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Thesis Summary

The recent years have witnessed the rise of three-dimensional printing (3DP) technologies
in several fields, spanning from healthcare to automotive and construction. In particular,
3DP has aroused much interest in pharmaceutics, mainly for its potential to deliver
personalised drug products on-demand, thus revolutionising the way medicines are
designed, manufactured, and dispensed.

Among the several 3DP technologies currently available, stereolithography (SLA) is
particularly attractive because of key advantages such as offering an unrivalled printing
resolution and compatibility with thermolabile drugs. On the other hand, since conventional
SLA 3D printers are designed to operate with large volumes of a single material, significant
throughput limitations remain. This, coupled with the limited choice of biocompatible
polymers and photoinitiators available, hold back the pharmaceutical development of such
technology. Furthermore, limited data on SLA 3D printed tablets physical properties are
available. Therefore, this research project aimed to address the abovementioned problems
using a step-by-step approach.

First, a novel SLA apparatus was developed to enhance throughput and improve
formulation development cost-effectiveness, thus enabling to use up to 12 different
materials simultaneously and reducing sample amount by 20 times. As a result, formulation
development cost was reduced by 95%. Then, such high-throughput SLA apparatus was
used to conduct a systematic printability screening on 156 novel photopolymer
formulations, to identify candidates with optimal printability for the subsequent drug
loading studies. Polyethylene glycol diacrylate 700 and diphenyl-(2,4,6-trimethylbenzoyl)-
phosphine oxide were identified as lead photopolymer and photoinitiator, respectively,
while propylene glycol was found to be a suitable liquid filler to be incorporated in the
photopolymer resin formulations. Lastly, 43 drug-loaded formulations containing
theophylline, warfarin, or warfarin sodium were 3D printed into solid oral dosage forms
and thoroughly characterised. Dosage forms’ physical properties, namely hardness and
friability, were found to be compliant with current Pharmacopoeia standards. Furthermore,
potassium bicarbonate was incorporated, for the first time, in the photopolymerisable resin
to tune drug release via effervescence in the acidic simulated gastric medium.

In conclusion, the findings of this research indicate that SLA 3D printing can be
successfully used to manufacture quality solid oral dosage forms loaded with clinically
relevant drug dosages, with the potential to deliver personalised medicine at the point of
care.

Key Words:
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in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n =
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in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD
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INTRODUCTION
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1.1 Background

The 20" century was marked by revolutionary breakthroughs in the medical field, that
allowed humanity to effectively fight diseases previously left untreated. The introduction
of drugs capable of preventing or treating infectious, cardiovascular, and oncological
diseases, to mention a few, has led to a significant increase in life expectancy, representing
a remarkable triumph for scientific progress. Today, the advent of digital healthcare opens
the doors to a new era in the history of medicine. Advanced pharmaceutical products and
cutting-edge technologies are driving a paradigm shift in pharmacotherapy, moving from
a one-size-fits-most approach to patient-centred personalised medicine. This concept is
increasingly being embraced by Health Services, which acknowledge the link between
personalised medicine and improved therapeutic outcomes (Graham, 2016). Clearly, every
innovation requires the right technology, and the digital revolution offers a unique
opportunity for the development of a novel, integrated model of healthcare, spanning from
smart diagnosis to the manufacturing of tailored medicines. Within this broad context,
three-dimensional printing (3DP) has aroused much interest due to its large flexibility,
making it an effective tool to fabricate bespoke drug delivery devices (Goole and Amighi,
2016). As such, this research project aims to shed light on the pharmaceutical application
of Stereolithography (SLA) 3D printing, with a focus on solid oral dosage forms. Such
advantageous technology holds the potential to revolutionise the way medicines are
designed and fabricated, and it is of particular importance to understand what challenges
need to be addressed to allow its deployment for the preparation of personalised drug
products in a clinical setting, and what opportunities can be seized to fulfil the most

important of all tasks: improving people's lives.
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1.2 The oral route for drug administration

Effective pharmacotherapy requires that adequate concentrations of the administered
drug(s) reach the target site. This is the main focus of drug delivery; the science offering a
wide range of solutions, spanning from pharmaceutical formulation to manufacturing
techniques and storage systems, to ensure efficacy and safety of medicines. To be effective,
medicinal products must be designed specifically, and administered through appropriate

routes.

