying anomalies improving and facilitating the diagnostic quality and pre-surgical
planning. The technology has proven efficient in craniofacial (Haddadin et al., 2000),
maxillofacial surgery (Wagner et al., 2004), neurosurgery (Wurm et al., 2004), spine surgery
(Paiva et al., 2007), cardiovascular surgery (Armillotta et al., 2007) and visceral surgery. Using
prototypes results in a better appreciation of pathological structure and increased accuracy.
3D printing combined with nanotechnology and smart material has been proposed has a novel

strategy for the future of tissue engineering applications (Martins et al., 2018).

The impact of additive manufacturing in the pharmaceutical industry is only beginning to be
understood by academics and practitioners. Due to its current limitations, the technology has
yet to find a foothold in modern clinical practice. Nevertheless, due to its enormous potential,
and the increasing importance of precision medicine, 3D printing will continue to be utilised
exponentially in the academic and research pharmaceutical research and it is predicted that in
the near future more drug delivery systems fabricated via AM will be available for patients and

medical practitioners.

1.7 Solid Dosage Forms
The main objective of dosage form design is to achieve a predictable therapeutic response
to a drug included in a formulation which is capable of consistent quality and feasible

manufacture (Aulton, 2001). Most modern drugs are chemically pure substances with narrow

55|Page



therapeutic concentrations, making imperative the use of efficient vehicles and strategies to
ease administration and enhance desired effects (Allen, 2008). Solid dosage forms are the most
common form of dosage form design and this is due to their versatility for therapeutic
strategies and patient compliance (Jones, 2013). They include tablets, capsules, implantable

devices and transdermal patches and their variations.

The oral route is the most frequently used route for drug administration (Qiu et al., 2009).
This is a consequence of oral dosage forms being convenient and popular among patients.
Among all dosage forms that are delivered through the oral route, tablets and its variations are
widely spread and preferred by clinicians and patients alike (Lyons et al., 2007). Regardless of
their public acceptance and patient compliance as drug dosage forms, oral tablets are
subjected to severe conditions when administered. The drug must withstand the digestive
process and penetrate through the gastrointestinal (Gl) barrier to the bloodstream (Mitra et

al.,, 2013).

The Gl tract starts with the mouth and extends to the anus. There are four major anatomical
areas in this path: oesophagus, the stomach, small intestine and the large intestine. The small
intestine is the zone where the major absorption of active pharmaceutical ingredients occur
because of the large surface area created by the microvilli and villi, micro-fingers raising from

the intestine wall creating folds in the intestinal mucosa (Mitra et al., 2013).

Tablets are composed of one or more active pharmaceutical ingredients as well as a number
of excipients which are blended or granulated before being summited to compression forces
for their manufacture (Qiu et al., 2009). A wide range of options for excipients and ingredients
are available for the fabrication of tablets, offering versatile platforms for the delivery of

therapeutic agents to the Gl tract (Jones, 2013).

1.8 Mass-customisation

Mass customisation can be defined as the ability to offer products or services in a
personalised manner at reasonably low costs (Da Silveira et al., 2001). The idea was first
proposed in the 1980s and has become a buzzword for companies to gain an edge in a market
with increasing segmentation and competition (Hart, 1995). The oxymoron involves the
implementation of flexible strategies to offer custom-tailor services and products with certain

degrees of possible customisation, ranging from catalogue customisation (choose different
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option available, e.g. cell phone colour) to individualized “one-of-a-kind” products (tailored
dress shirts and suits) (Davis, 1989). Furthermore, the complexity of this idea has experts
delimiting the definition for mass-customisation into two major areas: Visionary and practical

(Pine Il et al., 1993).

Both were defined by Christopher Hart in 1995 (Hart, 1995). Visionary or idealistic mass
customisation involves having the capabilities to provide customers with anything they want
in a profitable manner, anytime they want it, anywhere they want. Whereas, practical mass
customisation is the embrace of flexible organizational, managerial and production structures
that allow for varied and often individually customized products and services at bulk-cost. The
main difference is the related timing involved to deliver the products and the limits for degrees
of customisation that permit the system to be sustainable. Some of the strategies to implement
mass-customisation involve the use of product modularity and manufacturing postponement.
Modularity involves the breaking of a product or service into smaller components and packages
with the intention of increasing variety of finalised products by standardizing the available
choices offered into subassemblies and as such, increasing responsiveness and reactivity to
changes in demands (Gershenson et al.,, 2003). Postponement strategy delays certain
manufacturing activities until customer orders are received (Hoek et al., 1999) allowing to
prioritize which actions to customise and which to standardise. Mass-customisation is a
multidimensional non-linear process offering advantages over mass-production, studies reveal
that customers are willing to pay a premium in order to obtain personalised products and
services (Eyers and Dotchev, 2010), although the feasible implementation of such strategy is

still a hurdle for firms to overcome (Barlow, 1999; Steger-Jensen and Svensson, 2004).

1.8.1 Mass-customisation in healthcare

Current healthcare and healthcare systems are becoming unsustainable. The European
Steering Group on Sustainable Healthcare (Harney and Richetta, 2015) stresses the necessity
for medicine practice to shift from a disease treatment dogma to the promotion of preventive
treatment and early diagnosis, empowering patients to take responsibility for their own health
by providing resources and capabilities which would make them active participants in the
decision-making process towards a betterment of their health as well the promotion of lifestyle
choices that will improve their overall quality of life. Lastly, it is envisioned the restructuring

of care delivery based on three core overlapping concepts (i) patient-centric integrated care
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(ii) Improve hospital efficiency and (iii) interventions in an optimal setting, either in hospitals,
at home or in communities. Healthcare is a complex system involving people, processes and
products depending heavily on interdependency of these three components for efficacy and
efficiency and it is suggested to be an engineering endeavour for biological applications. As
such, pragmatic and multidimensional solutions and strategies are necessary to promote the

advancement of healthcare (Tien and Goldschmidt-Clermont, 2009).

This paradigm shift is where mass-customisation takes a supporting role as a strategy to
increase the reactiveness and agility for delivering therapeutic strategies (Hamburg and Collins,
2010). Newly developed concepts as patient-centred care and personalised medicine blossom
from envisioning the application of mass-customisation to healthcare (Minvielle et al., 2014).
Patient-centred care involves organising patient management so to meet the needs of an
individual patient. There is a growing interest on the adaptation of these concepts into
healthcare, as it shows in the recent advent of FDA approval of personalised therapies as well
as the prediction by Tufts University for the high potential for customisation of medicines
currently in development (Pritchard et al., 2017). Within the scope of this body of work, 3D
printing offers advantages over traditional therapeutic production techniques which are
expected to facilitate the adaptation of personalised medicine methodologies by offering a
technological platform for the fabrication of tailor-made solid dosage forms, drug delivery
systems, orthopaedics and even organs (Afsana et al., 2019; Bose et al., 2013; Kolesky et al.,

2014; Shafiee and Atala, 2016).

1.9 Materials used in this study

The criteria for the polymeric formulation selected in this body of work were defined by
their feasibility to be used as a feedstock material for all of the mentioned manufacturing
processes. Materials must be used in FDA approved applications for the administration of
therapeutic agents in humans and a combination of elastic mechanical properties were also
deemed critical. Several polymeric formulations were proposed fitting the guidelines described
above, narrowing final components and ratios through evaluation of the extrusion consistency,
processability and the extrudate filaments mechanical properties via an experimental
elimination process. The following is a description and review of the polymers selected for the
final stages of the formulation and manufacturing, as well of a description of the active

pharmaceutical ingredients utilised for drug release studies.
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1.9.1 Polycaprolactone (PCL)

Polycaprolactone or poly (e-caprolactone) (PCL) is a biodegradable synthetic aliphatic
polyester with semi-crystalline structure and hydrophobic properties. PCL is mostly
synthesised via ring-opening polymerization of the cyclic monomer e-caprolactone or through
the polycondensation of 6-hydroyhexaconic acid, although a variety of procedures are
available for its synthesis (Labet and Thielemans, 2009). The crystallinity of this polymer is
inversely proportional to its molecular weight. The polymer possesses very good solubility in
organic solvents and a relatively low melting temperature T,,, around 59 to 64°C (Sinha et al.,
2004). These properties and its high melt compatibility have sparked recent interest in the
areas of biomaterials for the investigation and possible applications of PCL and PCL blends

(Woodruff and Hutmacher, 2010).

PCL was first synthesised in the early 1930s in the search of polymers which could be
degraded by microorganisms (Carothers and Van Natta, 1930) but was overshadowed by the
popularity of other resorbable polymers with faster degradation and complete reabsorption
which offered the full release of encapsulated drugs within weeks. The interest for applications
using PCL was reborn in the 1970s to 1980s based on its modifiable degradation kinetics,
mechanical properties and ease-to-manufacture which are considered critical characteristics
in the areas of tissue engineering and biomedical implants (Kenny et al., 2013). The slower
degradation rate of PCL (2 to 3 years) was also exploited in 1989 by Darney and co-workers
(Darney et al., 1989) for the fabrication of long-term subdermal implantable devices for
contraceptive therapy which is still being used today. More recently, copolymers of e-
caprolactone and glycolide are used as synthetic absorbable suture material; marketed under
the brand name monocryl, the absorbable monofilament offers unmatched mechanical

properties combined with minimal negative tissue reaction (Bezwada et al., 1995).

In the past 8 years, due to its established biodegradability and biocompatibility along with
superior rheological and viscoelastic properties, PCL and its copolymers have been extensively
studied for tissue engineer applications (Dash and Konkimalla, 2012). Scaffolds fabricated with
PCL have been evaluated for the regeneration of nerves (Salmoria et al., 2016), skin (Sartoneva
et al., 2011), cartilage (Wang et al., 2016; Zheng et al., 2014) ligaments and bones (Silveira et
al., 2016). The potential of these applications for tissue engineering scaffolds is further

expanded by the possibility of PCL to be loaded with growth factors, active pharmaceutical
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ingredients, versatile manufacturing processes and personalization and high compatibility with

other biomaterials (Ekaputra et al., 2011).

PCL based drug delivery systems present high drug permeability, excellent compatibility
with many drugs and full excretion from the body once reabsorbed, making them strong
candidates for controlled drug delivery (Woodruff and Hutmacher, 2010). A handful of factors
can alter the drug release profiles of PCL including the type of formulation, manufacturing
process, PCL content, size, and percentage of drug loading. Consulting the literature in search
of current trends for the use of PCL include the administration of drugs using microspheres
and nanospheres (Dash and Konkimalla, 2012; Sinha et al., 2004; Woodruff and Hutmacher,
2010). Microspheres can be manufactured either with PCL or PCL copolymers, the evaluation
of PCL for the permeating proteins was demonstrated to be superior in comparison to its
counterparts poly(lactic acid) and poly(glycol acid) making PCL microspheres good candidates
for the oral delivery of vaccines (Benoit et al., 1999; Eldridge et al., 1990; Florindo et al., 2008;
Jameela et al, 1997). PCL microspheres have also been used for the delivery of
antihypertensive lipophilic (Nifedipine) and hydrophobic (propranolol HCl) drugs (Hombreiro
Pérez et al., 2000; Shelke and Aminabhavi, 2007; Soppimath et al., 2006; Ubrich et al., 2004),
chemotherapy drugs (Chandy et al., 2002; Geng and Discher, 2006), antibiotics for arthritis
(Changetal., 2006; Suwandi et al., 2015), molecular entities for the treatment of schizophrenia
and nerve growth factor agents for nerve repair (Chang et al., 1986; Rui et al., 2012; Xudong
and Shoichet, 1999) among several other examples of micro and nanospheres of PCL and

copolymers for drug delivery applications.

1.9.2 Polyvinylpyrrolidone-vinylacetate copolymer (Kollidon VA64®)

Polyvinylpyrrolidone-vinyl acetate (PVP-VA), also known as Copovidone or Kollidon VA64®,
is a copolymer manufactured by free-radical polymerization of 4 parts of vinyl acetate and 6
parts of vinylpyrrolidone in 2-propanol. It is a white or yellowish-white fine powder with slight
odour and faint taste in agueous solutions. It is an amorphous copolymer, freely water soluble
and was developed as an alternative to Polyvinylpyrrolidone (PVP) with reduced hygroscopic
and viscous properties (BUhler, 2005) and has an average glass transition temperature of

about 101 °C.
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PVP-VA is mainly used as a binder for the production of granules and tablets as well as film
forming agent for coating tablets (Kolter et al., 2012). When used as an excipient for the
fabrication of compressed tablets, PVP-VA is characterised for providing burst release oral
dosage forms (Eyjolfsson, 2015). PVP-VA has been studied as a polymeric carrier for solid
amorphous dispersions to increase the bioavailability and solubility of drug using solvent
evaporation technique (Matsumoto and Zografi, 1999) and hot melt extrusion technique
(BUhler, 2005). Animal testing of this product prove no carcinogenic or chronic toxic effects in
doses as high as 2800mg per kilogramme of bodyweight (Mellert et al., 2004) which suggests

that the polymer is safe for long-term oral administration in humans.

1.9.3. Poly (Ethylene Oxide) (PEQ)

Poly (ethylene oxide) (PEO) is a colourless polyether typically obtained by ionic
polymerization of ethylene oxide. It is a hydrophilic thermoplastic with a melting range of 57
to 73 °C (Prodduturi et al.,, 2005). PEO is a semi-crystalline polymer and its degree of
crystallisation depends on its molecular weight. PEO is present in a wide range of molecular
weights with the lower range (molecular weight below 100,000) referred to as poly (ethylene
Glycol) (PEG). PEO can exist as a polymer with a branched, star or comb architecture or
alternatively as a cross-linked hydrogel and since no dangerous or toxic compounds are used

during the synthesis of PEO, it is fully biocompatible (Spietelun et al., 2011).

PEO/PEG, when exposed to a number of bodily tissues, does so without any proteomic or
immune response. It is theorised that the backbone forming PEQ is responsible for its biological
inertness (Sharma and Desai, 2005). PEO draws attention as a polymeric biomaterial with high
biocompatibility and versatile mechanical properties for several medical applications (Lyons et
al., 2007). PEO has been used as an emulsifier, an additive to cosmetics, drugs and surface
active substances, as a wood preservative and as a stationary phase in gas chromatography

(Cighek et al., 1991).

The properties of PEO as a drug carrier have been investigated intensively. Among the
research using PEO, there is the work of Kojima and co-workers (Kojima et al., 2008) which
combined high molecular weight PEO (M,,: 7,000,000) with lower molecular weight PEG
(average M,,: 7,300 to 9,300) in a ratio of 1:1 for the successful creation of sustained release

oral tablets containing water soluble drugs in vitro. Although the tablets in the mentioned
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study were manufactured via direct compression, PEO is compatible with other production
methods. The work of Lyons in his PhD thesis and the subsequent unpublished research
projects carried by Healy evaluate the creation of monolithic PEO matrices for drug delivery
using HME as a primary drug-polymer compounding and manufacturing process (Healy et al.,
2015; J. Lyons et al., 2008; Lyons et al., 2007). Among the most relevant conclusions related to
PEO was confirming an inverse proportional relation between the molecular weight of PEO and
dissolution rate of drugs, in addition to an increase in the difficulty to process related to an
increase of the viscosity of the polymer. It was also observed that the pH of the media used for

the dissolution studies in vitro had no effect in the release rate of the PEO matrices.

1.9.4 Caffeine

Caffeine is a purine alkaloid derivative usually prescribed as a central nervous system
stimulant believed to act through adenosine receptors. It is one of the most widely consumed
psychoactive substances in the world and it is found in several beverages and foods including
coffee, soft drinks, a variety of teas and chocolate. In its pure form, it is an odourless white

powder with a bitter taste, soluble in aqueous solutions. The structure of this drug molecule is
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Figure 1.10 Chemical structure of caffeine.

presented in Figure 1.10.

Caffeine has played an important role in determining the mechanism of drug addiction and
cognitive and physical withdrawal symptoms (Tiffany, 1990), this is based on caffeine having
low toxicity and chemical stability. For drug delivery systems caffeine could be used as a model
drug from a safety standpoint (Muraoka et al., 1998), having good thermal and chemical
stability through most manufacturing methods. Caffeine as well has been used to create

models to measure liver function in patients suffering hepatic diseases (Renner et al., 1984).
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1.9.5 Lovastatin

Lovastatin (LOVA) is a statin medication used in the treatment of high levels of cholesterol
in the blood. It's mechanism of action is inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase which is a key enzyme in cholesterol synthesis (Qureshi et al., 2015). The
drugis found in nature as a metabolite from the fungus Aspergillus terreus and Monascus ruber
as well in small quantities in oyster mushrooms (Pleurotus ostreatus), red yeast rice and the
fermented tea called pu’er. It was first isolated in 1978 (ENDO, 1979) and it was the first statin
drug to be approved for use in the general public by the FDA in 1987 (Evaluation and Food and
drug administration, n.d.). LOVA is administered orally along with lifestyle and diet changes for
the prevention of coronary heart disease associated with elevated blood cholesterol levels
(Tobert, 2003) and there is evidence showing a better therapeutic outcomes from extended
release formulations than immediate release ones (Friedhoff et al., 2003). The chemical 2D

structure of the drug is displayed in Figure 1.11.
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Figure 1.11 Chemical structure of Lovastatin (ChemSpider, n.d.)

LOVA has shown to be effective in reducing the concentration of the B-amyloid peptide (AB)
in the blood of patients in a dose dependant manner which is a risk factor in the onset and
advancement of Alzheimer’s Disease (Buxbaum, Joseph, 2002) along with neuroprotective
functions (Gellermann et al., 2006; Salins et al., 2007). However, there is still a need to confirm
the efficacy, mechanism of action and safety of complementing Alzheimer’s disease treatment
with statin drugs (Jick et al., 2000). LOVA is also known for its effects on renal function and it
even reduces renal injuries in several experimental models as well exerting protective effects

on kidneys in a general adult population with chronic kidney disease who do not require dialysis
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but there is too many caveats to recommend LOVA as a first choice for kidney protection

(Campese and Park, 2007; Verdoodt et al., 2018).

Among other possible uses, LOVA is being evaluated as an adjacent therapeutic agent in the
treatment of certain types of cancer, e.g.: melanoma (Shellman et al., 2005), leukemia
(Koyuturk et al., 2004), brain cancer (Girgert et al., 1999), hepatocellular cancer (Naidu et al.,
2003) and squamous cell cancer of the head and neck (Dimitroulakos et al., 2001; Knox et al.,
2005). Lastly, LOVA stimulates bone formation in vitro and in vivo and methods for achieving
targeted release are currently being evaluated in pre-clinical trials with promising results so far

(Garrett et al., 2007; Ibrahim et al., 2015; Shah et al., 2015).

1.9.6 Hydrochlorothiazide

Hydrochlorothiazide (HCTZ) is a diuretic medication usually administered to treat
hypertension, congestive heart failure, symptomatic enema, diabetes insipidus, renal tubular
acidosis and liquid-retention associated swelling (drugs.com, 2019). It belongs to a group of
chemicals known as thiazides which are characterized by binding to a “thiazide receptor” which

is a Sodium-Chloride Symporter. The chemical structure of HCTZ is shown in Figure 1.12.
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Figure 1.12 Chemical structure of Hydrochlorothiazide.

Thiazides were discovered by Novello and Sprague in Merck Sharp & Dohme in the early
1950’s when they set to synthesize better carbonic anhydrase inhibitors (Moser, 2009). HCTZ
mechanism of action involves decreasing the volume of blood by reducing sodium
reabsorption on the kidneys specifically in the distal convoluted tubule (Bachmann et al., 1995;

Ellison et al., 1987; Obermuller et al., 1995) lowering blood pressure via diuresis and decreasing

64|Page



blood plasma volume. The drug is not metabolized and most of it is excreted. It is included in
the World Health Organization list of essential medicines (World Health Organization, 2015)
and among other uses, it is administered for the treatment of osteoporosis and osteopenia
(Dvorak et al.,, 2007), hypoparathyroidism (Bilezikian et al., 2016; Moser, 2009) and

hypercalciuria.
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Chapter 2

Materials and methods
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2. Materials and Methods

The main goal of this research project was to fabricate and characterize solid dosage forms
using the novel manufacturing methods, novel material blends and designs as discussed in the
previous section. The project is divided into three different stages. This section will be
subdivided following the along these categories, expanding on the different materials and
procedures involved in each one of the stages of this body of work. Firstly, the methodology
followed to determine the ideal mechanical, thermal and rheological properties of a polymer
blend to be adapted for Fused Filament Fabrication (FFF) is presented (Chapter 3). The model
formulation obtained during these preliminary studies is then adapted for Injection Moulding
(IM) and direct compression (DC) for the fabrication of flat-faced tablets (Chapter 4). These
samples were compared to ten batches of tablets fabricated via FFF varying three building
parameters with potential to customise drug release rate. All tablets were contrasted against

each other and this encapsulates the second stage of this body of work.

Lastly, with a better understanding of the advantages and limitations of the selected melt-
processes and formulation for the fabrication of tablets, the final phase was set-up as an
attempt to combine the IM and FFF processes into fabrication method with the intention of
complementing their advantages and to create a platform for the mass-customisation of solid
dosage forms (Chapter 5). Two low solubility model drugs used for the treatment of
cardiovascular disease were selected for this last stage. Customisation of drug release
properties was attempted by varying two manufacturing parameters, one per production
method used for the fabrication of tablets. The characterisation of the tablets focused on
explaining the mechanism controlling tablet performance with the intention of cataloguing
their causality. This in return would allow for the exploitation of such phenomena for the
customisation of solid dosage forms in the future by combining FFF and IM. All three phases

and the methodology followed during each are presented next.

2.1 Chapter 3: Materials and methods

2.1.1 Materials
Kollidon® VA64 (PVP-VA) and Kolliphor® P188 (P188) were purchased from BASF Ireland
(Cork, Ireland). Poly (ethylene oxide) (PEO) (average MWT = 300,000) in a white powder form

was obtained from Sigma-Aldrich (Arklow, Ireland). Polycaprolactone (PCL) in powder form
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(CAPA 6506, average MWT=50,000) was obtained from Perstorp (Cheshire, UK). USP grade
caffeine was purchased from VWR International (Dublin, Ireland). Caffeine was chosen as a
Biopharmaceutical Classification System (BCS) Class | model drug as it was available in sufficient
quantities to complete the work presented in chapter 3 and 4; has melting temperature greater
than the processing temperatures of the selected polymers, and was safe for use in the

environments the production equipment were located.

Table 2.1 Material formulations of melt-blends used during
the first phase of this project.

Name Composition by weight (%)
PVP-VA P188 PCL PEO
F1 90 10 - -
F2 90 - 10 -
F3 90 - - 10
F4 80 - 20 -
F5 80 - - 20
F6 70 - 30 -
F7 60 - 40 -
F8 50 - 50 -
F9 60 - 30 10
F10 60 10 30 -
F11 30 - 60 10

2.1.2. Preparation of Filaments by Hot Melt Extrusion

Eleven material formulations are outlined in Table 2.1. Before hot melt extrusion (HME)
processing, all excipients were passed through a 450 um sieve to obtain equivalent particle
sizes. Each batch was mixed in a Universal Motor Drive 400 (Pharmag GmbH, Hamburg,
Germany) attached to a cube mixer. The conditions for the mixing of all batches were kept the
same at 50 RPM for 15 min. Premixed batches were fed to an MP19TC25 APV Baker 16 mm
co-rotating twin screw extruder (Newcastle-under-Lyme, UK) equipped with a purpose-built
filament forming die (figure 3.6). The filament die has a conical shaped cavity, narrowing away

from the extruder finishing in a circular orifice (diameter 2.30 mm). The gradient temperature
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profile of the HME process is detailed in Table 2.2. The screw speed was set at 80 RPM, and
the feeding rate was 0.4 kg/hr. The extruded batches were hauled off utilising a conveyor belt
system consisting of a Teflon belt that was tilted at an angle of 45 ° downward angle from the
extruder die. A second conveyor twin-belt system was set at a sufficient haul-off speed to

maintain a filament diameter of 1.75 + 0.15 mm necessary for the FFF 3D printing process.

Table 2.2 Temperature profile for twin-screw compounding HME process to produce
filament.

Temperature (°C)

Zone 1l Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Flange Die

80 90 100 110 120 130 140 140
Screw speed: 80 RPM, Feeding rate: 1.1 Kg/hr, Haul Off speed: 1.4 cm/sec

2.1.3. Production Tablets by FFF

FFF using formulation F11 as feedstock material was carried out using a commercial desktop
3D printer, MakerBot Replicator 2X (Makerbot® Industries, New York, USA). The printing
conditions for the most aesthetic and robust tablets were kept constant, using the following
parameters: extrusion speed (10 mm/s), extruder temperature (150 °C), printing bed
temperature (50 °C), extruder travel speed (50 mm/s), number of shells (1), roof and floor
thickness (0.5 mm), layer height (0.2 mm), infill percentage (linear infill pattern and the raft
and support options were turned off). The three-dimensional design for a flat-face plain tablet
was created using SolidWorks 2014 (Dassault Systemes, Waltham, USA) and saved as an STL
extension format (Figure 2.1). The STL file was opened using the monitor and remote control

software suite MakerBot Desktop (Makerbot® Industries, USA).
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Figure 2.1 Three-dimensional design of a flat-face plain tablet. Values presented are
in mm

2.1.4. Mechanical Testing

2.1.4.1. Filament Stiffness

The temperature range -80 to 150 °C at a 3 ° C /min rate was used to determine the stiffness
and glass transition temperature (tan 6) for PVP-VA, PCL and the eleven formulations. The test
was carried with a constant frequency of 1 Hz and an amplitude of 15 um using the single
cantilever mode. Equation 1 is the general equation of stiffness.

Load
Deformation

Stif fness =

2.1.4.2. Filament Brittleness

The calculation of filament brittleness involved two separate tests were performed on 25
mm filament lengths of all formulations using a TA Instruments DMA Q800 (Dublin, Ireland).
Storage modulus (E’) values were taken in single cantilever mode at room temperature with a
frequency of 1 Hz. Cylindrical samples had a length of 17.5 mm and varying diameters. The test
was performed in triplicate. Quasi-static 3-point bending of 25mm filament lengths was
performed separately on the Q800. The force applied to the samples was ramped at 3 N/min,
and the test was stopped when samples broke, or a maximum displacement was achieved. The
Brostow-Hagg Lobland-Narkis Equation (Equation 2) for brittleness was used to obtain
brittleness (B) values (Brostow et al., 2006). In the equation, E’ is the DMA storage modulus at
1.0 Hz at room temperature, and strain-at-break (%), €b is calculated from room temperature

3-point bending.

ep.Er
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2.1.4.3. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed on filaments of all formulations using a
TA Instruments DMA Q800 (Dublin Ireland). The test was performed in single cantilever mode
using a frequency of 1 Hz and an amplitude of 15 um. The temperature range -80 to 150°C at
a 3 ° C/min rate was used to determine the storage modulus, loss modulus and glass transition

temperature (tan 6) for all twelve formulations.

2.1.5. Melt Flow Indexing

Melt flow indexing (MFI) was performed for all formulations in a range of temperatures. The
melt flow rates (MFR) were measured using a Zwick Roell Cflow extrusion plastometer which
was equipped with a 2 mm orifice die. All testing was performed following the guidelines of
the ASTM standard D1238-13 with a fixed weight of 2.16 kg. Tests temperatures were 140 °C

and 150 °C based on the HME die temperature and FFF printing temperature respectively.

2.1.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was employed for thermal characterization of the
polymers and eleven formulations using a TA Instruments DSC 2920 Differential Scanning
Calorimeter (Dublin, Ireland). Samples weighed between 8 — 12 mg and were placed in non-
hermetical aluminium pans, which were crimped prior to testing with an empty crimped
aluminium pan for reference. Each sample was summited to a heating cycle to remove thermal
history consisting of a ramp from room temperature to 200 °C at a rate of 10 °C/min. A cooling
cycle to 0 °C was set at a rate of 5 °C/min. Data recording was activated and the temperature

was ramped at a rate of 10 °C/min until 200 °C was reached.

2.1.7. Mass Loss Studies

Polymer filaments with a length of 20 mm were tested in duplicates in dissolution media 0.2
M hydrochloric (HCI) acid, pH 1.2 and with the temperature maintained at 37 + 0.5 °C to mimic
the stomach conditions during fasting. The stir rate was set to 60 RPM, and 25 mL of dissolution
media was used per vial for the filament strands and 50 mL for the tablets. At predetermined
time intervals, samples were withdrawn from vessels, air dried and weighed. Samples were

then placed in at the oven for 12 hr at 40 °C and weighed again.
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2.1.8. Direct Compression

Dried powder was mixed in a Universal Motor Drive (UMD) 400 (Pharmag GmbH, Germany)
that was attached to a cube mixer, and rotated at 50 RPM for 15 min. The mixed batch was
dried for a period of 12 hrin an oven (Sanyo Gallenkamp, United Kingdom) at 40 + 0.1 °C before
being dry compressed for the manufacture of compressed tablets. The tablet press used was
a manual Atlas Series laboratory hydraulic press (Specac Limited, United Kingdom) capable of
15 ton of pressure. The die was a hardened stainless steel evacuable pellet die Specac GS03000
(Specac Limited, United Kingdom) that produces tablets or disks with a diameter of 13 mm.
About 500 mg of powder was accurately weighed on a Sartorius analytical balance (Sartorius,
Weender Landstr, 94-10837075 Gottingen, Germany) and fed into the die, the dice and
plunger were put on top of the powder and a 5 ton pressure was applied to the mixture for 30

secC.

2.1.9. Drug Release Studies

Dissolution testing of direct compressed and 3D printed tablets was performed using a
Distek dissolution system 2100B with a Distek temperature control system TCS 0200B (Distek
Inc., USA) using to USP Dissolution Apparatus |. The tablets were tested (n = 6) in dissolution
media 0.2 M hydrochloric acid, pH 1.2 and with the temperature maintained at 37 + 0.5°C to
mimic the stomach conditions during fasting. The stir rate was set to 50 RPM with 900 mL of
dissolution media being used per vessel. At predetermined time intervals, 5 mL was withdrawn
from each vessel and replaced with pre-heated media. The withdrawn samples were filtered
through 0.45 um filter and drug release determined at 272 nm by performing UV spectroscopy
on a Shimadzu UV-1280 UV-VIS spectrophotometer which was blanked with a solution of the
buffer and dissolved polymers, accordingly to the formulation being tested in order to secure
the detection of caffeine. The dissolution profile was observed from a plot of time versus

absorbance.

2.1.10. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on a Mira SEM (Tescan, Oxford
Instruments UK) using a range of magnifications to evaluate the surface morphology of samples
using the secondary electrons function. Samples were placed in a petri dish, liquid nitrogen

was poured into the dish, enough to completely submerge the samples in the liquid. The lid
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was placed on the petri dish and left until the nitrogen totally evaporated, immediately
followed by the transversal break of samples. Thereafter, the surface of the specimens and the
cross-section were examined. As a first step, the samples were placed on an aluminium stub
and were gold coated using Baltec SCD 005 sputter coater (BAL-TEC GmbH D — 58579,

Schalksmihle, Germany) for 110 sec at 0.1 mBar vacuum before observation.

2.1.11. Statistical Analysis
Data handling and analysis was performed using Minitab 17 (Minitab Ltd. UK). Test data was

inputted into the software and for replicate sets of data, mean and standard deviation values
were calculated. The significance threshold was set at 0.05. The mean values were presented
in the figures included in the results section and error bars represent standard deviation unless

otherwise specified in the figure caption.

2.2. Chapter 4: Materials and methods

2.2.1. Materials

Polycaprolactone (PCL) in powder form (Capa 6506, average MWT=50,000) was obtained
from Perstop (Cheshire, UK). Kollidon® VA64 (PVP-VA) was purchased from BASF Ireland (Cork,
Ireland). Poly (ethylene oxide) (PEO) (average MWT=300,000) in powder form was obtained
from Sigma-Aldrich (Arklow, Ireland). The model drug for dissolution studies was USP grade
caffeine which was purchased from VWR International (Dublin, Ireland). Table 2.3 shows the

formulation used in this study.
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Figure 2.2 Process flow chart detailing the different process steps and flow of
materials in this study’s second phase.

2.2.2. Preparation of Filaments by HME

All excipients were passed through a 450 um sieve to obtain equivalent particle sizes and
then mixed for 15 minutes at 50 RPM using a Universal Motor Drive 400 (Pharmag GmbH,
Hamburg, Germany) attached to a cube mixer. An MP19TC25 APV Baker 19 mm co-rotating
twin screw extruder (Newcastle-under-Lyme, UK) equipped with a purpose-built filament
forming die was used for the compounding of the filament (figure 3.6). The filament die has a
conical shaped cavity, narrowing away from the extruder finishing in a circular orifice (diameter
2.30 mm). The processing parameters are detailed in Table 2.4. The extruded materials were
hauled off using a tilted conveyor air cooled Teflon® belt and a counter-rotating belt haul-off
with sufficient speed to maintain a filament diameter of 1.75 + 0.15 mm necessary for the FFF

3D printing process. The filament was granulated using a strand pelletizer SGS 50-E (Reduction
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Engineering Scheer, Ohio, USA) into 3 mm granules for injection molding. Figure 2.2 is a process

flowchart detailing the flow of materials into the three different processes.

Table 2.3 Material formulation of melt-blends
used during the second phase of this project.

Composition by weight (%)

PVP-VA Caffeine PCL PEO

28.5 5.0 57.0 9.5

2.2.3. Production Tablets by FFF
A MakerBot Replicator 2X (Makerbot® Industries, New York, USA) 3D printer was used for

the production of FFF tablets. The optimal printing conditions for the blend were determined
via preliminary trials and kept constant at: extrusion speed (10 mm/s), extruder temperature
(150 °C), printing bed temperature (50 °C), extruder travel speed (50 mm/s), number of shells
(1), roof and floor thickness (0.5 mm), layer height (0.2 mm) and the raft and support options
turned off. Three different printing parameters were varied to evaluate the effect on the drug
release and tablet properties. Four different values were chosen for the infill percentage (25
%, 50 %, 75 % and 100 %) and layer height (0.1, 0.2, 0.3 and 0.4 mm). Four infill patterns (linear,
diamond, moroccanstar and hexagonal) were also considered. Standard FFF values were set at
25 % infill with a linear pattern and 0.2 mm layer height. The breakdown of different printed
tablets is displayed in Table 2.4. The three-dimensional design for the tablet was created using
SolidWorks® 2014 (Dassault Systemes, Waltham, USA) and saved as an STL extension format
(Figure 2.3 (a)). The STL file was opened using the monitor and remote control software suite

MakerBot Desktop version 3.5 (Makerbot® Industries, New York, USA).
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Table 2.4 Different 3D printing parameters used in this body of work’s
second phase for the fabrication of tablets.

Tablet Name Infill Percentage Infill Pattern Layer Height
FFF1 25 % Linear 0.2 mm
FFF2 50 % Linear 0.2 mm
FFF3 75 % Linear 0.2 mm
FFF4 100 % Linear 0.2 mm
FFF5 25 % Moroccanstar 0.2 mm
FFF6 25% Hexagonal 0.2 mm
FFF7 25% Diamond 0.2 mm
FFF8 25% Linear 0.1 mm
FFFO 25% Linear 0.3 mm
FFF10 25 % Linear 0.4 mm
TRUE R6.50

(a) (b)

Figure 2.3 CAD design of a flat-face plain tablet for (a) fused-filament fabrication (b)
injection molding (scale 1:2). Values presented are in mm

2.2.4 Injection Moulding

Injection moulding (IM) was carried out on an Arburg™ Allrounder 370 E (Arburg GmbH,
Germany) equipped with an Arburg™ 170 injection unit. The required temperature profile was
established on the Arburg™ Allrounder 370 E IM by means of 5 temperature controllers placed
along the length of the barrel with an additional controller used to regulate the temperature
at the nozzle. The shot size was determined at a stroke of 22 mm based on the total volume of
material necessary per shot to fill all runners, gates and part cavities, this value that were

obtained via SolidWorks® plastics flow simulator (Dassault Systemes, France). The IM
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parameters (Table 2.5) were optimised for the formulation prior to tablet production. A mould
was specifically designed to produce tablets with the exact geometry of its the FFF and DC
counterparts. Solidworks plastics add-on was used to evaluate the efficiency of different mold
designs. Figure 2.3 (b) depicts the three-dimensional drawing and front view of the final mould
design used in this stages of the project. Two insert moulds were manufactured via SLA printing
on a Viper SI2 SLA® system (3D systems GmbH, Darmstadt, Germany) using Somos® GP Plus
14122 (DSM Functional Materials, Netherlands) as a feedstock material for the manufacture
of the mould, using a resolution of 0.1 mm. The mould was introduced into a full stainless steel
cavity mould, which has two orifices that serve as slots for the attachment of small insert

moulds.

Table 2.5 Injection molding manufacturing profile used in the second stage of this body of

work.
Temperature (°C)
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Nozzle
30 120 130 140 150 160

Holding time (sec): 6.5; Cooling time (sec): 60; Holding Pressure (bar): 200; Injection Pressure
(bar): 450; Back Pressure (bar): 15.

2.2.5 Direct Compression

The tablet press used was a manual laboratory hydraulic press (Specac Limited, UK) capable
of 15 tons of pressure. The die was a hardened stainless steel evacuable pellet die Specac
GS03000 (Specac Limited, UK) that produces tablets with a diameter of 13 mm. Approximately
500 mg of powder formulation was accurately weighed on a Sartorius analytical balance
(Sartorius, Germany) and fed into the die. This amount of material was demonstrated to
produce tablets with a height of 4 mm during preliminary trials. The die and plunger were put

on top of the powder, and a 5-ton pressure was applied to the mixture for 30 sec.

2.2.6. Melt Flow Indexing
Melt flow indexing (MFI) was performed to evaluate the rheological properties of the
material. The melt flow rates (MFR) were measured using a Zwick Roell Cflow extrusion

plastometer with a 2 mm orifice die. All testing was performed with a fixed weight of 2.16 kg
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following the guidelines of the ASTM standard D1238-13. The temperature range for the test

extended from 110 °C up to 160 °Cin 10 °C increments.

2.2.7. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was employed for thermal characterization of
material blends and fabricated tablets, using a TA Instruments DSC 2920 Differential Scanning
Calorimeter (Dublin, Ireland). Samples weighed between 8 — 12 mg and were placed in non-
hermetical aluminium pans, which were crimped prior to testing with an empty crimped
aluminium pan for reference. Each sample was subjected to a heating cycle to remove thermal
history consisting of a ramp from room temperature to 300 °C at a rate of 10 °C/min. This was
followed by a cooling cycle down to 0 °C at a rate of 5 °C/min. Data recording was activated,

and the temperature was ramped at a rate of 10 °C/min until 300 °C was reached.

2.2.8 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on a Mira SEM (Tescan Oxford
Instruments, UK) using a range of magnifications to evaluate the surface morphology of the
tablets and drug using the secondary electrons function. Tablets from the three different
manufacturing processes were snap broken through the transversal plane and cross-sectional
areas were put under the microscope along with powder from caffeine that was left placed in
an oven at 140 °C for 12 min to simulate the thermal conditions that the drug withstand during
the HME process. As a first step, the samples were placed on an aluminium stub and were gold
coated using Baltec SCD 005 sputter coater (BAL-TEC GmbH, Germany) for 110 sec at 0.1 mBar

vacuum before observation.

2.2.9. Tablet Hardness

Each formulation underwent tablet hardness testing according to USP <1217> using a
Schleuniger Pharmatron Model 6D Tablet Tester (Solothurn, Switzerland). The tablets were
selected at random with each tablet being placed into the hardness tester and the maximum
force-to-break (Newton) was measured. The mean + standard deviation for each formulation

was calculated.
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2.2.10. Tablet Friability
In order to determine the physical integrity of tablets, an auto-friability tester PTF E/ER

(Pharma Test Apparatebau GmbH, Hainburg, Germany) was utilised. Following the USP
standard 32-NF 27, tablets were laid in a sieve and using a soft brush; any dust was removed
from them. Tablets were placed on a scale one by one until their combined mass was equal or
greater than 6.5 g and introduced into a drum rotated at a speed of 25 + 1 RPM for 4 min.
Tablets were removed and brushed again to remove any dust and reweighed. The loss in the
weight of the tablet is the measure of friability and was calculated by dividing the loss in weight

by the initial weight and multiplying in it by a 100 as it is shown in Equation 3:

Loss in weight

Percentage friability (%) = ( ) x 100 (3)

Initial weight

2.2.11. Drug Release Studies

Drug dissolution testing of tablets (n = 6) was performed on Distek dissolution system 21008
with a Distek temperature control system TCS 0200B (Distek Inc., USA) according to USP
Dissolution Apparatus |. The dissolution media (900 mL per vessel) was 0.2 M hydrochloric acid,
pH 1.2 (37 £ 0.5°C) to mimic the stomach conditions during fasting. The stir rate was set at 50
RPM. At predetermined time intervals, 5 mL was withdrawn from each vessel and replaced
with pre-heated media. The withdrawn samples were filtered through 0.45 um filter and drug
release determined at 272 nm by performing UV spectroscopy using a Shimadzu UV-1280 UV-
VIS spectrophotometer which was blanked with a solution of the buffer and dissolved
polymers, accordingly to the formulation being tested in order to secure the detection of

caffeine. The dissolution profile was observed from a plot of time versus absorbance.

2.2.12. High-Performance Liquid Chromatography.

High-performance liquid chromatography (HPLC) was used to determine the content
uniformity of caffeine abiding by the standard USP 28 Uniformity of Dosage units. Ten tablets
per manufacturing process were randomly selected, weighed and dissolved in 5 mL of
chloroform. The solution was then mixed with methanol until 50 mL was obtained. The
solutions were centrifuged and injected into HPLC grade vials using a syringe equipped with
Nylon 66 0.2 um filters. The HPLC equipment was a Waters 1515 Isocratic HPLC pump which
was connected to an in-line vacuum degasser, Waters 717plus Autosampler and a Waters 2487

Dual Absorbance Detector. Data was collected and integrated using Empower® Version 2.0
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software. The column was a Luna C18(2), 5 uM, 150 x 4.6 mm, equipped with a precolumn
Security Guard Cartridge C18, 4.0 x 3.0 mm, (Phenomenex Inc., UK). The mobile phase
consisted of water:methanol:glacial acetic acid (69:28:3), which was vacuum filtered through
a Nylon 66 0.2 um filter (Agilent Technologies, Ireland). The flow rate of the mobile phase was

2.0 mL/min with an injection volume of 10 pL.

2.2.13. Statistical Analysis

Data handling and analysis was performed using GraphPad Prism 5 (GraphPad Software Inc.,
UK). Test data was inputted into the software and mean plus standard deviation values were
calculated for replicate sets of data. The significance threshold was set at 0.05. Error bars
represent standard deviation unless otherwise specified in the figure caption. The mean values
are presented in the figures in the results section (Chapter 4). Multiple comparisons among
subgroups were performed using a Bonferroni post-hoc test to differentiate drug release

curves.

2.3 Chapter 5: Materials and Methods.

2.3.1. Materials
Polycaprolactone (PCL) in powder form (Capa 6506, average MWT=50,000) was obtained

from Perstop (Cheshire, UK). Kollidon® VA64 (PVP-VA) was purchased from BASF Ireland (Cork,
Ireland). Poly (ethylene oxide) (PEQ) (average MWT=300,000) in powder form was obtained
from Sigma-Aldrich (Arklow, Ireland). Both drugs, lovastatin (LOVA) and hydrochlorothiazide
(HCTZ), were purchased from TCI chemicals (Tokyo Chemical Industry UK Ltd, Oxford, UK).
Sodium Dodecylsulfate (SDS) was purchased from AppliChem (AppliChem GmbH, Ottoweg
Darmstadt, Germany). All solvents and reagents were analytical grade. Formulations processed

can be found in Table 2.6.
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Table 2.6 Formulation profile used in the production of material for FFF and IM
layers. All values represent the weight/weight percentage composing each

formulation.
Composition by weight (%)
PVP-VA PCL PEO Lovastatin  Hydrochlorothiazide
30 60 10 - -
28.5 57.0 9.5 5 -
28.5 57.0 9.5 - 5

2.2.3. Preparation of Formulations by HME

All excipients were passed through a 250 um sieve to obtain equivalent particle sizes and
then mixed for 15 minutes at 50 RPM using a Universal Motor Drive 400 (Pharmag GmbH,
Hamburg, Germany) attached to a cube mixer. Samples underwent two HME cycles. The first
was to guarantee homogeneous mixing of the formulations and the second to shape the
materials for 3D printing and injection moulding applications. A Prism TSE 16 (Thermo Electron,
Staffordshire, UK) a bench top twin extruder was used for the mixing of the batches, equipped
with a conveyor belt tilted at 45° with the higher end facing the extruder. Processing conditions
are detailed in Table 2.7. The material was air cooled as it travelled down the belt and left
overnight for the polymer chains to equilibrate. Filaments were subsequently granulated using
a strand pelletizer SGS 50-E (Reduction Engineering Scheer, Ohio, USA) into 3 mm granules for
the second extrusion step.

Table 2.7 Temperature profile for twin-screw compounding HME process for the first
processing step.

Temperature (°C)

Barrel Flange/Die

100 140

Screw speed: 150 RPM, Feeding rate: 0.6 Kg/hr, Conveyor belt speed: 80.

An MP19TC25 APV Baker 19 mm co-rotating twin screw extruder (Newcastle-under-Lyme,
UK) equipped with a purpose-built filament forming die was used to shape the materials to
serve as feedstock for 3D printing applications. The filament die had a conical shaped cavity,

narrowing away from the extruder finishing in a circular orifice (diameter 2.30 mm, figure 3.6).
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The processing parameters for this second step are detailed in Table 2.2. The extruded
materials were hauled off using a counter-rotating belt haul-off with sufficient speed to
maintain a filament diameter of 1.75 + 0.15 mm necessary for the FFF 3D printing process.

Sections of the filament were granulated into 3 mm granules for injection moulding.