For most drugs, the oral route can be often employed with success. It is a natural way to
introduce medicines in the human body and is well-established in clinical practice due to
its convenience; it is, in fact, pain-free and easy to use and therefore is well accepted by

patients.

When a medicine is administered per os (from Latin ‘by mouth’), drug molecules are
released and absorbed in the gastrointestinal (GI) tract. Such processes, crucial for good
therapeutic efficacy, are in some cases prevented. For example, degradation in the acidic
environment of the stomach, and first-pass effect are typical causes of reduced efficacy.
This points out how important it is to design and develop dosage forms after careful
consideration of the physicochemical properties of the active pharmaceutical ingredients

(API).

The following subsections provide an overview of oral drug delivery, with a focus on

dosage forms available for oral administration.

1.2.1 The gastrointestinal tract: anatomy, physiology, and drug absorption

Food, drinks, and any product that is ingested necessarily pass through the GI tract. This
also applies to medicinal products which, taken orally, exploit the sophisticated physiology
of the GI tract for the absorption of the APIs. In fact, unlike other routes of administration

(e.g., the parenteral route), drugs taken orally must be absorbed in order to reach the
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systemic circulation and be distributed to the body tissues to accomplish their therapeutic

action.

The human GI tract consists of a muscular tube with an approximate length of 6-9 meters
and a rough lumen increasing the surface area for absorption (Hounnou et al., 2002; Aulton
and Taylor, 2017; Hua, 2020). The GI tract originates in the mouth and terminates with the
anal cavity and is made up of four main anatomical areas known as oesophagus, stomach,

small intestine, and large intestine (figure 1.1).
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Figure 1.1. The gastrointestinal tract anatomy. Figure reproduced from Aulton (2017).

The oesophagus connects the mouth to the stomach via the cardiac orifice, and allows for
rapid transit of dosage forms, usually within 20 seconds (Channer, K. S., & Virjee, J. P.,

1985).

The stomach follows the oesophagus, thus acting as a receiver compartment of swallowed

food and medicines. It has a capacity of approximately 1.5 L and contains varying volumes
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of secretions. Such secretions include hydrochloric acid (keeping the pH between 1.0 and
3.5 in the fasted state), gastrin (stimulating the secretion of acid and pepsinogen), pepsin,
and mucus (protecting the gastric mucosa from the erosive action of acids and pepsin)
(Schubert, M. L., 2016). Gastric absorption of drugs is limited due to the reduced surface
area available. A certain extent of delayed release action is accountable to the gastric
emptying rate, which is highly variable depending on the fasted/fed state of the stomach
and the type of dosage form administered. In general, gastric residence time spans between

5 minutes and 2 hours (Kumar and Philip, 2007).

Partially digested gastric content reaches the small intestine via the pyloric sphincter. The
small intestine consists of three sections named duodenum, jejunum, and ileum, and is
responsible for digestion and absorption. Indeed, it has a huge surface area (circa 200 m?)
magnificently obtained thanks to structures like the folds of Kerckring, villi and microvilli,
and is richly supplied by blood vessels (Brocchi, E., Corazza, G. R., Caletti, G., Treggiari,
E. A., Barbara, L., & Gasbarrini, G., 1988). As a result, the small intestine is the best site
available for absorption of both food nutrients and drug molecules. Compared to the
stomach, the pH in the small intestine is kept between 6.0 and 7.5 by the secretion of
bicarbonate (from Brunner's glands), mucus, enzymes, pancreatic secretions, and bile,

while the typical transit time ranges between 3 and 4 hours (Krause, 2000).

The final portion of the GI tract is represented by the large intestine, also known as colon.
The colon, characterized by a smaller surface area than the small intestine, is mainly
responsible for the absorption of sodium and chlorine ions, and water, and for the storage
and compaction of faeces (Sandle, G. L., 1998). The pH of the first portion of the colon is
between 6.0 and 6.5 due to the presence of acid metabolites produced by the local
microbiome and increases up to 7.0 - 7.5 in the distal tract. Transit time throughout the
colon is typically between 12 and 36 hours, although it can be highly variable (Arhan, P.,

Devroede, G., Jehannin, B., Lanza, M., Faverdin, C., Dornic, C., ... & Pellerin, D. 1981).
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1.2.2 Oral dosage forms

Oral dosage forms are mainly classified as solid and liquid formulations. In general, solid
dosage forms share the advantage of offering high dosing accuracy, ease of transport and
storage, and greater stability, while liquid formulations provide good dose flexibility and

are easy to swallow (Mohammed and Russell, 2012; Lajoinie ef al., 2017).