2.3.3. Fused-Filament Fabrication

A MakerGear M2 (MakerGear LLC, Beachwood, Ohio, USA) 3D printer was used for the
production of FFF inserts loaded with HCTZ. The optimal printing conditions of the blend were
determined via preliminary trials and kept constant at: printing speed (500 mm/s), extruder
temperature (160 °C), printing bed temperature (55 °C), extruder travel speed (1800 mm/s),
number of shells (1), roof and floor thickness (0.2 mm and 0.1 mm), layer height (0.1 mm), infill
pattern linear, and the raft and support options turned off. Three different values were chosen
for the infill percentage (25 %, 50 %, and 100 %). The 3D design for the tablet was created using
SolidWorks® 2014 (Dassault Systémes, Waltham, USA) and saved as an STL extension format
(Figure 2.4). The STL file was opened using the monitor and remote control software suite

Simplify3D (Cincinnati, Ohio, USA).

TRUE RS

1.80

Figure 2.4 CAD design of a flat-bilayer tablet fabricated combining FFF and IM.
Values are expressed in mm and the height is for only one of the layers. Values
presented are in mm
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2.3.4 Injection Moulding

Injection moulding (IM) was carried out on a Babyplast® 6/12 (Rambaldi, Italy) equipped
with a 14 mm diameter piston. The machine possesses three temperature-controlled areas,
plasticising zone, chamber and nozzle. The shot size was determined at a stroke of 13 mm
based on the total volume of material necessary per shot to fill all runners, gates and part
cavities, the value that was obtained via SolidWorks® plastics flow simulator (Dassault
Systemes, France). The injection moulding parameters (Table 2.8) were optimised for the
formulation prior to tablet production. FFF tablets were inserted into the mould cavity and
pushed until they were touching the back wall of the orifice between injections. Two samples
were used as inserts, one with no drug loading and HCTZ loaded tablets in order to produce
placebo and drug loaded bilayer tablets. The floor of the inserts was always facing the injection
volume. In Table 2.9 all tablets fabricated are labelled depending on their combination of

production parameters

Table 2.8 Injection moulding manufacturing profile.

Temperature (°C)

Plasticizing Chamber Nozzle

170 150 120

Injection Speed (%): 75; Cooling time (sec): 60; Holding Pressure (bar): 100; Mould Temp.
(°C): 9.
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Table 2.9 Tablets fabricated via a combination of FFF and IM. All batches were fabricated
with and without drug loading.

Batch name Infill Percentage (%) Injection pressure (bar)
Batch 1 25 20
Batch 2 25 60
Batch 3 25 120
Batch 4 50 20
Batch 5 50 60
Batch 6 50 120
Batch 7 100 20
Batch 8 100 60
Batch 9 100 120

2.3.5 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performed on filaments of all formulations using
TA Instruments DMA Q800 (Dublin, Ireland). The test was performed in a single cantilever
mode using a frequency of 1 Hz and an amplitude of 15 um. The temperature range between
-80 °C to 150 °C with 3 °C/min rate was used to determine the storage modulus, the loss

modulus, and the glass transition temperature (tan 8) for all three formulations.

2.3.5.2. Filament Stiffness

The temperature range -80 °C to 150 °C with 3 °C/min rate was used to determine the
stiffness and glass transition temperature (tan §) for placebo and drug-loaded formulations
after each processing step. The test was carried with a constant frequency of 1 Hz and an

amplitude of 15 um using the single cantilever mode.

Stiffness is calculated as load divided by deformation (equation 1). Where the load is
determined as the force applied to the material in any given moment to obtain the desired
amplitude expressed in Newtons (N). Deformation is the distance the sample has moved from

its original position at the beginning of the test and it is expressed in meters (m)

84|Page



2.3.5.3. Filament Brittleness

The calculation of filament brittleness involved two discrete tests, which were performed
on 25 mm filament lengths of all formulations using a TA Instruments DMA Q800 (Dublin,
Ireland). Storage modulus (E') values were taken in single cantilever mode at room
temperature with a frequency of 1 Hz. Cylindrical samples had a length of 17.5 mm and varying
diameters. The test was performed in triplicate. Quasi-static 3-point bending of 25 mm
filament lengths was performed separately on the Q800. The force applied to the samples was
ramped up at 3 N/minute, and the test was stopped when samples broke, or a maximum
displacement was achieved. The Bristow-Hagg Lobland-Narkis Equation (Equation (2)) for
brittleness was used to obtain brittleness (B) values (Brostow et al., 2006). In the equation, E’
is the DMA storage modulus at 1.0 Hz at room temperature and strain-at-break (%), b is

calculated from room temperature 3-point bending.

2.3.6. Melt Flow Indexing

The melt flow rates (MFR) were measured using a Zwick Roell Cflow extrusion plastometer
with a 2 mm orifice die. All testing was performed with a fixed weight of 2.16 kg following the
guidelines of the ASTM standard D1238-13. The temperature range for the test started at 110
°C and increased in jumps of 10 °C. The test was stopped once the drop in viscosity of the

tested materials did not allow for the completion of the experiment.

2.3.7. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was employed for thermal characterization of
material blends and fabricated tablets, using a TA Instruments DSC 2920 Differential Scanning
Calorimeter (Dublin, Ireland). Samples weighed between 8 — 12 mg and were placed in non-
hermetical aluminium pans, which were crimped prior to testing with an empty crimped
aluminium pan for reference. Each sample was summited to a heating cycle to remove thermal
history consisting of a ramp from room temperature to 210 °C at a rate of 10 °C/min for
samples containing LOVA and 300 °C for placebo and HTCZ containing samples. The maximum
temperatures of this first cycle were determined based on the melting point of drugs (LOVA
tm: 174.5 °C and HCTZ Tm: 274 °C) to prevent heat-associated degradation. This was followed
by a cooling cycle down to 0 °C at a rate of 5 °C/min. Data recording was activated, and the

temperature was ramped at a rate of 10 °C/min until 300 °C was reached.
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2.3.8 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on a Mira SEM (Tescan Oxford
Instruments, UK) using a range of magnifications to evaluate the surface morphology of the
tablets and drug using the secondary electrons function. Tablets with or without drug were
snap broken through the transversal plane and cross-sectional areas examined under the
microscope. Prior to imaging, samples were placed on an aluminium stub and were gold coated
using Baltec SCD 005 sputter coater (BAL-TEC GmbH, Germany) for 110 sec at 0.1 mBar vacuum

before observation.

2.3.9. Tablet Hardness

Each placebo formulation underwent tablet hardness testing according to USP <1217> using
a Schleuniger Pharmatron Model 6D Tablet Tester (Solothurn, Switzerland). The tablets were
selected at random with each tablet being placed into the hardness tester and the maximum

force-to-break (Newton) was measured.

2.3.10. Tablet Friability
In order to determine the physical integrity of tablets, an auto-friability tester PTF E/ER

(Pharma Test Apparatebau GmbH, Hainburg, Germany) was utilised. Following the USP
standard 32-NF 27, tablets were laid in a sieve and using a soft brush; any dust was removed
from them. Then tablets were weighed until their combined weight was equal or greater than
6.5 g and introduced into a drum rotated at a speed of 25 + 1 RPM for 4 min. Tablets were

removed and brushed again to remove any dust and reweighed

2.3.11. Tablet Layer Adhesion Test

Measurement of the tablet interfacial adhesion was based on the work of Busignies et al.
(Busignies et al., 2014). An aluminium base with an indentation was used to hold the tablets in
place with their lateral surface facing upwards. A Lloyd LRX Universal tester (Lloyd Instruments
Ltd, Bognor Regis, England) equipped with a force transducer capable of registering force
changes of 0.01 Newtons was used. The machine was equipped with an attachment that would
deliver a piercing force in the divisor line between the tablet’s layers depicted in Figure 2.5.
The force exertion rate was controlled using the movement speed of the punch, which was
0.05 mm/min and the test was automatically stopped once a fracture extended through the

sample. A total of 5 tablets per batch were used for this test.
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Figure 2.5 Set up for testing the interlayer adhesion force between inject moulded
matrix and 3D printed substrates. The indentation on the aluminium block is 2.5 cm
in depth on a straight angle.

2.3.12. Drug Release Studies

Drug dissolution testing of tablets (n = 3) was performed on Distek dissolution system 21008
with a Distek temperature control system TCS 0200B (Distek Inc., USA) according to USP
Dissolution Apparatus |. The dissolution media (900 mL per vessel) was deionized water and
1% w/v SDS (AppliChem GmbH, Ottoweg Darmstadt, Germany) and the temperature was 37 +
0.5°C. The stir rate being 50 RPM and the basket mode was used. At predetermined time
intervals, 5 mL were withdrawn from each vessel and replaced with pre-heated media. The
withdrawn samples were filtered through 0.45 um filter, and high-performance
chromatography was used to determine the amount of drug released over time. The

dissolution profile was observed from a plot of time versus area under the detection peak.

2.3.12. Drug release quantification

High-performance liquid chromatography (HPLC) was used to determine the drug release
over time of LOVA and HCTZ. The HPLC equipment was a Waters 2695 Separation Module
equipped with column and sample temperature controls which was connected to a Waters
2487 Dual Absorbance Detector. The samples and column were kept at 37 °C for the duration

of the tests, and the detector was set at 238nm and 271nm corresponding to the Amax for
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drugs used in this study. The data were collected and integrated using Empower® Version 2.0
software. The column was a Luna C18(2), 5 uM, 150 x 4.6 mm, equipped with a precolumn
Security Guard Cartridge C18, 4.0 x 3.0 mm, (Phenomenex Inc., UK). Three lines were used for
the pumping of solvents, and two methods were developed to reliably detect both drugs
reliably. Line A ran acetonitrile, B was deionized water and C was a solution of acetronitrile
with 0.1% (v/v) trifluoroacetic acid. The injection method was a gradient consisting of pumping
solvents A and B at a ratio of 50:50 for the first 4 minutes; at this time point the proportion
was changed to 80:20 for the following 6 minutes when the ratio was switched back to 50:50.
The second method pumped lines B and C in a ratio of 5:95 and was used for purging the
injection line from built up of SDS. The flow rate was kept constant for both methods at 1

ml/min and the injection volume was 10 pl.

2.3.13. Statistical Analysis

Data handling and analysis was performed using GraphPad Prism 5 (GraphPad Software Inc.,
UK). Test data was input into the software and mean plus standard deviation values were
calculated for replicate sets of data. The significance threshold was set at 0.05. Error bars
represent standard deviation unless otherwise specified in the figure caption. The mean values
are presented in the figures in the results section (chapter 5). Multiple comparisons among
subgroups were performed using a Bonferroni post-hoc test to differentiate drug release

curves.
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Chapter 3

Optimising pharmaceutical polymers for the fused-filament fabrication of
solid dosage forms
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3.1 Introduction

Material choice is a fundamental consideration when designing a solid dosage form. The
matrix material will ultimately determine the rate of drug release, as the physical properties
(solubility, viscosity etc.) of the material, control both fluid ingress and disintegration of the
dosage form. The bulk properties (powder flow, concentration etc.) of the material should also
be considered as they will influence the ability of the material to be successfully manufactured.
Furthermore, there is a limited number of approved materials for the production of solid
dosage forms. Material properties is a deterministic factor for production methods, and the
advent of new manufacturing processes, such as 3D printing and variations of it, increases the
necessity to catalogue the required material profiles determining formulation compatibility
with these techniques in order to expand the available options for the manufacture of solid

dosage forms.

The Chapter herein highlights some the complications that can arise when adopting
pharmaceutical grade polymers for FFF and describes the problems encountered in the process
with Kollidon® VA64, a material that has previously been utilised in direct compression and
hot-melt extrusion processes. It describes the formulation and melt-blending strategies that
were employed to increase the printability of the material. This chapter presents the essential
parameter profile required for successful printing and lists several pre-screening tools that
should be employed to guide future material formulation for the FFF of solid dosage forms.
Below a table with all material formulations contained within this chapter can be found as a

reminder for the convenience of the reader.
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Table 3.1 Material formulations of melt-blends used during
the current chapter of this project.

Name Composition by weight (%)
PVP-VA P188 PCL PEO
F1 90 10 - -
F2 90 - 10 -
F3 50 - - 10
F4 80 - 20 -
F5 80 - - 20
F6 70 - 30 -
F7 60 - 40 -
F8 50 - 50 -
F9 60 - 30 10
F10 60 10 30 -
F11 30 - 60 10

3.2 Material Formulation Rationale

Kollidon VA-64 (PVP-VA) is a copolymer of polyvinylpyrrolidone (PVP) and vinyl acetate (VA).
The addition of the VA side chains increases the hydrophobicity of PVP. The polymer has
previously been used in the production of amorphous solid dispersions (Bley et al., 2010;
Lehmkemper et al., 2018; Liu et al., 2013; Song et al., 2013; Thiry et al., 2016) as a release
modifier (Li et al., 2017); and has been blended with PCL for the production of tissue
engineering scaffolds (Kim et al., 2013; Lee and Chang, 2013). Initial HME trials to produce PVP-
VA filaments for fused filament fabrication (FFF) were unsuccessful. The material proved to be
brittle, and the filament would snap during the hot melt extrusion (HME) downstream haul-off
process. Thus, the chosen approach was to modify PVP-VA sufficiently through melt-blending
so that it would form a suitable feedstock for FFF. The aim was to find a material formulation
incorporating PVP-VA which would permit the production of a complete batch (n=40) of flat-
face plain tablets during a single print run. Kolliphor® P188 is the recommended plasticiser by
the supplier BASF® (BUhler, 2008) and was the first additive evaluated. On addition of the

plasticiser (10% w/w), there was no observable change in the flexibility of the filament and
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increasing the Loading (20% - 30% w/w) of P188 produced extrudate that would crumb and

not form consistent filaments. Thus, other polymers were investigated to blend with PVP-VA.

Blending during the HME process is a means of combining properties of different polymers
into a single final object (Shonaike and Simon, 1999). Melt-blending is not a new concept in
drug delivery as with industrial applications it is a means that provides the final dosage form
with refined or broader set of properties. For example, blending of polyethylene vinyl acetate
(PEVA) with polylactic acid (PLA) has been shown to improve the release of hydrophilic
tenofovir from PEVA intravaginal rings (McConville et al., 2012). The production of solid
dispersions has benefited greatly from melt-blending. PEG is by far the most widely used
polymer in the production of solid dispersions due to low melting points, fast solidification
behaviour and low toxicity (Barmpalexis et al., 2013), but such formulations made from the
polymer are unstable. Some authors have described the positive impact of melt blending
(Barmpalexis et al., 2013; Bley et al., 2010; Janssens et al., 2008). Bley et al. (Bley et al., 2010)
describe the production of solid dispersions of PEG and different polymers via co-melting. The
addition of polymers was aimed at stabilising amorphous forms of water-insoluble drugs in
PEG-based solid dispersions. The researchers found that blends of PEG with PVP-VA were less
viscous than the pure polymers and that the PEG/PVP-VA blend created the best solid
dispersion regarding both dissolution rate and amorphous drug stability for both drugs
investigated. Thus, melt-blending and careful polymer selection provided an advantage

compared to using a single polymer.

Melt-blending for FFF has been described a number of times in the literature. Rocha et al.
(Rocha et al., 2014) described the production filaments from acrylonitrile butadiene styrene
(ABS) based binary and ternary polymer blends. The printed parts produced from the blends
displayed different mechanical, physical and surface properties compared to the neat ABS
samples. Printability could be maintained across a broad range of compositions and
miscibilities. Roberson et al. (Roberson et al., 2015) described the utilisation of melt-blending
to develop materials for specific applications and how it can be used to overcome specific
shortcomings inherent to printing with the neat polymers. The same group described melt-
blending ABS with thermoplastic elastomer styrene ethylene butylene styrene (SEBS) grafted
with maleic anhydride to produce a flexible material suitable for the production of actuators

(Sigueiros et al., 2016). Through melt-blending, the authors were able to produce prints with
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comparable performance to those using higher cost polyurethane filaments. Although the
majority of other studies are concerned with non-pharmaceutical polymers (Cicala et al., 2018;
Decker and Yee, 2017; Zhu et al., 2017), some researchers are examining melt-blends in FFF
for medical applications. Kosorn et al. (Kosorn et al., 2017) produced blends containing
different compositions of polycaprolactone (PCL) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBHV) for porous scaffolds. Higher PHBHV content improved compressive
strength, increased chondrocyte proliferative capacity and enhanced chondrogenic potential.
Alhijjaj et al. (Alhijjaj et al., 2016) used melt-blending to improve printability and control drug
release from printed solid dispersions. The researchers created Eudragit EPO or Soluplus based
blends with PEG, PEO and Tween 80, and achieved excellent printability and drug dispersion.
Blend composition had a significant influence over disintegration behaviour and rates of drug

release.

Since PVP-VA proved to be unprintable due to brittleness and high stiffness, a strategy was
devised to melt-blend PVP-VA with another polymers that had the inherent flexibility and
ductility associated with feedstock materials for FFF. Ideally, the polymer would also be well-
established for FFF 3DP, drug delivery, and be biocompatible. One polymer which fits that
criteria is polycaprolactone (PCL). The polymer has a long history in the FFF 3DP, and one of
the earliest research articles on FFF for biomedical applications described the use of PCL in the
production of a scaffold (Hutmacher et al., 2001). PCL-based drug delivery systems present
high drug permeability; excellent compatibility with many drugs; and full excretion from the
body once absorbed, making the polymer an excellent choice (Woodruff and Hutmacher,
2010). A possible disadvantage of PCL is the slow degradation rate that would likely impede
the immediate release properties of PVP-VA, but this was not a limitation for this project since
the main consideration was to use a material that could be utilised in HME, direct compaction
and injection moulding. A recent paper by Solanki et al. (Solanki et al., 2018) describes a
formulation strategy for FFF that maintains the immediate release properties of PVP-VA
through melt-blending with hydroxypropyl methylcellulose and hydroxypropyl methylcellulose
acetate succinate. PEO was also included in the current formulation trials to reduce the
hydrophobicity of the PCL (Maeyaert G, 2013). Previously, PCL was blended with PEO to form
an oral tablet (Lyons et al., 2008), and such blends have been reported elsewhere as efficient

drug carriers (Lin et al., 1999; Liu et al., 2011; Wu et al.,, 2010).
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3.3 Mechanical Characterisation

3.3.1 Filament Stiffness

Filament stiffness over nominal FFF working range of a select number of melt-blended
formulations is shown in Figure 3.1. The nominal working range reflects the temperature range
filament experiences as fed above the driving gear (room temperature) and as a piston below
the driving gear (above 30 °C). Addition of 10 % (w/w) of the recommended plasticiser P188
(F1) decreased PVP-VA stiffness at room-temperature by 69%. Melt-blending with either PEO
or PCL significantly decreased room-temperature filament stiffness (p < 0.05). A 10% (w/w)
addition of PEO (F3) decreased PVP-VA stiffness by just over 66%. PVP-VA stiffness decreased
by 48% on addition of 10% (w/w) PCL (F2) and continued to decrease (75%) with double the
amount of PCL (F4). Binary blends of higher amounts of PCL had no further effect on the
filament stiffness of PVP-VA at room-temperature. PVP-VA was over 200 times stiffer than PCL
(306 N/m). Stiffness readings could not be made for PCL at temperatures above 56.05 °C as
the polymer had started to melt. At higher piston temperatures, PVP-VA maintained a constant
stiffness up until an inflexion point (onset temperature) of 68.66 °C, above which stiffness
steadily decreased with increasing temperature. While higher PCL content did not significantly
affect room temperature stiffness (p < 0.05), the higher the PCL content the steeper the decline
in stiffness with rising temperature. For the final formulation (F11) addition of 10 % (w/w) PEO
significantly decreased the stiffness across the entire working temperature range. Above 60.0

°C, there was an abrupt drop-off in filament stiffness for the final formulation F11.
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Figure 3.1 Stiffness (N/m) of extruded filaments within a nominal working range for
the FFF process (10 - 90 °C) (n=2).
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3.3.2 Filament Brittleness

Table 3.2 shows the strain-at-break (ep), storage modulus (E’) and the brittleness (B) for all
formulations evaluated in this study plus two polymers without any additives, PVP-VA and PCL.
Semi-static 3-point bending calculated eb values (%) and a room temperature dynamic
mechanical test in single cantilever (1 Hz) calculated the E’ values (Pa). PVP-VA showed the
highest brittleness of polymers and blends, with a value of 6.22 %Pa (1.00E+04), while PCL had
a value that was 94.3% lower than that of PVP-VA at 0.35 %Pa (1.00E+04). The addition of 10
% (w/w) P188 (F1) to PVP-VA decreased its strain-at-break along with an increase in brittleness
by 34%. In contrast, 10 % (w/w) PEO (F3) reduced the brittleness of PVP-VA by 66%. Doubling
the amount of PEO (F5) further decreased the brittleness by an additional 4%. PCL decreased
the overall brittleness of PVP-VA, although the effect was not as strong as that of PEO at the
same concentrations. At 30% PCL (F6), brittleness values saw a reduction of 81%. F7 is
composed of 40% (w/w) PCL and lowest value of brittleness observed at 0.10 %Pa (1.00E+04).
Ternary blends (F9, F10 and F11) containing P188 or PEO in addition to PCL displayed similar
low brittleness values of ~0.15 %Pa (1.00E+04).

Table 3.2 Brittleness (B) (%Pa) of extruded filaments at room temperature. B values are
shown as multiples of 1.00E+04 for the convenience of the reader. Storage modulus (E’)
was obtained at room temperature at a 1 Hz frequency (n=3). Strain-at-break (ep) was
obtained at room temperature three-point bend testing (n=5).

Formulation B (%Pa) &b (%) E’' (Pa)
(1.00E+04)

PVP-VA 6.22 0.85+0.19 1897.89+2.27
PCL 0.35 59.07+£1.38 481.99+0.04
F1 8.33 0.681£0.08 1768.03+61.47
F2 5.75 0.9340.12 1877.50+£19.19
F3 2.10 2.34+0.85 2033.35+24.26
F4 3.24 2.41+0.67 1277.84+2.76
F5 1.89 2.29+0.82 2314.50%6.26
F6 1.21 3.73+£2.28 2223.50+£59.54
F7 0.10 78.5815.65 1295.80+£305.20
F8 0.62 13.82+5.34 1175.02+34.18
FS 0.15 54.46+30.79 1223.47+1.55
F10 0.15 73.06+4.15 935.16+1.08
F11 0.14 72.23£6.67 995.94+1.87
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3.3.3 Dynamic Mechanical Analysis

Figure 3.2 displays DMA thermograms for a select number of formulations displaying
storage modulus (E’), loss modulus (E”) and tan & across a broad temperature (°C) sweep.
Storage modulus (E’) value for PVP-VA steadily decreased until the onset of relaxation at 65.21
°C when E’ values declined more steeply (Figure 3.2 (a)). PCL had a storage modulus peak at a
temperature -67.96 °C of 2,479 MPa which reflects the glass transition temperature (Tg), and
with increasing temperature E’ values steeply declined until around -45.00 °C when the rate of
decline slowed before another sharp drop prior to melting (Figure 3.2 (b)). Addition of 10 %
(w/w) PCL to PVP-VA (Figure 3.2 (c)) produced a slight peak at -54.90 °C of 2,463 MPa. This
lower temperature peak increased in intensity and decreased in temperature with increasing
PCL content. The inflection point in the storage modulus (onset temperature) decreased in
temperature with increasing PCL content up until 20% (w/w) (Figure 3.2 (c) and 3.2 (d)) 62.31
°C (F2) and 49.07 °C (F4). At 40% (w/w) PCL the onset temperature rose to 62.50 °C (F7) and
at 50% (w/w) PCL the onset temperature rose further to 76.70 °C (F9). For the final formulation
F11 which contained 10% (w/w) PEO, displayed a much steeper storage modulus decline after
Tg (63.81 °C), and it should be noted that the E’ values at Tg were significantly higher than for

all the binary blends.

The loss modulus (E”) for PVP-VA displayed a sharp peak at 96.37 °C (Figure 3.2 (a)), while a
sharp peak for PCL appeared at -59.06 °C (Figure 3.2 (b)). A secondary broad peak was apparent
on the PVP-VA thermogram at 28.36 °C, which it is believed to be due to the VA comonomer.
The addition of 10% (w/w) and 20% (w/w) PCL to PVP-VA reduced the temperature of the sharp
peak to 75.98 °C and 61.31 °C and the temperature of the broad peaks to 23.32 °C and 21.45
°C respectively. For F4 (Figure 3.2 (d)) a second lower temperature broad peak appeared at -
47.41 °C. For F7 with the addition of 40% (w/w) PCL (Figure 3.2 (e)), there was a significant
decrease in the intensity of the sharp peak to 36.44 MPa and an increase in the temperature
to 69.19 °C. A stronger lower temperature peak appeared at -61.91 °C and was sharper than
previous low temperature broad peaks. At 50% PCL content (Figure 3.2 (f)) the sharp peak
increased in temperature to 88.50 °C and two lower temperature peaks appeared at 36.96 °C
and -69.54 °C. For the final formulation F11 (Figure 3.2 (g)) the higher temperature sharp peak
was of low intensity and appeared at 64.11 °C. A distinct but rounded peak was present at -

54.59 °C.
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Tan & peaked at 126.68 °C for PVP-VA (Figure 3.2 (a)), but it is not clearly observed for PCL
due to a noisy signal starting at 55.35 °C caused by the onset of melting. For F2 the peak at
121.69 °C corresponds to that of PVP-VA (Figure 3.2 (c)). There is no peak for F4 at the higher
temperatures but a shouldered peak is observed around 74.16 °C (Figure 3.2 (d)). F7 displayed
a more pronounced shouldered peak at 81.09 °C, after which a crest formed at 131.97 °C
(Figure 3.2 (e)). At 50% (w/w) PCL content the shouldered peak was not observed but a strong
sharp peak was observed at 125.54 °C (Figure 3.2 (f)). The shouldered peak was present at
67.48 °Cin the F11 sample, but the machine could not properly measure data points at higher

temperatures (Figure 3.1 (g)).
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Figure 3.2 DMA thermograms for a select number of formulations displaying storage modulus (E’), loss modulus (E”) and tan & across a




Table 3.3 Extruder torque measurements and melt flow rates of polymers and melt-blend
formulations. Extruder torque measurements were recorded during twin-screw hot-melt
extrusion compounding and are a measure of melt viscosity.

Name Extruder MeltFlow  Melt Flow
Torque Rate at Rate at
140 °C 150 °C

(%) (g/10 min)  (g/10 min)

PVP-VA 40 0.0+0.00 5.14+0.12
PCL 10 11.1+£0.04 17.23£0.77
F1 15 4.51+0.04 9.51+0.17
F2 20 3.0+£0.03 4.65x0.70
F3 15 2.3+0.03 3.12+0.30
F4 20 2.9+0.15 1242041
F5 15 1.8+0.01 1.8+0.01
F6 15 4.7+0.06 5.88+0.15
F7 10 6.9+0.07 8.37+0.04
F8 10 7.1+£0.07 7.24+0.05
FS 10 3.6+0.05 6.93+0.07
F10 10 9.3+0.11  22.87+0.69
F11 10 7.5£0.06  10.53%0.02

3.4. Thermal Characterisation

Table 3.3 displays the thermal properties of all the base polymers and the melt-blended
formulations. Extruder torque is a measure of drive motor resistance due to melt-viscosity of
the polymer inside the barrel (Lyons et al., 2008), and it has been proposed as a measuring tool
of the relative viscosities of polymer melts during the extrusion process (Verreck et al., 2006).
During these studies, the temperatures and screw speed were kept constant for all
formulations. Torque readings are shown in Table 3.2 for the different formulations. The
highest torque reading was observed for PVP-VA, while PCL was the lowest. Melt-blending PVP-
VA with the other polymers reduced torque. Thus, the resistance due to viscosity was reduced;
the higher the number of other polymers the greater the reduction in percentage of torque. It

is notable the reduction of torque recorded during the extrusion process for mixtures of
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polymers when compared to PVP-VA. Both PEO and P188 have a plasticizing effect on PVP-VA,
but this phenomenon was better observed with formulations containing PCL. Surging, which is
a phenomenon due to inconsistencies in the amount of material pushed out the die, typically
in a sinusoidal fashion, was soothed by the incorporation of PCL. The observed surging could
be due to a number of factors such as material adhering to the screw; feed entry variations in
the material particle shape or inadequate filling of the metering section of the screw. Higher
concentrations of this polymer further reduced the inconsistencies of the extrudate geometry.
The final formulation (F11) containing 10% (w/w) PEO was observed to have reduced instances

of surging compared to the binary blends.

Melt flow indexing is a simple test that measures the ability of a polymer to flow when in
the molten state at a given temperature. The melt-flow rates for polymers and blends are
shown in Table 3.2 for both the temperature during HME (140 °C) and the established printing
temperature (150 °C). PVA-VA had no melt flow at 140 °C, along with PEO, whereas, P188 and
PCL had the higher values of all polymer and formulations, 26.4 g/10min and 11.1 g/10min
respectively. There is a direct correlation between the amount of PCL incorporated into PVP-
VA and increasing MFR values, with melt flow increasing from batches with 10% (w/w) PCL (F2)
up to 50% (w/w) PCL (F8) by 4.1 g/10min. PEO increased the melt flow of PVP-VA to a lesser
degree than PCL, however, doubling its content from 10% to 20% (w/w) had the opposite
effect, decreasing MFR values from 2.3 g/10min to 1.8 g/10min. F10 and F11 were found to
possess the greater values of melt flow, with 9.3 g/10min and 7.52 g/10min respectively. At
150 °C, PVP-VA flowed at a rate of 5.14g/10min, while PCL had an MFR of 17.23 g/10min.
Addition of 10% (w/w) of both P188 and PEO to the base polymer increased MFR of PVP-VA,
with the P188 blend doubling the MFR. Addition of PCL to the PVP-VA increased the melt-flow
rate. Addition of 10% and 20% (w/w) PCL had a similar effect on melt-flow while increasing up
to 50% (w/w) content was shown to double the MFR. Ternary blends had differing effects on
melt-flow depending on the third polymer. Adding 10% (w/w) PEO reduced MFR and adding
10% (w/w) P188 increased MFR. The final material formulation which contained 60% (w/w)
PCL and 10% (w/w) PEO had an MFR of 10.53g/10min at 150°C.
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Figure 3.3 Overlaid DSC thermograms of the three base polymers and the F11 melt-blended
formulation: (a) heating and (b) cooling.

Figure 3.3 shows the DSC thermograms of heating and cooling for PVP-VA, PCL, PEO and the
final formulations F11. PVP-VA is amorphous and thus did not generate a melting peak. The
glass transition (Tg) temperature of the polymer was 100.1 °C, calculated from relaxations
observed in DSC thermograms (n=4) and is close to the peak observed at 96.37 °C in the loss
modulus (Figure 3.2 (a)). A melting peak was observed at 57.9 °C for PCL, while crystallization
happened at 21.1 °C. PEO melted at 67.5 °C and solidified at 31.1 °C. The main melting peak
for F11 occurred at 57.0 °C with a small shoulder at 62.2 °C. The main peak would represent
the PCL portion of the ternary blend, while the shoulder would represent the 10% (w/w) PEO

portion. From the cooling cycles, two solidification peaks are observed at 30.4 °C and 43.2 °C,
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which would again represent PCL and PEO respectively. A 5% (w/w) caffeine loading to F11 did

not produce a melting peak at 235-237 °C (data not shown).

3.5. Dissolution Studies

3.5.1. Mass Loss

The mass loss of select blends was measured over a period of 8 hr to ascertain the effect of
changes in material formulation on the disintegration profile of PVP-VA. Figure 3.4 shows the
remaining mass (%) over time of a formulation filament in biologically relevant media. PVP-VA
was shown to completely disintegrate within the first two hours, as would be expected for a
polymer designed for immediate release applications. Adding PCL to the formulation slowed
the rate of mass loss. Adding 10% (w/w) PCL reduced mass loss to 42.4% in the first 2 hr,
increasing to 82.8% at 4 hr and only a tiny 3.1% portion remained after 8 hr. Doubling the
amount of PCL to 20% slowed mass loss even further, and after 4 hr more the twice the amount
of mass remained (45.7%) compared to the 10% PCL sample. After 8 hr, more than a fifth of
the mass remained (21.7 %) for this formulation. At higher PCL loadings the linear pattern
stopped. The sample containing 40% PCL is of particular note as it lost 44.8 % mass after 4 hr
but regained 11.8% after 6 hr. The formulations with a content of 50% (w/w) PCL and more
displayed a slower rate of dissolution in media with more than 75% of their mass still intact

after an 8 hr period.
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Figure 3.4 Percentage of mass loss in HCl media, pH 1.2, 0.2M at different time points.
Percentage values in legend correspond to PCL content (w/w %).

3.2.3.2. Cumulative Drug Release
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Figure 3.5 Cumulative caffeine release over 48 hrin HCI 1.2 pH, 0.2M media for different
tablet formulations produced via direct compression and fused filament fabrication.
Percentage of PVP-VA reflects material composition only, which each contains 10 % w/w PEO
with the remainder being composed of PCL. All formulations contain 5 % w/w caffeine in the
overall composition.

The influence of material formulation and tablet manufacturing processes on drug release
over 48 hr is shown in Figure 3.5. Two compressed tablets of different formulations (30 and

60% (w/w) PVP-VA content) both released over 75% drug content after 6 hr. Similarly, a 3D
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printed tablet containing 60% (w/w) PVP-VA released 78.3% drug after 6 hr. There was no
significant difference in the release profiles of these three tablets (p < 0.05). The presence of
PCL in the formulation retards caffeine drug release and the immediate release properties of
PVP-VA. A PVP-VA compressed tablet released 100 % drug in less than 1 hr (data not shown).
Fora 40% (w/w) PVP-VA 3D printed tablet the cumulative release was not significantly different
for time points up to 6 hr. After this point, the cumulative release from the tablet slowed
significantly compared to the other tablets. After 8 hr and 24 hr, the tablet had released 83.8%
and 97.3% drug respectively. There was a significant difference in the release profile of the
30% (w/w) PVP-VA 3D printed tablet and the other tablets at almost all time points. After 6 hr,
this tablet released 38.5% of drug with 50.1% the release of the 30% (w/w) PVP-VA 3D printed

tablet. After 24 hr release increased to 80.1%, and after 48 hr the release was 92.3%.

3.6. Discussion

3.6.1 Filament Production

To reduce the possibility of drug degradation it was desirable to melt-blend polymers with
drug and create filament in a single step. To do this the use of a twin-screw extruder is
preferable since this technique provides better mixing of the drug within a polymer compared
to a single screw extruder (Major et al., 2016). Figure 3.6 (a) and 3.6 (b) show the filament
extrusion setup, and Figure 3.6 (c) is the design of the die attachment that was attached to the
front-face of the twin-screw extruder. The conical design for the attachment allows for an
increase in die pressure without applying excessive shear force on the polymer melt, since
excessive shear is associated with polymer degradation (Capone et al., 2007). The design also
permits for a steady flow of material out of the extruder, consistency being a key feature
needed for the manufacture of FFF filaments strands as the margin of tolerance for the

dimensions of the extrudates is narrow.

The strands needed to have a diameter of 1.75 mm + 0.10 to pass through the driving gear
and into the liquefier. Any values below or above this range are not feasible as a feedstock
material for the MakerBot® 3D printer. The front orifice of the die attachment was designed
with a diameter of 2.30 mm allowing the extruded filament to be larger than needed so that
control of filament diameter was through subsequent unidirectional stretching by the haul-off
units. Since a melt-pump system was not present, compensation for extrusion surging was

through operator control of the haul-off speed. The extrudate filament was cooled through a

104|Page



system of air knives and not through a water-bath to prevent erosion of the water-soluble
polymer filament and drug loss. The haul-off system was in two stages: a first Teflon belt at a
45° decline with air knife cooling and a second twin belt conveyor that was the dominant haul-

off controller.

(b)

SECUON C.C

(c)

Figure 3.6 Depiction of machinery used for the fabrication of formulations described in this
body of work: (a) twin-screw extruder, (b) mounted die attachment on extruder flange, (c)
schematic of die attachment.

Figure 3.7 shows the physical appearance of a select number of filaments produced during
HME trials. Majority of formulations gave filaments with a rough surface, which is indicative of
the onset of sharkskin. The sharkskin appearance is indicative of instabilities in the flow exiting
the die (Miller and Rothstein, 2004) and is probably related to the immiscible portions of the
melt. Higher die temperatures may have resolved the issue. Both polymers, PVP-VA and PCL,
and F6 all produced filaments with a smooth surface with no sign of sharkskin suggesting stable

melts at these processing temperatures. For the most part, the die attachment reduced surging
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from the twin-screw extruder, but some operator intervention was still required to maintain
tolerances. Addition of 10% (w/w) PEO had the unexpected benefit of almost eliminating

extrusion surging in the final 60% (w/w) PCL formulation.

PCL PVP-VA

F10 F11

Figure 3.7 Physical appearance of filaments from select formulations made via hot-melt
extrusion.

3.6.2. Filament Characterisation

For PVP-VA printability to improve, it had to be modified to remove brittleness and decrease
stiffness. Figure 3.1 shows stiffness of the filaments for a select number of formulations. On
melt-blending, with the other polymers, the stiffness was reduced sufficiently to permit coiling.
From the data it is estimated that filament stiffness should not exceed 1,000 N/m to enable
consistent coiling. Certainly, from experience as stiffness surpasses 10,000 N/m the printable
length of filament shortens. Filaments must also be able to resist buckling after the driving gear
due to the force applied during feeding as the filament acts as a piston on the molten polymer
in the liquefier (Gilmer et al,, 2017; Venkataraman et al., 2000). Venkataraman et al.
(Venkataraman et al., 2000) derived a relationship of elastic modulus (in compression) to
apparent viscosity in which above a critical ratio (3.00 - 5.00E+05 s-1) a material will not buckle
during FFF, i.e. the filament is sufficiently stiff to act as a piston to drive out molten polymer in
the liquefier through the nozzle. Insufficient stiffness was not an issue for PVP-VA, and is indeed
the reverse was more of a concern since filament could not be coiled for proper feeding. The
column strength critical ratio to prevent buckling can be assumed to have been maintained
since buckling was not observed. It was not possible to directly calculate the ratio without

access to a capillary rheometer.
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The second main issue with PVP-VA was the inherent brittleness which created issues during
filament production and feeding of the FFF extrusion head. To quantify brittleness the
Brostow-Hagg Lobland-Narkis equation for Brittleness (B) (Equation 2 in Chapter 2) was used
(Brostow et al., 2006).Storage modulus (E’) is the solid-like (elastic) response to stress and is
usually recorded during dynamic mechanical analysis (DMA). The authors specify the DMA
conditions at room temperature for a frequency of 1Hz. The elegance of this equation is that
it requires results from two forms of mechanical testing — quasi-static and dynamic. For
convenience, it was desirable to take results directly from extruded filaments and not tensile
specimens, and thus brittleness (B) was derived from strain-at-break (&:) values obtained from
3-point bend testing, using deflection rather than elongation values. The true value of this
approach derives from direct testing of filaments with comparable stress (flexural) applied to
filament passing through the driving gear system. The equation should enable researchers to
pre-screen material formulations for suitability. Since the driving gear mechanisms of different
FFF printers will vary, researchers can determine the critical brittleness (Bc) for their system,
above which it will be known that the filament will fail. The results in Table 3.1 aided in
quantifying observations about filaments that had failed to print since the filaments that had
failed to negotiate the Makerbot® system had B values > 2. Thus, B < 2 will be a critical material

characteristic for future material formulations for this printer.

Figure 3.8 Complete batch of flat-faced tablets produced via FFF 3D printing. Total of 40
tablets covered print bed of MakerBot Replicator 2X.

Figure 3.8 shows a finished print of a complete batch of tablets. As part of the pre-screening
process it is necessary to calculate the length of filament required to print a complete batch of

13 mm diameter tablets. Most printer software will pause a print mid-run to permit changing
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of the filament and therefore it is not an insurmountable issue, but from a purely practical
point-of-view, it is important to be aware how large of a batch can be printed from a single
filament length. Equation 4 was used to calculate the density (D) of the ternary blend F11
(0.001141 g/mm3). The total volume (V) of forty 4 mm high (cylinder) tablets was 21,237.16
mm?3(Equation 5), where hr, is the total height of sample tablets combined, and 7 is the radius
of the tablet. The total mass (M) to print forty 100 % infill tablets was calculated at 24.23 g
(Equation 6). Finally, the length of required 1.75 mm diameter filament to print forty 100 %
infill tablets could be calculated as 8,829.32 mm using Equation 7, where 7% is the radius of
the filament. Referred to as the minimum batch length (Lg). The filament length should be
adjusted for the percentage infill (x) of samples, e.g. 0.25 for a 25 % infill which reduces the
length to 2,207.33 mm. In addition, to account for variation in filament diameter and the
material needed for the outer shell a correction factor of at least 1.3 should be applied, which
would bring the minimum batch length (Lg) for these tablets to 2,869.53 mm. A further
criterion set for any material formulation is the minimum sample length (Lg), which is the
minimum filament length to print a single sample without operator intervention. The Ls for this
design of flat-face tablet with 25 % infill is 71.74 mm. Thus, Lg to be considered the minimum
criteria of viability for any material formulation for the FFF process. PVP-VA could not pass this
minimum criterion (Lg) due to brittleness. F5 was the first formulation to pass these criteria,
but only F11 could succeed in passing the minimum batch length (Lg) and provide a filament
in excess of 8.83 m. To achieve Lg required quite high PCL content which ultimately reduced
the drug release rate (Figure 3.5). Thus, printability versus drug release profile is a choice that
can guide future formulations. More of the quicker release properties of PVP-VA could be
maintained by reducing PCL content but at the cost to the filament length and subsequent

batch size. Lg is the limit at which PCL content can be reduced.

Dy = x4D; + x,D, + x3D5 (4)
Vr = tthy_rg (5)
My = DyVp (6)
Lp = 213 )
f
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3.6.3. 3D Printing of Flat-Faced Tablets

Formulation F11 was chosen for the material blend’s ability to overcome the physical
restrictions of the FFF process and to form a consistent filament to be fed to an extrusion head.
Filament is usually spooled at the point of production on downstream equipment. Spooling is
usually the most convenient approach with spools sold in ~1 kg batches. However, it is possible
to create successful prints with unspooled filament if it is unobstructed and can move freely.
Figure 3.8 shows the finished print of a complete batch of tablets. Forty 13 mm diameter
tablets is the maximum number that could be consistently printed on the print bed of the
Makerbot® system. The print-bed is covered with a disposable high-temperature Kapton®
polyimide tape which aids in adhesion of the first layer deposited. No raft or support structures
are required for flat-face tablets. The outer wall of tablets was made by one solid shell. Roof
and floor were also solid and had a thickness of 0.5 mm. Infill density was set to 25 % and infill
pattern was linear. These settings create a tablet with a shell structure, with 75 % of its inner

volume being void space.

Figure 3.9 shows examples of the main types of part failure during the FFF process. All
pictured shown are tablets made using formulation F11 that failed during manufacturing.
Stringing (Figure 3.9 (a)) occurs when excess material on the nozzle is dragged from the part
during build travel. The problem is more pronounced for materials with a high melt strength
that will readily allow for stretching of molten beads. Some printing software have a ‘retraction’
countermeasure setting that eases back pressure in the extrusion head to prevent oozing from
the nozzle during print head travel. Other reasons which could cause this flaw are too high
nozzle temperature causing low material viscosity; over extrusion of material; and slow cooling
of deposited material due to too high print bed temperatures. Implementing the material
retraction tool while the nozzle is traveling between parts, reducing the temperatures of the
nozzle, reducing the travel speed and increasing the cooling rate of layers are all viable options
to solve this issue. Layer splitting (Figure 3.9(b)) occurs due to inadequate layer coalescence
during deposition. The polymer chains in the depositing molten layer must intermingle with
the polymer chain of the previous layer to achieve proper coalescence. If adequate
coalescence is not achieved then during cooling delamination will occur, and layers will split
apart. Both printing nozzle temperature and print-bed temperature increases will overcome

this issue since lower viscosities and softening of printed layers will both promote coalescence.
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Warping (Figure 3.9(c)) is a phenomenon that is not restricted to FFF but occurs in other
processes including injection moulding (Fischer, 2013). In the FFF process, it occurs due to poor
adhesion of the base layer to the print-bed, and when subsequent layers are deposited on top,
and internal stress between the layers of the print causes the part to warp and curl away from
the print-bed surface. One of the main reasons for warping is the too low a print-bed
temperature that creates an excessive thermal gradient (Turner and Gold, 2015). In order to
overcome warping, a higher printing bed temperature could be used, among other options
such as increasing the cooling times between deposition of layers by reducing printing speeds

or increasing the number of parts printed simultaneously.

Stringing or oozing Layer splitting Warping

(a) (b) (c)

Weak infill Misalignment Dimensional accuracy

(d) (e) (f)

Figure 3.9 Most common print deformities that occur during the FFF 3D printing.

Infill determines the amount of material printed between the outer shells of a 3DP part. A
weak infill (Figure 3.9 (d)) will fail to provide inner support to the part, compromising the final
mechanical integrity. Weak infill can be caused by choosing the wrong infill pattern for the
specific inner geometry of the part; too high a printing speed that prevents consistent layer
deposition; and poor layer deposition as a result of inconsistent feeding due to problems with
the feedstock or melt-feed. Solutions found for this issue relate to feedstock material
dimensional accuracy along with reductions of printing speed and meticulous calibration of the

Z axis. Misalignment (Figure 3.9 (e)) is due to discrepancies in the printers and the X-Y-Z axis
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dimensions. Most FFF printers have an open loop system without feedback sensors, meaning
that the printer will print the pre-programmed CAD design regardless of any misprint in the
previously deposited layers. Assuming the print-bed is properly calibrated, the operator must
manually adjust program settings based on the performance of the material to ensure that the
settings (print speed, layer height, layer thickness, etc.) are achievable using a pre-screening
methodology. Other reasons for misalighnment are related to hardware issues, such as
deficiencies in the stepper motor or tension belts. Relatedly, dimensional accuracy (Figure
3.9(f)) is caused by extrusion problems, print-bed calibration accuracy and filament quality.
Any fluctuation in the material being deposited will disrupt the dimensions of the part, while a
nozzle which is closer or further than intended from the printing bed will have a similar
consequence to the former. Proper calibration of the X-Y-Z axis, filament dimensional accuracy

and well tune stepper motor system can all solve this issue.