1.2.2.1 Solid oral pharmaceutical formulations

Principal solid oral dosage forms include powders, granulates, tablets and capsules, which

will herein briefly described.

Powders are defined as blends of at least one API and one or more excipients, and they
represent both a finite and an intermediate dosage form (Stranzinger ef al., 2021). Powders
can be packaged in sachets or bottles for extemporaneous preparations such as solutions or

suspensions (Mohammed and Russell, 2012).

Granulates, similarly to powders, are both a finite and an intermediate dosage form. They
are produced via dry or wet granulation, and are mostly used in the manufacturing of tablets

to avoid flow properties issues typical of powders (Prescott and Barnum, 2000).

Tablets refer instead to a wide range of solid oral dosage forms offering patients an easy
form of self-medication. They are designed in different shapes and colours to be easily
distinguished, which is particularly important for specific patient groups such as the
elderly, carrying the burden of polypharmacy (Hajjar, Cafiero and Hanlon, 2007; Z. B.
Shariff et al., 2020). Tablets are mainly produced by compression of powders or granulates
(Herting, M. G., & Kleinebudde, P., 2007) and can subsequently be subjected to further
processes (e.g. coating). According to their processing and destination of use, tablets can

be classified as following:
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Compressed tablets, produced by compression of granulates and designed to
immediately release the API. Once swallowed, such tablets disaggregate in the stomach
enabling the API to dissolve and be absorbed to pass through the blood stream.

Direct compressed tablets, manufactured by simply compressing an homogeneous
mixture of powders, thus representing a more convenient process with fewer steps
besides the elimination of heat and moisture related issues (Jivraj, Martini and
Thomson, 2000).

Effervescent tablets, designed to be placed in water where they disintegrate quickly to
produce a solution of the API. The effervescence is obtained using a mixture of organic
acids and (bi)carbonates reacting in water. As they are not intended for swallowing,
the size of effervescent tablets is typically larger than conventional tablets, therefore
higher amounts of API can be loaded. Their main advantage relies in avoiding the
disintegration and dissolution steps to happen in the human body so the API can be
rapidly absorbed, resulting in a faster onset of action (Rygnestad, Zahlsen and Samdal,
2000).

Coated tablets, featuring several advantages including easiness of swallowing, masking
of unpleasant odour and taste, protection of the API from degradation, and targeted
drug release. Sugar coating was the first method to be introduced, aiming to provide
tablets with an elegant appearance and to mask bitter taste (Ohmori ef al., 2004), while
film-coating represented its evolution. With its excellent properties, such as limited
size increase and good taste masking, film-coating is currently the ‘gold standard’ in
coating of solid oral dosage forms. By varying the selection of polymers, film-coated
tablets with different properties can be obtained. For example, methacrylic acid/methyl
methacrylate copolymer is used to formulate enteric-coated tablets because it is only
soluble in the alkaline environment of the intestinal lumen (Ozturk et al., 1988). This
allows to deliver acid-labile APIs, and to protect the gastric mucosa from drug induced
irritation (Ozturk et al., 1988).

Orally disintegrating tablets (ODTs), specifically formulated to rapidly disintegrate

when placed on the tongue. Naturally, this is a substantial advantage for patients
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suffering from dysphagia, and ODTs popularity is increasing because they can be taken
without water (Hirani, Rathod and Vadalia, 2009). ODTs also enable for a fast onset
of action, which makes them particularly appealing to treat specific conditions
(Guhmann et al., 2015).

= Buccal tablets, designed to release their drug content in the mouth, and are generally
used for local treatments (Khanna, Agarwal and Ahuja, 1996). They are normally
placed between the lip and the gum, where they adhere by forming a gel allowing these
dosage forms to remain in position releasing the drug for 1-2 hours (Aulton and Taylor,
2017).

= Sublingual tablets, placed under the tongue and are used to provide a rapid systemic
drug effect without first-pass liver metabolism. Sublingual administration is generally
limited to lipophilic molecules that can be rapidly absorbed without causing irritation

of the oral mucosa (Reisfield and Wilson, 2007; Bilbault et al., 2016).

Medicinal capsules are instead dosage forms consisting of a ‘shell” containing a single dose
of the API generally in the form of powder or granules (Podczeck and Jones, 2007).
Capsules are mainly destined to oral use, and are classified in ‘hard’ (or two-piece) and
‘soft’ (or one-piece). Hard capsules are normally used to encapsulate powders or
granulates, while soft capsules are filled with non-aqueous liquid where the API is

solubilised or suspended (Podczeck and Jones, 2007).

Tablets and capsules can be engineered to deliver the API at desired rates, predefined time
points, or in specific sites of the GI tract. This is based on the need to slow the release
profile of certain APIs in specific diseases, or to prolong their effect. Delayed-release,
gastro-resistant, and extended-release dosage forms represent the most important
approaches to modified-release drug delivery, and allow significant advantages for
patients, such as maintaining the drug in the therapeutics range, keeping drug levels
overnight, reducing side effects, and improving patient adherence (Aulton and Taylor,

2017).
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1.2.2.2 Liquid oral pharmaceutical formulations

Liquid formulations designed for oral administration generally contain water as a solvent,
sweeteners, and flavourings as taste masking excipients. Liquid formulations are
historically considered to be most appropriate for paediatric use, due to their ease to
swallow and high dosing flexibility (Lajoinie ef al., 2017). Indeed, the main advantage of
liquid oral formulations is the ability to provide dose flexibility by administering accurately
measured volumes. Due to their minor stability compared to solid dosage forms, liquid
formulations can be prepared extemporaneously (Jadhav, N. R. ef al., 2021). Main liquid
oral formulations include solutions, suspensions, emulsions, syrups, and elixirs, and are

herein described:

= Pharmaceutical solutions, homogeneous mixtures of two or more components, namely
a solute and a solvent. Commonly, the solute is represented by the API and any solid
excipients, while the solvent system is generally water based, although organic solvents
such as alcohols and glycols can be used (Seedher and Bhatia, 2003).

= Suspensions, which are heterogeneous systems where the solid API does not dissolve
in the liquid vehicle to any appreciable extent, and is therefore distributed throughout
the vehicle (Patel, N. K. er al, 1986). Suspension dosage forms are commonly
employed to formulate hydrophobic drugs, to avoid the use of co-solvents, and to
prevent degradation of drugs due to hydrolysis, oxidation or microbial activity (Nutan
and Reddy, 2010). However, suspensions are unstable systems their formulation can
be challenging (Patel, N. K. et al., 1986).

= Oral emulsions, dispersions of at least two immiscible liquids, conventionally
described as ‘oil’ and ‘water’. Oil-in-water emulsions (o/w) are most common in oral
drug delivery, and enable the formulation of poorly water soluble APIs (Mohammed
and Russell, 2012).

=  Syrups, aqueous solutions containing high concentrations of sucrose, normally 66.7%.
Such high concentration of sugar increases the osmotic pressure of the solution

avoiding microbial growth (Alshammari et al., 2021). Sugar free syrups are also
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available, and are formulated using mannitol, sorbitol, xylitol, etc. Syrups are generally
added with flavouring agents and they are particularly common among paediatric
medicaments due to their good taste masking properties (Mohammed and Russell,
2012).

= Elixirs, which are clear, sweetened and flavoured hydroalcoholic solutions. They can
contain significant amounts of ethanol used to promote solubilisation of the API, but

alternatives such as propylene glycol or glycerol can be employed (Amorosa, 1986).

Other liquid oral formulations, nowadays less commonly used in clinical practice, are

aromatic waters, spirits, and tinctures (Amorosa, 1986).