3.6.4 Tablet Properties

Mass loss and drug release studies were used to assess the effect of changing material
formulation on dissolution. As would be expected, adding a hydrophobic PCL to the PVP-VA
had a significant retardation effect on the mass loss rate (Figure 3.4). The PCL content
significantly reduced the drug release rate (Figure 3.5), while PVP-VA fully released drug within
the first hour, the 60% (w/w) PCL took over 8 hr. The immediate drug release properties of
PVP-VA was not a critical factor for the tablets and was chosen for the suitability for both direct
compression and HME tablet production processes. If immediate drug release had been a
critical factor, then the material formulation could easily have been changed to suit this
criterion. For example, the PEO content could have been increased or a water-soluble polymer

chosen, such as polyvinyl alcohol, in preference to PCL.

Melt-blending has the inherent flexibility to change formulation at will to meet such needs.
The different nature of the manufacturing processes influenced the release rate of the drug
substance of tablets with the same formulations (Figure 3.5). The HME process intimately
mixes polymer chains in the molten state and they remain entangled when solidified. DC
tablets contain the polymers as powdered mixtures that form strong interparticulate bonds
during compression, but the polymer chains are not entangled. Indeed, the DC tablet
containing 60% (w/w) PCL completely disintegrated after 8 hr which enabled the total release

of drug. These issues are investigated in more depth and the results can be found in the
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following chapter where a contrasting study of the effects of manufacturing processes on

tablets properties was elucidated.

(a) (b) (c) (d)
Figure 3.10 SEM scans of the three polymers and the final ternary blend containing 5% (w/w)
caffeine: (a) PVP-VA filament cross-section; (b) PCL filament cross-section; (c) PEO filament
cross-section; and (d) 25 % infill 3DP tablet cross-section of F11.

The DMA thermograms show that the binary blends of PVP-VA and PCL are only partially
miscible. Complete miscibility of binary blends usually coincides with the formation of a single
Tg peak (Barlow and Paul, 1981). Loss modulus peaks for the binary blends show that increasing
PCL content produced two distinct Tg peaks, but these peaks moved closer together as PCL
content increased. This is characteristic of partial miscibility (Mofokeng and Luyt, 2015). The
absence of two distinct loss modulus peaks with increasing PCL up to 20% (w/w) and then the
appearance of two distinct peaks at higher loadings would suggest that PCL is miscible in PVP-
VA up until 20% (w/w) content. Mass loss and drug dissolution data both suggest that when
the PCL exceeds 20% (w/w) of the composition the PVP-VA becomes entrapped with the PCL

matrix as domains.

Figure 3.10 shows SEM scans of the polymers and formulation F11 (containing 5% (w/w)
caffeine). The increase in mass after 4 hr during the mass loss study for the F6 and F7 blends
could be due to the swelling of the PVP-VA domains encapsulated by PCL matrix from ingress
of media. SEM of the printed F11 tablet was inconclusive in regards miscibility other than
showing that the morphology of the ternary blend was highly disordered. The open structure
of 25% infill tablets is quite apparent. Monoclinic caffeine is clearly distinguishable, but also
visible is a white spongy layer. Since PVP-VA is glassy it is more likely that this spongy layer is a
PEO domain. The presence of PVP-VA is not readily discernible. Since miscibility was
unimportant to project goals it was not studied beyond the scope of the data presented and

would warrant much deeper investigation to pick apart the miscibilities present within the
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ternary blend. Miscibility is only a criteria for FFF of solid dosage forms if immiscibility is
detrimental to the performance of the filament or significantly impairs the performance of the
final dosage form. For me, as with others (Rocha et al., 2014), any blend immiscibility did not

impede the printing of parts.

3.6.5 Material Considerations

Figure 3.11 is a detailed schematic of a FFF extrusion head. It is best to consider the material
in relation to each of the three zones of the FFF process — feed, hot and deposition — since each
zone has a specific set of challenges. The feed zone is governed by the bulk properties of the
filament, namely how successfully it copes with the driving gear mechanism. For the
MakerBot® printer, the driving gear system is part of the extrusion head assembly and thus
feeds directly into the liquefier. These are known as direct drive extruders. On other FFF
printers the driving gear mechanism on the side of the printer at a distance removed from the
extrusion head, this system is known as a Bowden extruder. The filament is driven along feed
tubing to the extrusion head. Such a system severely restricts the material that can be printed
since the filament has to be sufficiently flexible and lubricious to navigate the feeding tube.
The recommendation to other researchers who are producing bespoke filament via hot-melt
extrusion is only to purchase FFF printers that have the direct driving gear feeding system as it

provides much-valued leeway for printing compared to a Bowden system.
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Figure 3.11 Detailed view of an FFF printer extrusion head with parts identified. The three
distinct zones of the process are labelled and nine of the main material considerations are
listed beside the sections of the extruder head in which they exert the most influence.

The hot zone is dominated by the material’s response to being heated in a chamber. A
suitable material should be able to form a consistent melt in the most efficient manner.
Innovation in this section is related to the heating elements providing uniform, stable heat flux
and the elimination of hot-spots and dead zones so that the length of the liquefier is
consistently heated. For the deposition zone the material properties are dominated by the
behaviour of the material to flow; cooling; and the ability to adhere to the previous layer or
print-bed. Nozzle improvement aims, through innovative design, to eliminate or reduce known
problems in layer deposition, such as die swell, to improve print resolution. It is important to
note that advances in driving gear and extruder head technology is more than an annual
occurrence and existing printers can be retrofitted in most instances with extrusion heads that
will accommodate a wider range of materials than what was previously the case. Advances aim
to reduce extrusion head weight; increase reliability and repeatability; improve print
resolution, and to expand the range of materials that can be printed consistently particularly
softer thermoplastics. Table 3.4 is a compilation of the critical material properties that must
be considered when approaching the production of solid dosage forms via fused-filament

fabrication.
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Table 3.4 Critical material properties considerations for each zone of the FFF process

Zone Material Property Observations

Feed Filament stiffness > Avery stiff filament will not permit winding onto spools. Thus,
the filament remains in the vertical axis and length will be
limited by room height or other obstructions. Above a certain
stiffness, feed length will be determined by the height which
material can self-support weight.

» For pre-screening, material stiffness can be measured in a
number of different modes, tensile, flexural or torsion.
Utilised a DMA in the single cantilever mode, but a universal
tester (tensile, flexural and torsion) or a texture analyser can
also be used (Verstraete et al., 2018; Zhang et al., 2017).
Zhang et al. (Zhang et al., 2017) allocated the breaking stress
as a quantification of filament stiffness as tested using a
texture analyser.

Filament brittleness > Brittle filaments can snap in the driving gears and prevent
feeding.
> Brittleness (B) can be calculated from strain-at-break (€») and
storage modulus (E‘) using the Brostow-Hagg Lobland-Narkis
Equation (Equation 2) for brittleness (Brostow et al., 2006).
Primarily elongation-at break (%) is the value calculated for
€p, and the values are obtained from tensile testing if the
correct test specimens are available (Astm, 2004). The
modified approach was to test filament lengths to obtain
strain-at-break from 3-point bending directly. Others have
performed similar tests but solely defined the strain-at-break
data as a brittleness measurement (Verstraete et al., 2018;
Zhang et al., 2017).

Column strength » Since, most filaments act as a piston on the melt-front in the
liquefier, the ability of the filament to withstand compressive
force without buckling is an important variable (Espalin et al.,
2014; Venkataraman et al., 2000).

» Venkataraman et al. (Venkataraman et al., 2000) determined
a critical ratio for ceramic based filaments above which a
filament will withstand buckling. The ratio states that if the
elastic modulus of the filament is greater than the apparent
viscosity by 3 — 5 x 10° then the filament will maintain
sufficient column strength during printing.

» Most thermoplastic materials will maintain the critical ratio
(Espalin et al., 2014), but it is a useful pre-screening tool for
untypical materials or highly filled materials.

Filament softness » Soft materials can be squeezed between driving gears limiting
or preventing feeding.
» Material hardness can be measured a number of ways, but
the Shore durometer method is the most common approach
(ASTM International, 2010).

Dimensional » Filament dimensional consistency will determine feed rate to
consistency the hot-end.
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» Consistency is more than just a measure of filament diameter
and can include ovality, pockmarks, gaps, and general
deformities.

» Visual inspection is sufficient to eliminate the majority of the
irregular filament.

Filament diameter » Diameter ultimately determines feed rate to the hot-end.
Inconsistent filament diameter will result in inconsistent
deposition and thus poor prints.

» Extrusion flow surging is a problem that occurs due to
fluctuations in the feed or transition zone in the extrusion
process. A melt pump will eradicate the problem and produce
a uniform filament but at added capital cost.

» Consistent material feeding and a correct temperature profile
that permits stable melt formation can eliminate most
surging. Die design can reduce the phenomenon, and a longer
land length promotes consistent melt output.

» Filament diameter is best measured at the point of filament
production using laser micrometres or ultrasonic gauges.

Hot Melt viscosity » As material softens and begins to melt, feeding of the melt to
the nozzle is dependent on the back pressure formed due to
the action of the driving gears forcing the filament
downwards.

» High viscosity and the back pressure will be insufficient to
force the melt through the nozzle die. Too high a force can
lead to buckling or fracture of the filament (Venkataraman et
al., 2000).

» Low viscosity and too much material will be pushed through
the nozzle preventing proper deposition.

» Melt viscosity is determined by a rheometer. A capillary
rheometer at low shear is best suited as it most closely
resembles the FFF extruder setup.

Softening » Filament entering past the driving gear acts as a piston on the
molten polymer below, and thus must maintain sufficient
stiffness before melting to create the required back pressure.
If the filament softens too soon, piston action efficiency will
decrease and hinder melt deposition.

» A DMA storage modulus curve is a good representation of the
stiffness of the material over an elevated temperature range.

Deposition Melt flow rate » Melt flow rate is related to viscosity and is temperature
dependent.

» High flow rate materials will more easily be pushed through
the liquefier and nozzle. Too high and melt deposition will be
uncontrollable

» Low flow rate materials will be harder to push through
liquefier and nozzle. Too low and melt deposition becomes
unachievable.

» Melt flow rate is determined by a melt flow indexer.
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» Wangetal. (Wangetal., 2018) have recently determined that
the melt flow rate for commercial filament grades should be
greater than 10 g/10min to achieve acceptable print quality.

Melt feed consistency » The homogeneous flow of material is a critical necessity for a
successful 3DP part.

» Surge feeding or starvation of material result in imperfections
in the part’s building process.

» Most common signs of feed inconsistency are missing layers,
layers misalignment, weak infill, low dimensional accuracy
and layer splitting.

» Feedstock material with consistent dimensions is crucial.

Coalescence » Poor layer coalescence leads to inconsistencies in the
structure of the printed parts, creating critical points of
failure, poor performance and geometrical discrepancies.

» Coalescence increases with decreases in melt viscosity as
there is greater polymer chain mobility and intermingling
between layers (Shahriar et al.,, 2017). Therefore, poor
interlayer adhesion may be improved through higher printing
temperatures.

» If deposited layers fail to adhere, print quality suffers
considerably. Finished parts with the strong layer-to-layer
union will possess higher mechanical toughness (Ahn et al,,
2002).

Shrinkage and Warpage  »  Parts with subpar adhesion to the printing bed could exhibit
warping due to deposited layers cooling down and
contracting because of internal stresses, resulting in partial
deformation.

> If material fails to stick properly to the printing bed, a higher
printing bed temperature might be necessary.

» Environmental conditions, such as room temperature, should
be taken into consideration when dealing with poor adhesion
or warping since thermal gradients are the primary cause of
internal stress (Turner and Gold, 2015).

» Correction factors can be applied at the design stage to
accommodate for known print shrinkage of specific materials.
These factors are prevalent for common materials and are a
common feature of 3D printing software. Kaveh 2015 et al.
(Kaveh et al., 2015) describe a means of determining
correction factors for material through the printing of a series
of cubes, cylinders and stairs.

Moisture content » Trapped water will evaporate exiting the nozzle creating
bubbles inside the extruded material which disrupts the
steady deposition of layers (Halidi and Abdullah, 2012).

» When using hygroscopic materials for long printing processes,
it is important to consider the storage conditions of the
feedstock material used for manufacture; production could
fail due to absorption of moist by the material. Adequate
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drying procedures should be adopted for improperly stored
filament.

Die swell > Die swell is a well-established issue in polymer extrusion. The
phenomenon relates to the exiting diameter of the extrudate
being greater than the diameter of the die and is related to
the viscoelastic nature of the polymer.

» Dieswellincreases with increasing polymer molecular weight.
It will affect the quality of the final print since it reduces the
dimensional accuracy of the deposited layer.

» Die swell from the liquefier nozzle may be reduced through
changes to the material formulation or changes in the nozzle
design, although the short land length of FFF printer nozzles
may preclude the latter option. The primary means of dealing
with die swell is to accommodate the design by specifying the
deposited layer thickness to be 1.2-1.5 times the nozzle die
diameter (Agarwala et al., 1996).

» Material die swell can be measured using a capillary die
rheometer (Wang, 2012).

3.7. Conclusions

Fused-filament fabrication (FFF) is a HME based 3D printing process that is finding increasing
utility in pharmaceutical applications. However, the ready-use of established matrix polymers
is limited due to the physical restrictions imposed by the mechanics of the process. This chapter
has described in detail the main considerations to be undertaken at each of the three zones of
the standard FFF printers. An HME melt-blending approach that can be readily adopted by
others for the production of solid dosage forms has been detailed. Melt-blending is a well-
established, cost-effective and convenient means of combining the properties of two or more
polymers into a single matrix material. The final properties of the matrix material can be altered
by changing the composition of the polymers. For the formulation scientist, the melt-blending
framework is suitably flexible to accommodate both the requirements of the final dosage form
and any physical shortcomings of the main matrix polymer under evaluation during fused-

filament fabrication.

A range for the properties of materials to be adapted for FFF has been established. Filament
dimensional accuracy, brittleness, stiffness and melt flow rates were identified as playing a
crucial role determining the compatibility of a formulation with this specific type of 3D printing
application. Using this knowledge, it was decided that the characterisation of solid dosage
forms fabricated using FFF would be the natural step to follow, since this particular
manufacturing technique offers an array of parameters which would affect the properties of

solid dosage forms while maintaining the outer geometry constant across samples. It was set
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as the next goal to fabricate tablets using these different parameters and characterise their
physical and drug dissolution properties. For a sense of perspective, tablets with the same
dimension were also fabricated using the tabletting industry goal standard technique, direct
compression. Injection moulding, a high-volume manufacturing melt process, was also
incorporated to the next phase of the project as it offers continuous rapid manufacturing with
exceptional dimensional accuracy. All three techniques were used for the fabrication of tablets
using the same formulation, in order to expand the understanding on their effects on solid

dosage form properties and contrast these to the current industry standards.

119|Page



Chapter 4

Fabrication and characterisation of tablets produced via fused-filament
fabrication: A comparative study to direct compression and injection

moulding.
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4.1 Introduction

The purpose of the previous chapter was to determine the ideal mechanical and rheological
profile of thermoplastic filaments to enable successful fused-filament fabrication (FFF) so that
pharmaceutical grade polymers can be modified for use in this process. Once a printable
formulation was identified, it was important to fabricate tablets for extensive characterisation.
This chapter directly compares three manufacturing processes for the production of flat-faced
oral tablets using the same formulation composed of the polymer blend developed in the
previous chapter. FFF tablets compared to those made from direct compression (DC) and
injection moulding (IM). The main objective of this phase of the study was to examine the
intrinsic properties of solid dosage forms fabricated via FFF and understand them in the
context of other production techniques. The same feedstock material was used for each

method, albeit in different forms — powder for DC, granules for IM, and filament for FFF.

Another objective of this phase was to illustrate the effects of FFF parameters on the
mechanical and drug dissolution properties of solid dosage forms. Three of these parameters
were varied and were chosen based on their higher impact on tablets properties, at least
theoretically. The first of these three was infill percentage which controls the inner density of
FFF samples, and affects available surface area and fluid permeability. Infill patterns determine
the geometrical shape of the deposited material inside the sample, controlling exposed surface
area and tablet hardness. Lastly, layer height is the thickness of each horizontal layer deposited
when fabricating the part and this feature could have an impact on the rate of media
penetration and in return, drug dissolution. As a reminder, the formulation used in this phase
of the study along with the batch nomenclature is included at the end of this introduction for

the reader to better follow the results and discussion section 4.2

Table 4.1 Material formulation of melt-blends
used during the second phase of this project.

Composition by weight (%)
PVP-VA Caffeine PCL PEO
28.5 5.0 57.0 9.5
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Table .4.2 Different 3D printing parameters used in this body of work’s
second phase for the fabrication of tablets.

Tablet Name Infill Percentage Infill Pattern Layer Height
FFF1 25 % Linear 0.2 mm
FFF2 50 % Linear 0.2 mm
FFF3 75 % Linear 0.2 mm
FFF4 100 % Linear 0.2 mm
FFF5 25% Moroccanstar 0.2 mm
FFF6 25% Hexagonal 0.2 mm
FFF7 25% Diamond 0.2 mm
FFF8 25% Linear 0.1 mm
FFF9 25% Linear 0.3 mm
FFF10 25% Linear 0.4 mm

4.2. Results and Discussion

4.2.1 Manufacturing observations

This work aimed to directly compare FFF 3D printing of flat-faced oral tablets with the well-
established DC approach and a second HME based manufacturing process IM. The same
formulation was used for all three processes, and physical, thermal and dissolution properties
of the resulting tablets were compared. The development of this formulation is described in
the previous chapter. By melt-blending with PCL and PEO, filament brittleness and stiffness
was decreased sufficiently to print complete batches of flat-faced tablets. Each polymer in this
ternary blend has previously been used for the fabrication of oral tablets (Diaf et al., 2012,
Eyjolfsson, 2015; Kim, 1998; Ma et al., 2013) but to best knowledge not as a blend. Pestle and
mortar were implemented to balance size distribution and reduce the particle size of the
powder formulation. A 450 um sieve was the smallest that could be used successfully. The
powder blend was mixed to improve homogeneity and stored in an oven at 40 °C overnight

before processing to remove moisture.

For the fabrication of DC tablets, 500 mg powder mix was fed into a compression die to
produce each tablet. The resulting tablets were coarse in appearance and to the touch. Particle

size distribution for PCL and PEO was 98% < 600 um and 96% < 841 um respectively while
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caffeine particles are mostly below 420 um in size (95%). The particle size differences between
powders can result in a polydisperse and moderately coarse formulation in which PVP-VA was
relatively smaller in particle size (15% < 50 um 2%>250 um), resulting in a mixture with poor
fluidity and compactability due to variations on the particle size distribution (Eyjolfsson, 2015;
Yajima et al., 1996). Only one batch of DC tablets was produced using standard compression

parameters to compare to the FFF tablets.

An HME twin-screw compounding process converted the powder formulation into a
suitable feedstock for FFF (extrudate filament strand) and IM (pelletized extrudate filament <
3 mm). HME was performed at temperatures below the melting temperature of caffeine
(235°C), and therefore the drug should have remained in the crystalline state unless solubilized
by the molten polymer blend. Addition of drug during extrusion did not affect extruder torque,
and melt flow indexing of the polymer blend did not change with the addition of drug and
remained around 10.5 g/10min + 0.02 at 150 °C. Melt flow index data had also previously
indicated that FFF nozzle temperature should be set to least at 150°C (Chapter 3) or higher for
this polymer blend formulation as the optimal MFI value for FFF layer deposition should be
greater than 10 g/10min (Wang et al., 2018). The nozzle temperature was kept constant
throughout printing of all ten batches of FFF tablets with only the specific printing parameters
changing between batches. Extrudate filaments were pelletized and then gravity fed to the
injection moulding machine to mould tablets using a temperature profile similar to HME at
first. However, this resulted in short-shots which can be attributed to too low a melt
temperature (Moayyedian et al., 2017). A subsequent trial at higher temperatures (Table 2.5)

produced tablets with excellent surface finish and dimensional accuracy.
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Figure 4.1 3DP PCL samples of different infill percentages and patterns, (a) 25% infill,
(b) 50% infill, (c) 75% infill, (d) 100% infill, (e) Diamond, (f) Hexagonal, (g)
Moroccanstar, (h) Linear. 25% infill was used for all different infill patterns. Scale
bars represents 1 mm for Figure 4.1 (c) and Figure 4.1 (d), for the rest, the bar
represents 10 mm
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4.2.2 Physical appearance

Flat-faced tablets were produced via FFF with different printing parameters to understand
the effect of each variable on physical and dissolution properties. Infill percentage defines the
inner density of a 3DP part. Infill pattern is the layer deposition arrangement during printing.
FFF parts are built by depositing horizontal layers of molten material on top of each other, and
the thickness of such layers is called layer height. Figure 4.1 displays the inner structure of FFF
tablets with different infill patterns and infill percentages. Figures 4.1 (a-d) display parts
fabricated using increasing infill percentages (25%, 50%, 75% and 100% respectively) and it is
clear the reduction of empty space inside parts as the percentage increases. The diamond infill
pattern (Figure 4.1 (e)) had inner walls meeting at a 90°-degree angle. Tablets with a hexagonal
infill pattern (Figure 4.1 (f)) had the thickest inner walls out of the four infill patterns used in
this study. The moroccanstar infill pattern (Figure 4.1(g)) was composed of a succession of
irregular eight-sided stars and octagons. The linear infill pattern (Figure 4.1(h)) had a
geometrical organization of inner walls similar to the diamond infill pattern, but the space

between them was smaller due to a denser distribution of lines.

The surface morphology differences between the three different processes are evident
from SEM scans presented in Figure 4.2. DC tablets (Figures 4.2 (a-c)) had a coarse surface with
no clear phase differentiation, and on higher magnification (Figure 4.2 (b)) monoclinic caffeine
is apparent. Sponge-like surfaces appear to be engulfing these drug crystals, and it is assumed
that it corresponds to PEO domains. Figures 4.2 (d-f) depict the cross-sectional area of an FFF
tablet with 25% infill and 0.2 mm layers. The crisscrossing of deposited layers and the space
between them is observable in this picture, and the presence of crystalline caffeine is more
homogenously distributed. Spongy domains in FFF tablets are observed in Figure 4.2 (f) with a
more pronounced colour difference than those in Figure 4.2 (b) for the DC tablet. The cross-
sectional area of tablets fabricated using 100% infill (FFF4) are depicted next (Figures 4.2 g-i)).
Here it is observable the difference in material density when compare to FFF1 with a compact
solid structure, however, evidence of horizontal layer deposition is found in Figure 4.2 (g). Drug
crystals are only observable when closely inspecting Figure 4.2 (i) and there seems to be a more
chaotic distribution of the material phases when compared to other samples. The SEM images
of the IM tablets are displayed in Figures 4.2 (j-l). Drug crystals are present but are not as

pronounced as those found in the FFF1 and DC tablets, and the crystals are more evenly
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distributed than in the other three tablets. Figures 4.2 (m-o0) are images of the unprocessed
caffeine powder, which shows a less pronounced monoclinic structure compared to the
processed caffeine within the tablets, which have more a needle-like appearance, particularly
in the FFF tablets. Conclusions about the inner morphological structure of the tablets can be
drawn based on these images. Compressed tablets depend on particle bonding and area of
contact, plastic deformation and tensile properties to guarantee physical integrity and a
successful production process (Jivraj et al., 2000). Differences in particle size, agglomeration
and poor tensile properties could explain the observed lack of surface homogeneity for Figures
4.2 (a-c). Conversely, during melt processing, polymer chains are disentangled by means of
heat and shear forces (Li et al., 2014), and they are rearranged while the material melt is
cooling down which results in a more homogenous continuous inner structure as observable

in Figures 4.2 (d-i).