1.3 Pharmaceutical additive manufacturing

The most popular way to administer drugs is through the oral route, with nearly 50% of
medicines being taken per os (Alqahtani, M. S. et al., 2021. In addition to excellent patient
acceptability, the popularity of oral drug delivery is mainly due to the undemanding
manufacture of oral dosage forms since they do not require sterilisation and can be
produced economically in large amounts by automated systems. Tablet manufacturing,
accounting for nearly 80% of all marketed formulations (Chen, Aburub and Sun, 2019), is
based on automatic machines since the early 1800s (Augsburger and Hoag, 2008) and
throughout the decades it has been enhanced by increasing the production rate up to
500,000 units per hour (Augsburger and Hoag, 2008), improving tablet uniformity, and
introducing multi-layer tableting (Conte ef al., 1993). Nevertheless, tablet production is
still based on tableting machines whose design has not essentially changed since the
introduction of automated rotary tablet presses (Sastry, Nyshadham and Fix, 2000).
Furthermore, despite the technological advances, conventional tableting still suffers from
limitations caused by flowability, compactability, and compression properties of

pharmaceutical powders, making techniques such as direct compression challenging.
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Most importantly, an emerging weakness of conventional tableting relies on the increasing
demand for personalised treatments, which is likely to represent a significant change in
future medicine (Graham, 2016; Sarah J. Trenfield ef al., 2018). Indeed, rotary presses are
designed for the mass production market and are inherently lacking in flexibility; in
contrast, a more flexible manufacturing technology would facilitate to design, produce and
dispense bespoke medicines (Pritchard et al., 2017). However, it is of particular importance
to consider that the introduction of alternative manufacturing methods to allow the
personalisation of medicines does not aim to compete with the well-established
conventional tableting techniques (Hopkinson and Dickens, 2003; Awad, Sarah J Trenfield,
et al., 2018), whose throughput remains undoubtedly superior. Rather, it should be
considered that the loss in productivity is gained as improved therapeutic outcomes and

patient acceptability (Dumpa et al., 2021).

In less than a decade, additive manufacturing (AM), an umbrella term used to indicate a
wide set of technologies including 3D printing, has aroused much interest in pharmaceutics
(figure 1.2) due to its large flexibility making it a promising tool to bring a paradigm shift
in healthcare allowing the on-demand production of safe, effective, and quality

personalised medicines (Goole and Amighi, 2016).

In the next sections, the state-of-the-art of 3D printing in the development and manufacture
of solid oral dosage forms will be described in detail, with a focus on the opportunities and

areas of development of SLA 3DP.
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Figure 1.2. Number of peer-reviewed research articles related to 3D printing of solid oral
dosage forms published within the years 1996-2010 (grouped as pre-2010) to 2021 (data
lastly updated in November 2021). Coloured bars represent different 3DP technologies:
stereolithography (SLA), digital light processing (DLP), selective laser sintering (SLS),
fused deposition modelling (FDM), semi-solid extrusion (SSE), binder jetting (BJ). 3DP
technologies less represented have been classified as ‘other’ or ‘other UV’ in case of
products containing photopolymers. Google scholar, Science direct and PubMed search
engines were used to find relevant manuscripts. Key words for searching were ‘3D
printing’, ‘solid oral dosage forms’, ‘tablets’ and ‘personalised medicine’. Figure readapted

from Curti, Kirby and Russell, 2020.

1.3.1 Computer-aided design of solid oral dosage forms

Prior to 3D printing a solid oral dosage form, it is essential to produce its digital model
through computer-aided design (CAD) software (Curti, Kirby and Russell, 2020). Digital
modelling allows freedom of design such that the production of tablets, for instance, is no
longer dependent on size and shape of dies and punches, eventually making the same
equipment suitable for producing a potentially unlimited variety of geometries (Fina,

Goyanes, et al., 2018).
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1.3.2 Tuning dosage form properties through digital design

Following oral administration, solid dosage forms generally disintegrate and dissolve to
allow the API to be absorbed and pass to the bloodstream. Dosage forms’ disintegration
and dissolution are dependent upon a wide range of formulation and manufacturing
parameters. While the type of 3DP technology used mainly affects tablet disintegration,
dissolution time is influenced by formulation composition and tablet geometry (Curti,
Kirby and Russell, 2020). Conventional tablet shapes are limited by the geometry of dies
and punches available for use in tablet presses, and complex shapes might be virtually
impossible to realise (Martinez et al., 2018). In contrast, 3DP allows formulation scientists
to introduce tablet digital design as a novel stage in pharmaceutical development. Tuning
dosage form properties through digital design mainly relies on fabricating devices with
different excipients and/or APIs deposited in specific regions (multi-material 3DP), and

engineering approaches (figure 1.3).

Multi-material 3DP of drug loaded devices was firstly introduced by Rowe (2000), who
reported the fabrication of oral dosage forms with different drug release profiles obtained
by including specific excipients in different sections. In subsequent years, more
applications of multi-material 3DP of dosage forms were found, mainly involving the
fabrication of ‘polypills’, dosage units containing more APIs. In this context, Khaled and
colleagues (2015) developed a hybrid dosage form featuring an osmotic pump and a
sustained release compartment, while in another work the potential of 3D printing to
fabricate novel complex geometry ‘five-drugs-in-one’ polypills with immediate and
sustained release was demonstrated (Khaled, 2015a). Pereira and colleagues (2019) used a
low temperature fused deposition modelling (FDM) process to produce individualised
multi-drug units for the treatment of cardiovascular diseases, whereas Okwuosa (2018)
modified a dual-extrusion FDM 3D printer to fabricate liquid capsules containing drugs as
solution or suspension, and achieving both immediate and extended release profiles. Other
relevant applications of multi-material 3DP include the formulation of composite tablets

(Tagami, Nagata, et al., 2018) and personalised supplements (Goh et al., 2021).
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Engineering approaches are instead used to modify dosage form properties by simply
varying their geometries, with no need to alter the formulation (Curti, Kirby and Russell,
2020). For example, Sadia and colleagues (2018) introduced perforating channels within
the dosage form design to increase tablet surface area, facilitating medium flow, and
ultimately accelerating drug release, whereas Arafat (2018) developed a multi-block tablet
design resulting in quick fragmentation compared to no-gaps devices, thus avoiding the
need for a disintegrant. Another approach consists in varying the infill percentage in FDM
3D printed tablets, thus altering tablet density and achieving different drug release profiles
without modifying the formulation (Chai et al., 2017; Goyanes, Fina, ef al., 2017). Tuning
drug release through engineering approaches brings significative advantages, since dosage
forms tailored on the needs of individual patients can be manufactured using the same

equipment and feedstock material, benefitting treatments costs.

ool

/]

Figure 1.3. Schematic diagram representing examples of two different approaches to tune
dosage forms’ properties through CAD: (A) multi-material 3DP and (B) engineering
strategies (channelled tablets). Figure reproduced from (Curti, Kirby and Russell, 2020).
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1.3.3 3D printing technologies in pharmaceutics
1.3.3.1 Binder jetting 3D printing

In binder jetting (BJ) 3DP, objects are fabricated binding selected regions of a thin layer of
a powdered material using a binder solution sprayed from an inkjet type nozzle. Once
bound, the powder bed is lowered by a piston and the process is repeated until the whole
part is produced (figure 1.4). From a pharmaceutical perspective, such process implies the
formulation of both a powder mixture and a liquid binder, where the latter represents the
most challenging step due to potential nozzle clogging issues (Infanger et al., 2019). The
API can be either solubilised in the liquid binder or blended with the powder mixture. When
the drug is dissolved in the liquid binder, it can be loaded at very low concentrations in the
tablets; this would benefit the formulation of drug products requiring ultra-low dosages
(Hong et al., 2021), while dispersing the API in the powder blend requires reduced

excipients (Curti, Kirby and Russell, 2020).
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Moving printhead

Leveling roller 4—@ -1 — Binder solution
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Figure 1.4. Schematic diagram of binder jetting 3D printing working principle.

3DP potential in drug delivery was first explored in 1996 at the Massachusetts Institute of
Technology (MIT), when a desktop 3D printer (developed at the MIT itself) was used to

produce a device featuring internal cells made of polymeric material (Wu et al., 1996). The
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ability of controlling drug release profiles was demonstrated by depositing dyes only in
selected cells, thus introducing a new feature in solid dosage form design and development:

microstructural control.

Following this proof of concept, 3D printed dosage forms with both erosion and diffusion
drug release mechanism were realised by using specific tablets design and conventional

pharmaceutical excipients (Katstra et al., 2000).