4.2.3 Physical properties

The variations in weight between FFF samples were evaluated, and the results are
presented in Figure 4.3. Infill percentage had a greater influence on tablet weight, and this is
to be expected since infill percentage increases the amount of material deposited. However,
there was no significant difference in the weight of 75% (FFF3) and 100% (FFF4) infill tablets (p
< 0.01). For the infill pattern, only linear (FFF1) and moroccanstar (FFF5) had no significant
difference in their weight (p <0.01), while tablets produced with different layer heights showed
no significant (p <0.05) difference between the four tablets (FFF1, FFF8, FFF9 and FFF10). The
weight comparison of tablets produced using different manufacturing methods is presented in
Figure 4.4. The differences in tablet weights are significant (p <0.01). The higher weight of IM
tablet is a consequence of parts produced using this technique having a considerably higher
density (Rothen-Weinhold et al., 1999). FFF tablets have a greater free volume within the inner
structure due to the infill percentage used for their fabrication (25%). Even the FFF4 tablet with
the highest infill (100%) produced in this study had a lower weight than the IM tablet, which is
an indication of the matrix porosity differences between samples produced using these

methods (Verstraete et al., 2018).
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Figure 4.2 SEM images of the three tablets and the model drug used in this study at two
different magnifications: (a) DC tablet, mag: 100X; (b) DC tablet, mag: 250KX; (c) DC tablet,
mag: 1KX; (d) FFF1 (25% infill) tablet, mag: 100X; (e), FFF1 (25% infill) tablet, mag: 250X; (f)

FFF1 (25% infill) tablet, mag: 1KX; (g) FFF4 (100% infill), mag: 100X; (h) FFF4 (100% infill),

mag: 250X; (i) FFF4 (100% infill), mag: 1KX; (j) IM tablet, mag: 100X; (k) IM tablet, mag: 250X;
(1) IM tablet, mag: 1KX; (m) Caffeine, mag: 250X; (n) Caffeine, mag: 1KX; (o) Caffeine, mag:
2.8KX. Scale bars represent, from left to right, 500 um, 200 um and 50 um respectively for all
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rows of images above except caffeine images (Fig 4.2 (m), (n) and (0)). Scale bars on Fig 4.2
(m), Fig 4.2 (n) and Fig 4.2 (o) represent 200 pum. 50 um and 20 um.
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Figure 4.3 Weight uniformity mean values for all FFF tablets. (n=10)
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Figure 4.4 Weight uniformity mean values for tablets manufactured using three
different production methods. (n=10)

As for the tablets physical integrity, all FFF tablets retained their full weight after the
friability test. Only DC tablets failed the friability test, and this again could be explained through
the differences in particle size of components. Future studies should modify the formulation
for the compression of tablets or achieve a more homogenous particle size distribution to
improve the compactability of the formulation. Results of tablet hardness for FFF tablets are
depicted in Figure 4.5. Infill percentage seems to have the most substantial effect on tablet

hardness, with FFF3 (75%) and FFF4 (100%) exceeding the maximum limit of the test machine.
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There was no significant difference between these tablets and FFF2 (50%). Layer height again
had no significant effect on tablet hardness whereas infill pattern had a significant effect on
tablet hardness. The more symmetrical patterns of linear (FFF1), hexagonal (FFF6) and
diamond (FFF7) provided greater resistance to the compression forces. The irregular inner
geometry of the moroccanstar (FFF5) could explain its poorer mechanical performance since
more regular lattice-type structures have a greater load-bearing capacity (Rosen et al., 2006).
Tablet hardness of the three different manufacturing processes can be found in Figure 4.6. The
IM tablets failed to deform or break during this test, while the DC tablets needed 176.73 N to
break and crumbled apart during testing. Although FFF tablets had the lowest hardness value,

they only deformed during testing and did not chip or break apart.
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Figure 4.5 FFF tablet hardness (N) values represented in Newton with standard
deviation (n=11)
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Figure 4.6 Tablet hardness values in Newton across three different manufacturing
processes (n=11).

4.2.4 Thermal properties

Figure 4.7 shows the DSC thermographs for tablets manufactured using three different
manufacturing processes. A single melting peak was observed for all polymer blends followed
by a relaxation of around 100 °C which corresponds to the PVP-VA glass transition. The
temperatures of the transitions observed in Figure 4.7 are reported in Table 4.3. The presence
of separate transitions in a ternary blend formulation would suggest only partial miscibility
between the excipients (Mofokeng and Luyt, 2015), and further data in the previous chapter
on this polymer blend formulation would suggest this to be the case. The presence of caffeine
was observed for DC tablets by a small melting peak at 240 °C but was not observed for the
FFF and IM tablets. The absence of a DSC peak could indicate that the drug was more evenly
dispersed in the polymer matrix (as shown by the SEM images) or even partially solubilized
during HME (Alshahrani et al., 2015; Huang and Dai, 2014). Another possibility could be the
creation of a solid amorphous dispersion during the melt-processing stage of this project
(Sarode et al., 2013) and/or a recrystallization during the sample preparation for the SEM

process.
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Figure 4.7 Overlaid DSC thermographs of the model drug caffeine and tablets
manufactured in this study.

Table 4.3 Observed transition on DSC thermographs of the model drug caffeine and the three
different oral tablets

Sample Glass transition (°C) Melting (°C)

FFF 108.66 66.27

IM 108.10 63.89

DC - 66.55| 214.85 |240.73
Caffeine - 240.89

4.2.5 Drug release
Figure 4.8 shows the drug content uniformity for FFF, DC and IM tablets. DC tablets had a

118.0% drug content when compared to the label claim with a standard deviation of 16.6%.
Thus, failing to pass the USP uniformity of content test. Conversely, both FFF and IM tablets
passed the test with drug contents of 103.9% (SD= 8.7%) and 98.2% (SD= 5.7%) respectively.
The content uniformity difference between DC tablets and the other two tablet manufacturing
processes is related to the better drug dispersion and enhanced mixing due to the twin-screw
HME processing step preceding both IM and FFF tablet manufacture (Maniruzzaman et al.,
2012; Thiry et al., 2015). The powder formulations were carefully handled and mixed before
the DC process, but there is a possibility for the mixture not to be homogenous, due to the
large variation in particle size of the ingredients, causing variations in the actual content of DC

tablets. The HME processing step could be added prior to direct compression to improve drug
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content uniformity. Compressed tablets have previously been formed from the milled powder
or granules of melt-extruded blends (Andrews et al., 2008; Lakshman et al., 2011; Liu et al,,
2001; Verstraete et al., 2016a). Similarly, Baronsky-Probst et al. (Baronsky-Probst et al., 2016)
described the production of tamper-resistant prolonged release tablets made by the direct

compaction of melt-extruded rods.

150
~ UL
s
T o100 B | Feew 1
= e e
£ LL
s
5
(*]
g e
Q 501
=
0- T T
o e
2 2 =

Figure 4.8 Uniformity of drug content for tablets manufactured using three different
production methods. Horizontal lines represent the +15% threshold for drug content
tolerance (n=10).

The influence of FFF parameters and manufacturing processes on the drug dissolution
properties of oral tablets in fasted stomach conditions was evaluated in vitro. Layer height
influence on drug delivery is shown in Figure 4.9. Tablets produced with 0.3 mm (FFF9) and 0.4
mm (FFF10) layer heights released 88% and 92% drug content after 24 hrs respectively. This
prolonged release of the drug is hypothesized to be related to the permeability and porosity
of tablets. Reducing the layer height creates a more tortuous arrangement over the same
volume, slowing the rate of media flushing through the dosage form, thus delaying the drug
release (Crowley et al., 2004). Tablets manufactured using 0.2 mm (FFF1) layers provided
slower release with only 45% released after 8 hrs. The difference in drug release for all three
groups was not significant after the 8 hrs time point (p > 0.05), which is due to the release
media having imbibed into the tablets negating the differences in permeability and porosity,

while FFF9 and FFF10 were not significantly different from each other (p > 0.05) over the 48

hrs.
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Figure 4.9 Cumulative caffeine release over 48hr in HCl 1.2 pH, 0.2M media for different
tablets produced via 3DP with different layer heights and 25% linear infill. FFF1: 0.2 mm,
FFF9: 0.3 mm, FFF10: 0.4 mm.

Drug release properties for tablets fabricated using different infill patterns are presented in
Figure 4.10. There was no clear difference between the three infill patterns in the first 8hrs.
Linear (FFF1), moroccanstar (FFF5) and diamond (FFF7) did not display a significant difference
in drug release up to 8 hrs. Beyond this point, there was a clear divergence between linear
(FFF1) and the moroccanstar (FFF5) and diamond (FFF7) tablets, with the linear (FFF1) tablets
releasing more than 90% of their drug content after 48 hrs while the other two tablets released
just over 70% in the same time. Release from the hexagonal (FFF6) tablet was not significantly

different to the diamond (FFF7) tablet.
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Figure 4.10 Cumulative caffeine release over 48 hrs in HCl 1.2 pH, 0.2M media for different
tablets produced via 3DP with different infill patterns at 25% infill and 0.2 mm layer height.
FFF1: linear, FFF5: Moroccan star, FFF7: Diamond.

Infill percentage has previously been demonstrated to have an inverse relationship to drug
release (Verstraete et al., 2018), and similar results were obtained during this study (Figure
4.11). A higher infill percentage will decrease the inner porosity of tablets which in return will
decrease the permeability of the media. Samples fabricated using 75% infill (FFF3) had the
slowest release rate with only 26% drug content released after 8 hrs, while 50% infill tablets
(FFF2) released 32% of drug content at this time point. After 24 hrs drug release for these

tablets increased to 50% for 75 % infill (FFF3) and 61% for 50 % infill (FFF2).
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Figure 4.11 Cumulative caffeine release over 48 hrs in HCl 1.2 pH, 0.2M media for different
tablets produced via 3DP with different linear infill percentages and 0.2 mm layer height.
FFF1: 25% infill, FFF2: 50% infill, FFF3: 75% infill.

Figure 4.12 shows the cumulative drug release for the tablets produced using the three
different manufacturing processes. DC tablets had quicker release characteristics with 95% of
drug content present in the media after 6 hrs. The FFF tablet provided a more sustained release
with 38% and 80% released after 6 and 24 hrs respectively. After 48 hrs the FFF tablet released
92% of its theoretical drug content. The IM tablet processes the slowest drug release (64%
after 48 hrs) for samples evaluated in this study. During HME, materials are softened and/or
melted while having to withstand high shear forces. This generates high pressures compacting
the mixture and intertwining the molecular chains of the polymers creating a highly tortuous
structure and reducing the porosity of the materials (Crowley et al., 2004; Rubio and Ghaly,
1994; Zhang et al., 2001) This combination of factors explain the sustained release displayed
by the tablets produce via FFF and IM. IM had the highest weight of all samples produced,
which suggest a highly dense matrix (Rothen-Weinhold et al., 1999). In the work by Verstraete
et al. (Verstraete et al., 2018, 2016b, 2016a), it was demonstrated the higher porosity of IM
tablets when compared to FFF tablets. The increased porosity accelerates the drug release via
two methods, the first is facilitating access of dissolution media through the tablet (Gonzalez-
Rodriguez et al., 2003) and the second is by enhancing the diffusion of solubilized drug

molecules (Nerurkar et al., 2005).
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Figure 4.12 Cumulative caffeine release over 48 hrs in HCl 1.2 pH, 0.2M media for different
tablets produced via three different manufacturing processes using the same formulation.

The differences in porosity are observable when comparing SEM scans of FFF tablets versus
IM counterparts (Figure 4.2 (d), Figure 4.2 (g) and Figure 4.2 (j)). In Figure 4.2 (d), there was an
abundance of free space as a result of the geometrical pattern used for depositing the material
as well the thickness of horizontal layers used in the building process. Figure 4.2 (j) in contrast,
displayed a more compact and multifaceted surface morphology, resembling a single wall of
material instead of an arrangement of individual layers. Samples manufactured using 100%
infill were dense and solid, and when comparing images of FFF4 versus IM tablets, the
resemblance in their wavelike surface finish was appreciable. Nonetheless, as the
magnification of the images increase, the differences in their material density and porosity
start arising. A quick glance of Figure 4.2 (1), when compared to Figure 4.2 (1), shows a more
robust wall of material to prevent ingress of the dissolution media into the samples, thus
slowing the diffusion of the drug. It is worth mentioning, that DC tablets dissolved fully in the
media while all melt-processed tablets held their physical shape and had a mass loss of 30%
from their initial weight before dissolution, corresponding to the hydrophilic portions of the

formulation (data not shown).

Using the same formulation but different processing methods produced different drug

release profiles. However, there is evidence that the hot-melt processes delay drug release
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(Zhang et al., 2001). The influence of FFF parameters and manufacturing processes on the in
vitro drug dissolution properties of oral tablets was tested in fasting stomach conditions. Figure
4.9 to Figure 4.11 demonstrate that different FFF parameters did have an effect on the drug
release properties. As for infill patterns, there was no significant difference between FFF5
(morrocanstar) and FFF7 (diamond); and FFF1 (linear) did not display a significant difference in
its drug release up to 8 hr. Although FFF6 (hexagonal) had a more rapid release during the first
8 hr, the total amount released was similar to that of FFF5 and FFF7 (data not shown), and only
FFF1 delivered more than 90% of its drug content after 48 hrs. Only the linear infill pattern

provided significantly different drug release to the other infill patterns.

There were three different drug release profiles for the tablets across manufacturing
processes as seen in Figure 4.12. A acccelerated release was observed for DC tablets, while a
more controlled drug release was observed for tablets fabricated using melt processing
methods. During the melt processing step needed to prepare formulations for FFF and M,
materials are softened and/or molten while being subjected to shear along the barrel. The
process generates high pressures compacting the mixture and intertwining the molecular
chains of the polymers creating a highly tortuous structure and reducing the porosity of the
materials when compared to samples obtained via compression (Crowley et al., 2004; Rubio
and Ghaly, 1994; Zhang et al., 2001). This phenomenon is observable via SEM images of the
cross-sectional area of tablets as well in the improved physical properties of the tablets when
compared to DC tablets. This combination of factors explains the extended release kinetics

displayed by the tablets produce via FFF and IM.

4.3. Conclusions

New manufacturing technologies are being harnessed by the pharmaceutical industry to
produce solid dosage forms. Hot-melt extrusion (HME) has been a key enabling technology to
enhance drug solubility and bioavailability. Two HME based processes - injection moulding (IM)
and fused-filament fabrication (FFF) are gaining interest as they both offer means of producing
complex dosage forms that cannot be readily made through more conventional means. This
present chapter has clearly demonstrated tablets with the same physical dimensions and
formulation can have very different physical and drug dissolution properties based on how
they are produced. Each process has their advantages and disadvantages. Direct compression

(DC) has low capital investment and can better handle thermally labile drug compounds, but
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as demonstrated the excipients must have the correct powder properties to produce tablets
within the USP limits. The substantially higher capital investment involved with IM processes is
complimented by the capability of readily manufacture complex shapes to tight tolerances,
and as shown the process produces densely packed oral tablets with highly dispersed APl with
extended-release profiles. Although, a much slower process than both DC and IM, the 3D
printing process FFF has demonstrated a greater ability to control drug release and tablet
properties through simple adjustment of the printing parameters. By modifying layer height
and infill percentage, it was possible to modify 24 hr drug release from 92% down to 50%
without any changes to infrastructure, formulation or equipment. This kind of flexibility could
make this particular 3D printing process a key-enabling technology for the modification of drug

dosage forms for personalised treatment.

The characterisation of tablets obtained via these manufacturing processes illustrate that
customisation is a real possibility via FFF. However, the slow production times would greatly
hinder the adaptation of this process beyond niche applications since current tablet
manufacturing processes have production volumes of thousands of tablets per hour. It was
envisioned for the last stage of this project to try and overcome this low production volume by
combining FFF and IM in a modular fashion, based on the production model of mass-
customisation. This strategy aims to offer the great degree of product customisation but with
the cost of mass-produced products and services. In this context, 3D printing parameters could
be exploited to offer a degree of ready-customisation (infill percentage) to fabricate part of the
solid dosage form, but IM would be used to produce the bulk of the solid dosage form. The
purpose of the next chapter is to study the processing factors that control release from a tablet

produced via this hybrid manufacturing approach.
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Chapter 5

Combining fused-filament fabrication and injection moulding as a hybrid
manufacturing strategy for the mass- customisation of oral dosage forms.
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5.1. Introduction

In the previous chapter, solid dosage forms produced via fused-filament fabrication (FFF)
were compared to those produced via injection moulding (IM) and direct compression (DC).
Distinct differences were observed in that there was a greater degree of customisation possible
by the FFF technique, and a higher volume production rate was achieved with IM. Conversely,
FFF was a slow production process and IM offered little room for customisation without
expensive changes in mould tooling. It is hypothesised that by combining both processes in the
fabrication of solid dosage forms and implementing the methodology of mass-customisation
the advantages of both fabrication techniques could be harness and therefore overcome the
intrinsic limitations of both FFF and IM. Mass-customisation is a product manufacturing
methodology that offers degrees of product tailoring to match individual or group demands
but are produced at a lower unit cost more associated with mass standardised production. The
selected approach involves integrating FFF and IM in a hybrid manufacturing process, where

FFF half tablets are inserted in the tool cavity and the bulk of the tablet is fabricated via IM.

Two model drugs usually administered simultaneously for the treatment of cardiovascular
disease symptoms were selected, one per each process. Lovastatin, a statin drug used for the
treatment of high blood pressure was selected for IM and Hydrochlorothiazide, a diuretic drug,
was selected for FFF. The polymer formulation was kept the same from previous chapters since
this will allow to attribute effects, phenomena and performance to the fabrication method of
combining these manufacturing processes and the interactions between both. Infill percentage
was varied to control the release rate of the diuretic drug and for the first time, injection
pressure, an IM parameter, was evaluated for its possible effects on the drug release rate. The
bilayer tablets obtained offered different combinations of drug release profiles, which were
governed by a combination of factors, including surface area to volume ratio; IM injection
volume penetration into the FFF layer; FFF infill percentage; layer tortuosity and porosity. The
successful fabrication and characterisation of bilayer tablets via hybrid FFF-IM could be
exploited to allow for the first time the customisation of solid dosage forms without sacrificing
high production volumes, and as a consequence, serve to pave the way for patient-tailored
treatment. The reader can find the formulations and nomenclature presented in chapter 2 for

this particular phase below as a placeholder to facilitate reading of the discussion section.
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Table 5.1 Formulation profile used in the production of material for FFF and IM
layers. All values represent the weight/weight percentage composing each

formulation.
Composition by weight (%)
PVP-VA PCL PEO Lovastatin Hydrochlorothiazide
30 60 10 - -
28.5 57.0 9.5 5 -
28.5 57.0 9.5 - 5

Table 5.2 Tablets fabricated via a combination of FFF and IM. All batches were fabricated
with and without drug loading.

Batch name Infill Percentage (%) Injection pressure (bar)
Batch 1 25 20
Batch 2 25 60
Batch 3 25 120
Batch 4 50 20
Batch 5 50 60
Batch 6 50 120
Batch 7 100 20
Batch 8 100 60
Batch 9 100 120
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5.2. Results and Discussion

5.2.1 Mass-customization of tablets

3D printing Robotics Injection Moulding

¢ Discontinuous process. e Allows for automation e Continuous process.

¢ Offline batch production of the process. e High production speed.

e Low production speed. * Pick-and-place printed e High part dimensional

e Slow process inserts into IM tool accuracy.

e Highly customisable parts with no operator e Tooling with several cavitics
but must be of same Intervention. produces several tablets in
volume. e Accelerates the minutes, hundreds in an hour.

e Multiple printing units bridging between 3D
could accclerate printing and injection
production volume. moulding.

Figure 5.1 Flow chart depicting the industrial setting for the mass-customisation of solid
dosage forms combining FFF with IM using automation to incorporate the inserts into IM tool
in order to accelerate the manufacturing of samples. The most important features of each
stage of manufacturing are mentioned under each one of the images where they are more
relevant.

A mass-customisation manufacturing strategy requires breaking down complex product
designs and process operations into smaller, discrete sub-assemblies to provide consumers
with tailored products at affordable prices (Alford et al., 2000; Deradjat and Minshall, 2017).
In the context of this research, the complex product is a tailored tablet with well-defined
therapeutic properties based on the needs of individual patients or population sub-groups but
fabricated at efficient production rates in a reliable, predictable and sustainable manner. The
mass-customisation of solid dosage forms is achieved by combining the highly modifiable but
slow process of FFF with that of IM, which offers high volume manufacturing but little
customisation. In the model, several offline FFF printers would manufacture tablet inserts that
would provide all the required tailored drug release profiles. While the IM stage is designed to
fabricate the majority of the tablet; the bulk of the tablet that is appropriate to all patients

(dose, drug, etc.). Based on a required therapeutic profile, printed inserts would be fabricated
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to provide the additional dosage, drug and/or to determine the final release profile. The inserts
would then be sent to the IM station for insertion into an IM mould tool, where the remaining
bulk of the tablet would be finalised in minutes. Various types of inserts (different release
profiles or drugs) can be moulded on the same IM station. Figure 5.1 depicts a flow chart of
the envisioned industrial setting for the manufacturing of tablets, applying the concept of

mass-customisation.

In the laboratory setting, FFF 3D printing of a batch of thirty full tablets would take 240
minutes. Each IM cycle to fabricate two tablets took 90 seconds. Thus, thirty tablets took 22.5
minutes to produce. The combined approach required 120 minutes to FFF 3D print thirty tablet
inserts plus 22.5 minutes of injection moulding. Combined time, therefore, was 142.5 minutes.
Considerable time savings could have been made by moulding more than two tablets per cycle
by adding more tablet cavities and utilising more than one printer at a time. In industrial
practice, 3D printing would still be the rate-determining step but would be offline, and the
batches of inserts made ahead of the scheduled moulding stage; ideally made for stock.
Robotics would be implemented to bridge the two processes allowing for full process
automation, thus removing operator errors and increasing the continuity of the manufacturing

process.

Table 5.3 Production times for 30 tablets via FFF, IM and the strategy explored in this chapter
by combining the two.

FFF (single machine | IM (two tablet cavity Hybrid FFF-IM
operating) mould)
Production times 240 1.5 142.5

(minutes)

5.2.2 Manufacturing observations

5.2.2.1 Hot-melt extrusion and characterization of filaments

Hot-melt extrusion (HME) compounding of the three formulations, described in Table 2.6,
was successful with no visibly observable degradation of the materials. The first melt
compounding of the formulations improved the homogenous mixing of the drug in the polymer

matrix. The twin-screw extruder employed in this processing step was equipped with a set of
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modular twin screws with three kneading areas which increases the dispersive mixing
properties of the process (Cheng and Manas-Zloczower, 1997; Nakayama et al., 2018) and the
higher screw rotational speed during the first processing step has a similar effect on the
homogeneity of the formulation (Villmow et al., 2010). The shorter barrel of the machine also
reduces the retention time, which decreases the exposure of thermally labile compounds to
heat and shear stress, controlling their degradation (Fornes et al., 2003; Radlmaier et al., 2017).
Three formulations were extruded, a placebo blend and two drug-loaded formulations (5%
w/w). Lovastatin (LOVA) is a fungal metabolite which is administered in its lactone form and is
metabolized in the liver to its active hydroxy-acid form, which makes it less soluble in water
when compared with other statins (Mitra et al., 2013). This combined with its high permeability
makes it a BSC Class Il drug compound. Hydrochlorothiazide (HCTZ) is a diuretic drug used to
treat high blood pressure and swelling due to fluid build-up and is classified as a BSC Class IV
(low solubility/low permeability) drug compound (Ndindayino et al., 2002). The use of melt
compounding techniques to increase the solubility of drugs is not new to the literature
(Maniruzzaman et al., 2012) and there have been reports for the low bioavailability for these
drugs when administered (Barbhaiya et al., 1982; Chen et al., 2010, 2013; Corveleyn and
Remon, 1998; Patel et al., 1984; Qureshi et al., 2015; Yadava et al., 2015) making them suitable

candidates for HME applications.
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Figure 5.2 DSC thermograph comparison of APIs, placebo and drug-loaded blends. The
analysis was performed on samples after each HME processing step. Figure 2 (a) shows the
thermal properties after the first step and Figure 2 (b) after the second step.

The stability and crystal structure of the formulations was evaluated using DSC analysis after
the first processing step and can be found in Figure 5.2 (a). The melting peaks of the drugs and
polymers are visible; however, for drug-loaded blends, these drug melting peaks are not
present. HCTZ and LOVA melted at 273.5 °C, and 175.3 °C respectively and melting peak for
excipients occurred at 62.0 °C as it is expected for a PCL/PEO blend (chapters 3 and 4) while a
relaxation corresponding to PVP-VA appeared around 100.0 °C. The absence of a melting peak
for the drugs can be attributed to solubilisation of the drug crystals in the polymeric matrix
during the HME process (Alshahrani et al., 2015; ; Huang and Dai, 2014; Sarode et al., 2013).
Materials were granulated and sieved through a metallic mesh with an aperture of 3 mm, and
the process was repeated until all granules were of a uniform size to prevent feed related

surging during the FFF feedstock material manufacturing stages (Frankland, 2011).
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A second HME process was used to create a filament suitable for the FFF process. The barrel
of the second extruder was longer, and the screw has a configuration resulting in less shear
stresses being applied to the material as it travels forward to a specially designed nozzle
attachment. A more detailed description of the procedure for the fabrication of FFF filament
using this formulation is given in previous chapters. Among some of the findings was the
identification of the narrow range of mechanical properties that determined the suitability of
a formulation for FFF applications. Filaments obtained for the placebo and HCTZ blends within
the 1.75 mm + 0.10 mm dimensional window were put aside for FFF and strands outside of
this dimension were destined for characterisations tests or granulated for IM in the case of the
placebo blend. LOVA loaded formulation was immediately granulated after the second HME
step. DMA was used to compare how the formulation changed after being processed twice in
comparison to the single processing step from the earlier work. The Brostow-Hagg Lobland-
Narkis approach determined the brittleness of the formulation, and the values are presented
in Table 5.4.

Table 5.4 Brittleness (B) (%Pa) of extruded filaments at room temperature. B values are
shown as multiples of 10* for the convenience of the reader. Storage modulus (E’) was

obtained at room temperature at a 1 Hz frequency (n = 3). Strain-at-break (&,) was obtained
using a room temperature three-point bend testing (n = 5).

Formulation B (%Pa)(10%) £,(%) E’ (Pa)

Formulation (no
drug) after the first 0.139 72.23+6.7 99594 +1.9

processing step

Formulation (no

drug) after the
0.175 68.22+4.2 837.97+29.9

second processing

step

A brittleness value of < 2x10* %.Pa is required for a formulation to be suitable for the FFF
process (Chapter 3) and the formulation was below this threshold after two HME processing

steps. The reduction in the storage modulus (157.97 Pa) is believed to be a consequence of the
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two-step HME process creating polymer chain scissions and reducing the polymer molecular
weight (Gonzélez-Gonzalez et al., 1998). Materials during the HME process undergo thermal
and mechanical stresses that can cause degradation of the polymer chains, compromising the
performance of the matrix. Degradation was observed in the reduction in dynamic response
and strain-at-break for this particular formulation and experimental conditions between the

first and second processing step (Table 5.1).
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Figure 5.3 Melt flow rates of melt-blend formulations after two twin-screw HME steps

Along with brittleness, melt flow is another parameter crucial for efficient FFF printing. This
property relates to viscosity and it is affected by temperature. Wang et al. determined that a
formulation must have a minimum flow rate of 10 g/10min for FFF (Wang et al., 2018). The
incorporation of the two drugs had different effects on the formulation. LOVA had a plasticizing
effect, increasing the flow of material over the temperature range, while HCTZ had the
opposite effect (Figure 5.3) Reprocessing the samples did not have any apparent effect on the
thermal properties of the samples as shown in Figure 5.2 (b), all transition peaks remained with

no noticeable shift when compared to Figure 5.2 (a).

DMA temperature sweeps was utilised to evaluate the mechanical performance of the
samples along with thermal events and miscibility of ingredients. Figure 5.4 shows the DMA
analysis of drug-free and drug-loaded samples (n=3). HCTZ (Figure 5.4 (c)) had little effect on

the formulation when compared to the thermograph for drug-free in Figure 5.4 (a). However,
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there was the postponing of sample yielding for HCTZ loaded specimens. DMA can only be
performed on samples before the onset of softness (Menard, 1999). The extended test
temperature range for the samples loaded with HCTZ could be interpreted as an increase in
heat deflection temperature (Menard and Menard, 2015) which correlates with the observed

melt flow behaviour during the MFI test.
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Figure 5.4 DMA thermographs for formulations after two melt-processing steps,
displaying storage modulus (E’, green), loss modulus (E”, blue), and tan & (maroon)
across a broad temperature (°C) sweep: (a) No drug; (b) LOVA loaded formulation;

(c) HCTZ loaded formulation.

5.2.2.2 Fabrication of tablets.

HCTZ is administered in immediate release formulations once or twice daily, and the drug
half-life is 12 — 24 hrs when administered orally (Herman and Bashir, 2019). LOVA shows
promising enhanced health benefits when administered in an extended release fashion (Curran
and Goa, 2003). When combining this information with the previous experience on drug

delivery from IM and FFF tablets as shown in Chapter 4, it was sensible to use HCTZ in the 3D
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printed faster release layer and LOVA in the IM more sustained release layer. Two processing
parameters were evaluated for their effects on drug release without modifying tablet volume
and geometry. FFF infill percentage changes the exposed surface area, porosity and
permeability of the tablet (Konta et al., 2017; Palo et al., 2017; Yu et al., 2008), while IM
injection pressure modifies the tortuosity of the polymer molecular chains and matrix porosity
(Quinten et al.,, 2009a; Quinten et al., 2011). The fabrication of tablets was performed in
sequential stages of manufacture. Firstly the HCTZ loaded substrates were fabricated via FFF
and inserted into the mould cavity of the tablet mould tooling. The LOVA loaded formulation
was then injected into the tool in a molten state and allowed to cool, thus forming a bilayer

tablet.

Filaments loaded with HCTZ with a diameter of 1.75mm + 0.1mm were destined for the
fabrication of FFF substrates. The printing parameters were initially the same as the previous
work (Chapters 3 and 4), but the addition of HCTZ resulted in poor flow from the heated nozzle
using these conditions. Therefore, the hot-nozzle temperature was increased to 160 °C and
the consistency of the deposited layers improved, probably as a consequence of exceeding the
10g/10min melt flow rate threshold established by the work of Wang et al (Wang et al., 2018).
Tablets were fabricated using three different infill percentages (25, 50 and 100%). The base of
3D printed parts was in contact with a heated surface of the printing bed that increases the
adhesion of the part to the printed surface by relaxing the polymer. Although beneficial to the
success of FFF projects, this feature of the FFF process created disparities in the surface finish
in the printed tablet layer. Hence the rationale behind purposely facing the top of the 3D
printed layer in the injection direction to allow for the penetration of the molten material into

the void volume to promote layer-layer adhesion (Busignies et al., 2013; Castrati et al., 2016).

5.2.3 Physical characterization of bilayer tablets

Tablets were fabricated successfully as outlined. One of the first noticeable features of the
tablets was the ingress of the injection volume in and around the 3D substrate. In Figure 5.5
(c) and (d) an overmoulding event is observable, resulting from small dimensional deviations
of the 3D inserts which allow the injection melt volume to engulf the insert. This effect was
further aggravated by increasing injection pressure and any dimensional inaccuracy of the

inserts (Figure 5.5 (e) to (g)). From left-to-right, the samples were manufactured using a
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decreasing amount of pressure while all inserts were the same, and the parting line between

substrate and injection volume was more noticeable.

To understand the degree to melt penetration the cross-sectional area of bilayer tablets
were examined via SEM imaging and are shown in Figure 5.5 (h) to (p). The FFF printed patterns
are clearly distinguishable in one-half of the tablets; however, there seems to be a direct
correlation between injection pressure and injection volume penetration. Figure 5.5 (n) to (p)
shows that the melt penetration volume on injection tended to overmould instead of
penetrating the 100% infill FFF tablet layer insert. Also, the higher the injection pressure, the

greater the degree of overmoulding.
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Figure 5.5 Pictures of bilayer tablet produced using a multi-step manufacturing
procedure composed by FFF followed by IM. The FFF layer (a) is loaded with HCTZ
and the injected moulded half (b) is loaded with LOVA. (c) And (d) are images of the
side view of the tablet from batch 1. Second row of images represents 826 tablets
fabricated using different injection pressures :(e) 120 Bar (f) 60 Bar (d) 20 Bar. All
inserts are 100% infill. Scale line represents 10 mm. Figure 4 (h) to (p) are SEM
images of placebo bilayer tablets cross-sectional area: (h) batch 1, (i) batch 2, (j)
batch 3, (k) batch 4, (I) batch 5, (m) batch 6, (n) batch, (o) 829 batch 8, (p) batch 9.
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The adhesion properties at the layers’ interfacial is shown in Figure 5.6. The breaking force
between layers was selected as the highest value, and the displacement represents the
distance of vertical penetration before failure. These values are presented in Table 5.5. The
greatest deviation for forces and displacement were seen for tablets fabricated using 25% infill.
The trend is not linear and the forces observed are more consistent for tablets with 50% infill
when compared to 100%. For the displacement, the opposite finding was observed. |
hypothesize that the lower infill allows for greater penetration of molten polymer during the
injection cycle, as seen in Figure 5.5 (h) to Figure 5.5 (j). The level of penetration is visually

more prominent for these tablets when compared to those depicted in Figure 5.5 (k) to (p).

150+

Batch 1
Batch 2
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Batch 8
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6

Displacement (mm)

Figure 5.6 Stress-Strain curves obtained from the interfacial layer separation test for all
tablets

The higher and more stable breaking force for batches 4 to 6 (Figure 5.5 (k) to (m)) could
also be explained by this phenomenon, a more compact internal structure for the 3D inserts
will increase the tablets’ mechanical integrity (Kanger et al., 2017) in combination with a
degree of melt penetration. For batches 7 to 9, melt volume penetration was impossible due
to the absence of void spaces for inserts fabricated using 100 % infill (Figure 5.5 (n) to (p)), and
some overmoulding was present. This lack of penetration explains the smaller total
displacements for these tablets but also the smaller forces when compared to batches 4 to 6.
Batch 7 could be considered an outlier for its higher breaking force, and larger sample size
should be analysed to confirm this. The hardness properties of the tablets were all in excess of
460 N, which is the limit of the test machine with little or no deformation and no breaking. The
mass of FFF layers increased with infill percentage as to be expected (data not shown), and the

average mass for all batches was 348.84 mg (Standard deviation: 10.94 mg).
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Table 5.5 Force necessary to break tablets along the interfacial contact surface between layers
along with the displacement at the end of the test. Mean values presented (n: 5). Error values
are standard deviation.

Breaking force (N) Maximum Displacement (mm)
Batch 1 99.56 + 24.7165 4.805 +0.513739
Batch 2 113.8 +15.06529 4.026 £0.913138
Batch 3 67.79 £ 6.073029 3.461 £ 1.167218
Batch 4 100.5 + 55.66739 3.296 £ 0.52017
Batch 5 114.2 + 15.32889 3.508 £ 0.899449
Batch 6 106.7 + 25.64383 4,350 +£0.79012
Batch 7 100.6 + 31.15431 3.492 £ 0.31071
Batch 8 76.21 £ 26.63361 2.944 £ 0.627423
Batch 9 77.75 £ 16.61252 3.640 £ 0.65109

5.2.4 Drug dissolution

One of the obstacles of working with combination drug products is the possible interactions
between the active or excipient components of the formulation. The solubility of drugs was
expected to be increased via HME. The selected media for the previous work was 0.2 M
hydrochloric acid, pH 1.2 at 37 £ 0.5 °C as seen in Chapters 3 and 4 and it was attempted to
continue using this simulated fasten stomach conditions for the drug release studies described
herein. One complication is that LOVA was that it is administered in its lactone form and goes
through acidic hydrolysis in the stomach, turning into LOVA acid and further into its methyl
ester form (Huang et al., 2010). Figure 5.7 shows a chromatogram of a stock solution of LOVA
which was injected 6 times during a window of 72 hours. The overlay displays the changes over

time of LOVA lactase (circa nine minutes) to its acid (circa seven and a half minutes) and methyl
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ester (eleven minutes), and this process continued for the first two injections. The process
shifted into a reduction of the quantity of LOVA in all three forms. All compounds degraded
into products not detectable via the HPLC method used and the peaks almost disappeared by
the end of the 72 hour period. Since these transformation would hinder the quantification of
the release rate of the drug from samples, it was decided to use purified water and surfactant
in concentrations determined via preliminary screening trials to better understand the release
rate of LOVA. Using UV spectroscopy and stock solutions of solvent, dissolution media and
drugs, it was determined that HCTZ would hinder the detection of LOVA when both drugs are

suspended in the same media (Figure 5.8).
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Figure 5.7 Overlay of HPLC chromatographs of 6 injections of a stock solution of LOVA over a
72 hour period. Peaks are from left to right: LOVA acid, LOVA lactase, LOVA methyl ester
(Huang et al., 2010).

The equipment available for the HPLC studies allowed for the dual UV-wavelength method,
and the detector was set at 238 nm and 271 nm; a chromatogram of a solution of LOVA/HCTZ
1:1 w/w% in ACN ((0.5/0.5):1 mg/ml) can be observed in Figure 5.9. The selected solvent
gradient, injection and flow rate were fine-tuned during preliminary stages, and it was
successfully managed to reduce HPLC injection times for these solutions from 35 minutes to
11 minutes. Standard solutions of LOVA and HCTZ and a combination of both drugs were
analysed to determine any interactions and compare the detection capabilities to the runs of
the drugs alone. The R-square value for LOVA at the wavelength 238 nm was 0.98, and the

same result was obtained for HCTZ at 271 nm.
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Figure 5.8 Ultra-Violet wavelength scan of drug stock solutions (deionized water and
methanol in an 80:20 v/v% ratio). Black line is HCTZ, red is LOVA and purple is a solution with

both drugs in a 1:1 w/w% ratio. Left: Overlay of three scan. Right: All three individual scans.
Peaks observed for HCTZ: 315 nm, 271 nm and 224 nm; LOVA: 238 nm and 199 nm;
HCTZ/LOVA: 315 nm, 272 nm, 224 nm and 199 nm. All solutions had a 1 mg/ml

concentration.
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Figure 5.9 HPLC chromatogram of LOVA/HCTZ stock solution in ACN (0.5 mg of each
per ml of solution). (a) Chromatrogram at a detection waveleght of 238 nm; (b)
Chromatogram at a detection wavelength of 271 nm.
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In Figure 5.10 the release for both drugs over 72 hours is depicted. Over 50% of the drug
was successfully quantified in the media for both drugs and all batches except LOVA in batch
9. One of the first noticeable aspects in the Figure 5.10 is that both drugs had different release
ranges. HCTZ was contained to a smaller range than LOVA, similar to those expected for 3D
printed tablets (Goyanes et al., 2015e, 2014a; Prasad and Smyth, 2016). Whereas the influence
of injection moulding parameters was not documented in the literature as extensively in
comparison (Loreti et al., 2014; Quinten et al., 2011), and to the best of my knowledge injection

pressure has not been evaluated before in this context.
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Figure 5.10 Drug release profiles for both drugs and tablets in this study over a 72 hour
period.

In an effort to simplify the data and illustrate better the effects of the processes parameters

on drug dissolution, the average release was calculated based on infill percentages and
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injection pressures, and the results can be found in Figure 5.11. HCTZ behaves accordingly as
reported in the literature up to 24 hours, with the increasing infill delaying the release rate of
drug (Goyanes et al., 2014b) and 50% infill substrates surpassing those manufactured using
25% in terms of drug release at the 24 hours mark. This effect is believed to be a consequence
of injection melt penetration acting as a permeating barrier deferring media penetration. This
phenomenon was also at play for batches 1, 2 and 3 based on the slower release rate observed
when compared to 3DP tablets fabricated using the same printing parameters and formulation
as demonstrated in previous chapters. All substrates released over 40% of their drug content
after 24 hours but a different trend occurs subsequent to this time point. After two days, HCTZ
release began to slow down for the 25% infill due to the highest level of injection volume
penetration, which created a barrier for the dissolution media. At 48 hours the detected
quantities of the drug were 64%, 73% and 82% for 100%, 25% and 50% infill substrates

respectively, and these drug quantities reached 100%, 89% and 78% after 72 hours of testing.
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Figure 5.11 Drug release profiles for both drugs, averaged (n: 3) based on infill percentage for
HCTZ and injection pressure for LOVA over a 72 hour period.
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Injection pressure offered two different drug release profiles, a slower release for tablets
produced using the lowest pressure and a more sustained release for 60 and 120 bar. A Two
way ANOVA of these two latter curves showed no significant differences in the drug release
values (P > 0.05 at all time points). Tortuosity will affect the drug dissolution properties of the
polymer matrix directly (Chien, 2007), and in return the tortuosity can be increased by higher
processing temperatures and compaction force (Crowley et al., 2004) and porosity of the
matrix will also be decreased in relation to an increase in tortuosity (Young et al., 2002). The
initial intent was to control this matrix property using injection pressure and document the
extent of this phenomenon. However, the results suggest that other events are modifying drug
release for both drugs from the bilayer tablet. Total tablet volume, injection melt penetration
and FFF infill percentage all combine to control drug release from the bilayer tablets. SEM
images of tablets show a difference in inner structure, and cross-sectional area because of both
FFF infill percentage and IM injection pressure interactions and these changes are responsible
for the observed drug release profiles due to changes in the surface area to volume of the
substrates. It has been previously demonstrated that (i) tablets with a higher aspect ratio
(height-to-radius) had faster release rates and that (ii) for tablets with different volume, those
with smaller volume will exhibit faster dissolution rates because of their higher surface area to

volume ratio (Goyanes et al., 2015d; Reynolds et al., 2002).

Tablets fabricated using an injection pressure of 20 bar had the slowest release rate for
LOVA, and they follow a similar trend at different drug dissolution rates, with a steady release
up to 48 hours followed by a burst in drug release. Batch 4 was the slowest for the first 48
hours, releasing 19% of its drug content over 48 hours and 68% overall at the end of the test.
Batch 1 and 7 behaved similarly for the first 48 hours (24% and 29% respectively), and batch 7
was the only set to surpass the 70% drug release mark (76% after 72 hours). Batch 1 released
58% and batch 4 68% at the same time point. HCTZ substrates released over 95% of their
content after 72 hours, and the drug quantity rate followed the order 100% infill > 25% infill >
50% infill. The delayed release observed for tablets fabricated with 25% infill is believed to be
a consequence of infill collapse and injection melt volume acting as a permeation barrier for
the media, as it will present easier penetration for the melt during the injection step as it can
be observed in Figure 5.12 (a) to Figure 5.12 (c) when compared to Figure 5.12 (d) to Figure
5.12 (f).
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Figure 5.12 Drug release for both drugs for tablets manufactured using an injection
pressure of 20 bar and 3 increasing infill percentages along with SEM images of the
cross-sectional areas for all tablets , averaged (n: 3) based on infill percentage for
HCTZ and injection pressure for LOVA over a 72 hour period. SEMs (a), (b) and (c)
correspond to batch 1; (d), (e) and (f) correspond to batch 4; (g), (h) and (j)
correspond to batch 7.
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60 bar tablets drug release
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Figure 5.13 Drug release for both drugs for tablets manufactured using an injection
pressure of 60 bar and 3 increasing infill percentages along with SEM images of the
cross-sectional areas for all tablets , averaged (n: 3) based on infill percentage for
HCTZ and injection pressure for LOVA over a 72 hour period. SEMs (a), (b) and (c)
correspond to batch 2; (d), (e) and (f) correspond to batch54; (g), (h) and (j)
correspond to batch 8.
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An increase in the injection pressure resulted in the fastest release for LOVA. Applying an
injection pressure of 60 bar accelerated the drug release to a steadier dissolution over time as
can be observed in Figure 5.13. Batch 5 was the fastest during the first 48 hours of testing,
releasing a little over half its content after a day and over two thirds after two days, finishing
with 90% of its drug content released. Batch 2 had the highest release overall, a 99% drug
released over three days, and at time points 24 and 48 hours drug quantities are 40% and 67%
respectively, in contrast, batch 8 had 34% and 59% of its drug content released at the same
time points concluding with a total drug release of 88%. A similar trend for HCTZ substrates
was noticeable when comparing tablets made using 60 and 20bar. 100% infill had the slowest
release rate after 72 hours (74%) followed by 25% infill (84%) whereas substrates fabricated
using 50 % infill had all of drug content released at this time point. Batch 2 released 60% of its
content after 24 hours compared to 55% and 39% for batches 5 and 8. The drug release rate
slowed down, and after 48 hours, batch 5 overtakes batch 2 in total drug released sitting at

79%.

In contrast, batch 2 and batch 8 had released 75% and 65% of their content after two days.
The opposite effect was observed for LOVA on batches 2 and 5, and it is assumed that the same
mechanisms explained above are acting over these tablets for both LOVA and HCTZ. A higher
force resulted in slower release rates for HCTZ for batch 2, 5 and 8 if compared to batch 1, 4
and 7 due to a combination of increased tortuosity and smaller surface area (substrate) due to

the higher area covered by the injection volume at higher injection pressures.
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Figure 5.14 Drug release for both drugs for tablets manufactured using an injection
pressure of 120 bar and three increasing infill percentages along with SEM images of
the cross-sectional areas for all tablets, averaged (n: 3) based on infill percentage for

HCTZ and injection pressure for LOVA over a 72 hour period. SEMs (a), (b) and (c)
correspond to batch 3; (d), (e) and (f) correspond to batch 6; (g), (h) and (j)
correspond to batch 9.

The highest injection force used in this study displays a similar tendency in the order of drug
released over time (Figure 5.14). Batch 6 sits highest for LOVA release at all-time points of the

test, with batch 3 behaving somewhat similarly to batch 1 and 2 for the same drug with a slow
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release for the first 48 hours ending in a rapid release between this time point and the end of
the test. As for batch 9 LOVA, the drug release rate was the slowest in this whole project, with
an average of 13%, 29% and 46% release after 24, 48 and 72 hours respectively. As for the
drug-loaded 3D printed inserts, HCTZ was released following a tendency of increases in infill
percentages delaying drug release (Chapter 4) but the differences between batches 3 and 6 in
drug release over time are non-significant, and the same can be said for batch 9 up to 48 hours
(P > 0.05). All substrates release at least half of their content after one day. Batch 3 released
60% and 72% drug release after 24 and 48 hours. In comparison, batch 6 averaged 51% and
66% while batch 9 had 48% and 65% of its drug content for the same time points. After 72

hours, the released drug were 96%, 95% and 74% for HCTZ in batches 3, 6 and 9 respectively.

It is hypothesised that the injection volume distribution holds the explanation for the
observed drug release profiles. SEM of the cross-sectional area of tablets shows that for
samples with 50 % infill ((d), (e) and (f) in Figure 5.12 to Figure 5.14), the injection volume
tended to cover the outer surface of the substrate, whereas the samples 25 % infill ((a), (b) and
(c) in Figure 5.12 to Figure 5.14), the volume penetrated closer to the core covering a greater
area. Therefore, the dissolution media will be in contact with a greater surface area for LOVA
for batches with higher infill at the beginning of the test, explaining the faster release for the
first two days and secondly, the height of the cross-sectional area of the tablet is higher for
tablets with the lower infill, which results in a higher aspect ratio, thus accelerating release rate
once the media reaches the inner core of the tablets (Goyanes et al., 2015c; Siepmann et al,,

1999).

5.3. Conclusions

3D printing of pharmaceutical applications could be one of the key-enabling technologies
for the personalization of medicine. However, it is a slow process that cannot compete directly
with more established processes for the production of tablets. IM easily matches the high-
volume production capabilities of the tableting industry but modifying drug release, and
sample geometry is an expensive and slow process. Mass-customization is currently being
explored in manufacturing industries as a means of providing consumers with bespoke
products but at the reduced costs associated with high-volume production. The merging of a

highly modifiable production method with a rapid autonomous process would allow for both
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personalization and high-volume production, and it was the driving idea behind this body of

work.

FFF was successfully integrated with IM for the first time in the production of a bilayer tablet
that released two CVD drugs. This work has demonstrated that such an approach is possible,
but it is fundamental to control the surface area-to-volume ratio to control drug release from
the 3D printed layer. While the work has focused on the production of bilayer tablets, the
hybrid manufacturing approach could also be utilized for single drug tablets in which the bulk
of a tablet can be produced via high-volume IM processing and the tablet personalized via the
addition of a 3D printed component or layer which provides the personalized dose. Thus,
developing strategies for the mass-customization of drug dosage forms presents an exciting
opportunity. Exploring, exploiting and cataloguing the intrinsic parameters of this
manufacturing strategy could contribute to reducing the gap separating current

pharmaceutical technologies from achieving the goal of personalized medicine.
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Chapter 6

Conclusions
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The main objective of this study was to evaluate melt-processing techniques for the
customisation of solid dosage forms. The processes chosen were hot-melt extrusion (HME),
injection moulding (IM) and an extrusion-based version of additive manufacturing called fused-
filament fabrication (FFF). The project was divided into three stages, first, it clarified the
mechanical and thermal properties necessary for a pharmaceutical grade formulation to be
adapted for FFF process with limited intervention from the operator. Simultaneously, a
troubleshooting guide was derived to adapt novel polymeric formulations to FFF applications.
Secondly, it was decided to directly compare solid dosage forms fabricated using FFF to those
made via the gold standard of the tabletting industry, direct compression (DC), and IM that
offers similar production volumes to those of the current solid dosage form production

industry.

Three parameters of FFF were varied to evaluate their effect on the pharmacokinetics of
the model drug caffeine in vitro. These parameters were infill percentage, layer height and infill
pattern. The tablets were compared based on production method or FFF parameters. During
the third and last stage of this project, FFF and IM were combined for the fabrication of tablets
loaded with model cardiovascular disease drugs (CVD) in order to overcome the intrinsic
drawbacks of these two melt-processing processing techniques and compliment their
advantages, namely customisation and high production volume respectively. The objective was
to create a manufacturing platform for the mass-customisation of solid dosage forms based on
hybrid manufacturing (FFF-IM), building on top of the discoveries from preceding project
stages. FFF has low production times hindering its applicability in modern tablet fabrication
which is capable of producing thousands of dosage units per hour; whereas IM lacks the ability
to be customised in a reactive way limiting its implementation for the personalisation of solid
dosage forms. The last chapter explores the combination of these manufacturing processes for
the production of bilayer tablets, their physical and pharmaceutical properties and elucidates
factors dominating the observed characteristics of these tablets. In the following text, the main
findings of each one of these phases will be presented creating a summary of what | believe

are the contribution of this PhD to the body of knowledge.

HME was implemented to melt compound novel formulations of thermoplastics used in FDA
approved drug delivery applications. These formulations were extruded in the shape of

filaments with the intention to be used as feedstock material for the fabrication of tablets via
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FFF. Kollidon VA64 (PVP-VA), a vinyl-pyrrolidone vinyl acetate copolymer, was chosen as the
main carrier since it is compatible with both HME and DC. This polymer was mixed in different
ratios with Polycaprolactone (PCL), which is a polymer used in extended drug delivery
applications and it is a stock material for FFF. Two plasticisers, Kolliphor P188 and Polyethylene
oxide (PEO) (MWT: 300000) were selected to improve the mechanical properties of the
formulations and overall feasibility of the process. Caffeine was included as a model drug to

evaluate drug release properties in vitro.

Motor torque was recorded during the processing of all binary and ternary blends and the
highest reduction of this value was seen when the concentration of PVP-VA was equal or
smaller than 60% indicating a reduction of viscosity. This is confirmed by the increases in melt-
flow rates (MFR) for the formulations, where all three, PCL, PEO and kolliphor P188 increased
the MFR of PVP-VA. The presence of PEO greatly reduced surging, increasing the dimensional
consistency of the extrudates which is a crucial property for FFF feedstock material. The
addition of PCL greatly improve the flexural properties of PVP-VA by reducing the material’s
stiffness, this effect was limited up to 20% PCL at which point the reduction of stiffness was
not significant for binary formulations of PCL-PVP-VA. Kolliphor P188 and PEO had a similar
effect. Brittleness of PVP-VA was reduced by the incorporation of PCL and PEO and increased
by Kolliphor P188, and the greatest reductions for this property were observed for ternary
formulations and a combination of PVP-VA-PCL in a proportion of 6:4 (w/w). The blends were
partially miscible as all thermal transitions were observed when thermally characterising the
formulations. The degree of miscibility was enough to allow the polymers to mix into a
monophasic blend at the macro level, and this effect was better observed for ternary blends

exhibiting the greatest improvements for mechanical properties.

The production of full batches of solid dosage forms in the shape of flat-faced tablets was
attempted following the characterization of all fabricated formulations. Out of eleven
formulations, only three were successfully adapted for FFF and only one offered the desired
feature of allowing for a full batch print with no intervention for the operator once the
production of tablets was initiated. The three main properties that all these formulations
shared in common are a brittleness below 2 %pa (1074), MFR above 6.93 g/10min and a
stiffness below 10000 N/m although the best formulation found in this study had a stiffness

value significantly lower by a magnitude of 10, setting the ideal range for this value below a
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1000 N/m. Other ideal values were found to be a MFR equal or greater than 10 g/10min and a

filament diameter tolerance of + 0.05 mm.

Since the ideal range of mechanical and thermal properties of materials for FFF were now
defined, the drug release properties of these tablets was evaluated and compared to samples
fabricated using direct compression in vitro. Three new formulations were processed with 5 %
caffeine (w/w) incorporated and 10 % PEO (w/w) to increase dimensional accuracy via reduced
extrusion surging. Differential scanning calorimetry (DSC) runs show no melting peak for
caffeine for melt-compounded blends suggesting the formation of a solid amorphous
dispersion during the HME process. All formulations were both DC and 3D printed and for
formulations composed by less than 40% PVP-VA there is a significant retardation of the
caffeine release. All direct compressed tablets had quickest release of all processes whereas
two FFF tablets released their drug content over 8 hours or longer depending on formulation
inferring an opportunity for manipulating drug release via processing methods. The hot-end
extruder hardware for this particular type of FFF printer was divided into three zones followed
by linking certain materials properties to the particular zones where they would exert most
influence. This serves as a guide for identifying possible solutions when adapting new

formulations for FFF applications based on the location and nature of the complication.

Once a formulation compatible with FFF and DC was identified, caffeine loaded flat-faced
tablets were fabricated using a varying range of FFF production parameters (infill percentage,
infill pattern and layer thickness/height) to study and contrast their effects on tablets
properties against the industry gold standard. The melt-processing technique IM was also
included in this study, since it offers a melt processing technological platform for the
production of tablets in volumes comparable to those of the current pharmaceutical industry.
Particle size differences for the four formulation ingredients has a detrimental effect on the
compactability of this formulation. The coarse appearance and failing the friability test
confirms that this formulation is not suitable for the DC of tablets. In contrast, all tablets
fabricated using melt processing techniques possess physical integrity to pass the friability test
and deform instead of breaking during the tablet hardness test. The mass of the tablets varied
significantly depending on production method. As for the effects of FFF parameters on weight
variation, infill percentage offered the most modification of this property followed by infill

pattern and layer height variations offered no significant changes in the mass of tablets.
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Melt processing of this formulation resulted in a homogenous drug loading as confirmed via
high-performance liquid chromatography (HPLC) with IM and all FFF tablets displaying drug
content uniformity according to the USP standard; in contrast, DC samples failed to achieve
the drug content consistency to be considered homogenous. Simulated fasten stomach
conditions were utilised to evaluate the drug release properties of tablets in vitro. Tablets had
a more sustained drug release when melt-processed, with the quickest drug release observed
for tablets fabricated via FFF using the highest layer height (79.85% drug release after 8 hours).
In comparison, compressed tablets released roughly the same amount of drug in half the time
and IM tablets had the slowest of all drug releases with only 63.57% caffeine present in the
media after 48 hours. It is possible to regulate the release rate by tweaking the different
parameters of a FFF process. For FFF tablets, the drug release rate is accelerated by higher
layer heights and lower infill percentages and the greatest degree of customisation was
observed when varying the infill percentage. Although a much slower process than DC or IM,
FFF has an edge over these techniques since the tailoring of caffeine release was achieved
without any changes to infrastructure, formulation or equipment, making it strongly suited

candidate for the personalisation of solid dosage forms.

Combining IM and FFF for the fabrication of a single dosage form in a process that overcame
both of the main drawbacks of these processes, limited customisation and slow production
times respectively. The approach consisted in the FFF of drug-loaded half-tablets, which were
inserted into a mould cavity with the other half of the tablet inject moulded on top of it. This
allows to combine different tailored therapeutic performances while simultaneously
accelerating production times. In order to explore customisation venues, one parameter per
process was varied. Infill percentage was chosen for FFF inserts since this property showed the
biggest effect on drug release properties in literature and previous stages of this project and
injection pressure, an IM parameter controlling the amount of energy exerted on the material
when fabricating a part was selected based on its theoretical effects on porosity and tortuosity
of the polymer chains. Two CVD model drugs were selected for this stage of the project,
lovastatin (LOVA) and hydrochlorothiazide (HTCZ). The former sees beneficial effects when
administered in a sustained fashion whereas the latter is administered in a more quick release

strategy. With this in mind, HCTZ was determined to be 3D printed and LOVA injection moulded
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based on the previous results comparing drug release curves from tablets fabricated via these

processes.

The formulations were examined using DSC and dynamic mechanical analysis (DMA) after
each of the two HME processing steps. DSC analysis shows no difference in thermal transitions
between the first and second manufacturing steps, which is a sign of no degradation. There is
also the disappearing of the melt peaks for both LOVA and HTCZ drug loaded formulations
meaning the possible formation of a solid amorphous dispersion or dilution of the drug in the
polymer matrix at the molecular level. DMA analysis do display a reduction of the elastic
response and elongation at break for formulations after the second melt-compounding
process, as a consequence of chain scissions occurring and a reduction of molecular weight
due to the thermal and shear stresses during HME. This change was not, however, big enough
to render the formulations incompatible with FFF applications as the brittleness value was
below 2 %Pa 10*. Drugs affected the rheological properties of the material in two opposite
ways, with LOVA plasticising the formulation and HCTZ decreasing the MFR properties of the
polymer blend. This behaviour was also observed in the DMA results, with samples loaded with
HCTZ having a higher yield temperature when compared to LOVA-loaded and placebo samples.
The decrease of MFR for the HCTZ-loaded filaments was significant enough to require an
increase of 10 °C of the 3D printing nozzle temperature to break the MFR threshold found in

the literature.

Fabrication times were successfully accelerated via this strategic approach. 142.5 minutes
were necessary to fabricate 30 bilayer tablets by combining these methods. In contrast, the
same number of tablets with the same formulation and dimensions would have taken 240
minutes via FFF. This time could be further reduced by using more than one 3D printing
machine simultaneously, a bigger IM machine capable of using higher injection volumes per
shot and/or equipping the IM with a tool with an increased number of cavities to produce more
tablets perinjection. Over the space of a day, time savings accumulate and the implementation
of these suggested strategies on an industrial setting could be further accelerated by setting
up automated production lines where robotic arms automate the bridging between FFF and

IM.

The external appearance of tablets and the differentiation of the individual layers

composing the solid dosage form was dependent of the injection pressure and infill percentage
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selected. For low infill and low injection pressure, a clear dividing line is observable, whereas,
the increases of infill percentage and injection pressure pushed more volume to the outer
surface of the tablet, resulting in an increasing engulfing of the FFF insert by the injection
volume. SEM of cross-sectional area of tablets confirms that there was a relation between
injection pressure, infill percentage and the distribution of injection volume in the tablet. Low
infill offered less resistance and more void volume for the injection volume to penetrate closer
to the core of the sample, with the degree of penetration being proportional to the injection
pressure. Medium infill offered a better structured network of material that pushes the
injection volume towards the outer layers of the tablet, creating a bow! with the centre being
the core of the FFF insert, the thickness of the outer walls and the amount of material invading
the insert was also dependent of the injection moulding pressure. The highest infill percentage
saw these two effects accentuated, the injection volume for the lowest infill penetrated the
centre of the FFF insert reaching closely the opposite side of the 3D printed layer. Inserts with
a medium infill percentage and the highest injection pressure experienced a greater degree of
penetration on the outer area of the FFF insert as well engulfing of the core. These effects are
magnified by imperfections on the finished inserts, which are a consequence of variations in
the diameter of the feedstock filament used in the FFF process. There is no linear correlation
between the infill percentage and injection moulding pressure properties and the necessary
force to break the layers of the tablets at their interface, although this is hypothesised to be
related to sample-to-sample imperfections skewing the results and it does not compromise

the physical integrity of the tablets as hardness tests correlate.

The quantification of dissolved LOVA and HCTZ in aliquots from dissolution testing of
samples required the physical separation of drug molecules since HCTZ would shadow the
detection peak for LOVA when determined using Ultraviolet (UV) visible spectroscopy
techniques. It was possible to have dual detection of both samples via HPCL using a dual-
wavelength UV spectrometer after a method was developed based on stock solutions
containing both drugs simultaneously. Dissolution testing over 72 hours of LOVA and HCTZ
resulted in a variety of release curves depending on the combination of injection pressure and
infill percentage and how both parameters affect the inner architecture of tablets. During the
injection moulding step, the degree and distribution of the injection volume penetration was

dependent on the level of inner infill of the 3D insert. The effects of this phenomenon on drug
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dissolution are dominated by changes of aspect ratio, volume and permeability to dissolution
media. HCTZ was released at the slowest rate from inserts made with 100% infill because the
structure of the layer prevents any melt to penetrate during the injection moulding process,
creating two distinct and separate arrangements for both drugs. The HCTZ release from tablets
made with 25% and 50% infill was comparable during the first 24 hours at which point it is
believed the penetration volume distribution slowed down the drug release for the former
and/or accelerated for the latter. The inner volume at the core of these inserts was penetrated
by the injection volume for 25% infill, acting as a permeating structure slowing down the
release of HCTZ. In contrast, when the infill was 50%, the injection volume is pushed to the
outer area of the tablet, creating a core with a higher exposed surface area, which accelerates

the HCTZ release after certain time threshold when the media reached this core.

As for LOVA, the lowest injection pressure offered the slowest release, with a defined trend
of about 20% of drug content released over 48 hours followed by a sharp increase in drug
detected after this point. The quantity of drug detected in the media increased by a factor of
two after 72 hours when compared to the amount present after 48 hours. Increasing the
injection pressure to 60 bar increased the release of LOVA, this was due to an increment of the
height-to-radius ratio as a consequence of the injection volume having a greater degree of
penetration because of the increase in force applied during manufacturing. The engulfing and
core penetration phenomenon was evident in the drug release curves as LOVA was released
faster for the first 48 hours from tablets made with 50% infill inserts when compared to those
made with 25% inserts. For 100% infill, tablets had the slowest release for 60 bar injection
pressure as the inserts packs tightly the injection shot, increasing the tortuosity of the polymer
matrix and reducing the drug release rate. The highest injection pressure (120 bar) has a similar
trend to that of tablets manufactured using 60 bar, although the effects are magnified. Most
of the injection volume goes into the core or outer areas (25% and 50% infill tablets
respectively) creating a slower release followed by a burst for the former and a fast release
overall for the latter. This phenomenon is understood to be a result of the order of which
matrix (IM or FFF) is in contact with the media first, since all the injection volume goes to the
outer layers for tablets made with inserts having 50% infill, LOVA will be diluted faster when
compared to tablets where the media has to penetrate through a greater area (25% infill

tablets). The tendency of tablets made with a 100% infill having the slowest release is also true
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for this batch; batch 9 had the slowest LOVA release of all tablets in this project, highlighting
the effects of tortuosity on the matrix and how it slows down the drug release rate when the
penetration and distribution of the injection volume are kept constant. These effects could be
further exploit to customise drug release profiles of bilayer tablets using a combination of FFF
parameters and Injection moulding pressures, given that the penetration and distribution of

the injection volume is controlled.
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Chapter 7

Future work and recommendations
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7.1 Future directions

The main objective of this PhD was to introduce new manufacturing technologies and
strategies for the production of solid dosage forms with a focus on reactive customization to
contribute into fulfilling the promise of customised medicine. To this extend, the work
presented herein satisfied this purpose. It is my belief that there were important contributions
made to the common human body of knowledge, elucidating plausible venues for introducing
novel polymer processes and strategies for the production of solid dosage forms in a patient-
tailored fashion. This was not without its limitations. Below the reader can find
recommendations for continuing on expanding on the findings of this project, along with a
selection of insights the supervising team and myself gained reflecting on the several

outcomes/hurdles of this PhD.

During the adaptation of formulations for extrusion based 3D printing, specifically FFF, one
of the most crucial aspects to consider is a proper manufacturing setup which enhances the
consistency of the filament diameter. Twin-screw extruders are prone to surging, which results
in imperfections in the printed products and as a worst case scenario in full printing project
failure. Further investigation on single drug tablet properties should had been prioritised as a
follow up study, perhaps as a second or third phase in the context of this project, this would
allowed to design a more robust multi-step fabrication study when combining 3D printing and
injection moulding, preventing the variability on drug dissolution observed due to the nature
of the inner tablet structure. In the same vein, phenomena observed as a consequence of
interaction between injection pressure and injection moulding during the third phase of this
study should be catalogued in a more rigorous manner, expanding on the possibility of
controlling or preventing the formation of inner architectures dominating tablet properties.
Other possibilities would involve the fabrication of microcellular foams to alter the release rate
of tablets fabricated via injection moulding to increase drug release rates observed. During the
design stages, drug screening processes should be set in place to foresee any interaction or

complications when quantifying and determining drug release from the polymer matrix.

Future work should evaluate the possibility of overprinting, a reverse process to that
presented in phase three of this project, as a possibility for the mass customisation of drug
dosage forms. Other unexplored areas involve multiple drugs in a single polymer matrix and

how different manufacturing processes and their intrinsic parameters affect the tablet
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properties. Other recommendations would involve higher drug concentrations to break the
30% w/w drug loading threshold encounter by formulations fabricated via direct compression.
An exploration on different solid dosage form geometries and routes of administration remain
exploitable for researchers, the mass-loss study from phase one suggest the possibility of
implants as a commercialisation avenue for this formulation. A multi-material, multi-drug
approach could also expand on the different customisation strategies available when exploiting
3D printing and injection moulding, both as singular or multi-step manufacturing strategies for

the fabrication of solid dosage forms.

The limits of human knowledge lay on the horizon, always escaping those who chase it.
Every new enterprise will expand on our understanding of the world and at the same time
elucidate more unknowns to be explored. Contributions made to the literature during this
project show different approaches to solve the paradox of mass-production for the individual,

and it is my hope that it could pave the way towards the future of medicine.
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Appendices.

| Chapter 3
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Figure A.3.1 Physical appearance of filaments from select formulations made via hot-
melt extrusion
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Figure A.3.2 Crush test results for all batches. Bars present the mean value necessary
to break samples in filament form under compressive stresses. Error bars represent
SD
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Figure A.3.3 Melt Flow Index (MFI) for all batches for a range of temperatures. Test was
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Figure A.3.4 Complex viscosity for all batches plus two constituent polymers, PVP-VA and PCL

after hot-melt extrusion. Y-axis is presented as a log function. Test was performed as

a temperature ramp using a 25mm flat plate geometry and constant oscilation rate

of 1 Hz. TA Instruments Discovery HR-2 rheometer. (n: 2)
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Figure A.3.5 3-Point-bending test results for all batches. Bars present the mean value

necessary to break samples in filament form under flexural stresses or maximum
deflection was reached (24mm). Error bars represent SD. Test was carried at a rate
of 1 N/min on a TA instruments Q-800 DMTA machine. (n: 10)
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Figure A.3.6 DMA thermograms for a select number of formulations displaying storage
modulus (E’), loss modulus (E”) and tan & across a broad temperature (°C) sweep: (a)
F1; (b) F3; (c) F5; (d) F8; (e) F10.
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Figure A.4.1 DSC thermographs for all batches manufactured via FFF
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Figure A.5.1 DMA thermographs for formulations after one melt-processing steps,
displaying storage modulus (E’, green), loss modulus (E”, blue), and tan §

(maroon) across a broad temperature (°C) sweep: (a) HCTZ loaded

formulation; (b) LOVA loaded formulation.
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Figure A.5.2 Tablet hardness test results for all infill/injection pressure combinations. Error
bars represent SD. (n: 5).
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Figure A.5.3 Weight uniformity studies for all infill/injection pressure combinations. Error bars
represent SD. (n: 10).
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Figure A.5.4 Percentage of mass lost after friability test for tablets.
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