The introduction of more sophisticated technologies, such as the TheriForm™ process, also
made it possible to tune tablet properties through spatial control of composition.
Immediate-extended release, breakaway, enteric dual pulsatory and dual pulsatory tablets
are examples of dosage forms produced following digital design modelling (figure 1.5),
highlighting a flexibility which is unachievable with conventional tablet pressing

techniques (Rowe et al., 2000).

Eudragit E-100

#_" Drug Quick dissolving layer
Drug — it L-
Extended rel g Eudragit L-100
compartment

a. Breakaway tablet b. Dual pulsatory release tablet

Eudragit E-100 Drug Drug
. Eudragit L-100
Eudragit RLPO Drug

C. Immediate-extended release tablet d. Enteric dual pulsatory release tablet

Figure 1.5. Drug delivery devices designed and fabricated by Rowe (2000); (a) breakaway
tablet, (b) pulsatory release tablet, (¢) immediate-extended release device and (d) enteric

dual pulse release tablet. Figure reproduced from (Curti, Kirby and Russell, 2020).

Another appealing application of BJ 3DP is designing zero-order drug release devices (Yu
et al., 2007). Zero-order release kinetics, defined as constant drug release over time, is a
desirable attribute for oral formulations containing APIs with short half-life or narrow
therapeutic index because this allows for minimum fluctuations in drug plasma levels

(Gokhale, 2014; Paarakh et al., 2018). Yu (2007) described devices based on hydrophobic
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top and bottom layers to limit drug release from the sides of the tablets, and tablets
consisting of a middle compartment formed by annular sections with a porosity gradient
achieved by printing a lower amount of binder solution (figure 1.6); the porosity gradient
was exploited to have a stable erosion volume, thus resulting in a linear drug release.
Another approach to achieve linear drug release proposed by Yu was based on torus shaped
tablets, designed to release drug molecules only from the outer and inner surfaces (Yu,

Branford-White, et al., 2009).

Porosity gradient
P i dient compartments
Hydrophobic layers 0r05|tl¥ngi;tra en 3 4 3

a. Side view b. Cross sectional side view

Figure 1.6. Schematic representation of a material gradients tablet. A different porosity
degree allows a faster erosion when the surface area decreases resulting in a constant drug

release. Figure reproduced from (Curti, Kirby and Russell, 2020).

Moreover, Yu and co-workers employed BJ 3DP to produce fast-disintegrating tablets
binding powdered material in a gradient fashion, resulting in dosage forms with inner
compartments of loose powder and highly porous structures (figure 1.7) (Yu, Shen, et al.,

2009).

Partially
printed region

Totally printed

a. Side view region

b. Cross sectional top view

Figure 1.7. Schematic representation of a fast disintegrating tablet. Partially printed
regions consist in loose powder that allows faster disintegration and dissolution. Figure

reproduced from (Curti, Kirby and Russell, 2020).

C. Curti, PhD Thesis, Aston University, 2021



High porosity also characterises Spritam® (figure 1.8), the first medicine fabricated through
a 3D printing process - known as ZipDose® - to gain Food and Drug Administration (FDA)
approval in 2015, and marketed by Aprecia Pharmaceuticals (Fitzgerald S, 2015). Spritam®
is an ODT containing the drug levetiracetam and the rationale behind its development is
that the highly porous structure allows the tablet to disintegrate in a mean of 11 seconds,
allowing a fast onset of action (Boudriau et al., 2016). As expected, the approval of
Spritam® promoted the investigation of BJ 3DP, predominantly to produce ODTs. Tian and
colleagues (2018) described the formulation of warfarin sodium ODTs while, more
recently, Hong and co-workers (2021) reported the development of multi-compartmental

structure dispersible tablets to deliver photolabile APIs.

Figure 1.8. Spritam®, the first 3D printed medicine to receive FDA approval. Picture
reproduced from Basulto, 2015.

Although BJ 3DP allowed fundamental advances in 3D printing pharmaceuticals,
demonstrating flexibility of the technique as well as the feasibility of using conventional
excipients, its application remains underrepresented. The use of powders is related to
several challenges, such as wettability, consolidation, and flowability (Van Den Heuvel,
De Wit and Dickhoff, 2021), that can affect both the process and the final product (Prescott
and Barnum, 2000) and require thorough optimisation (Antic et al., 2021). For example,

poor powder flowability can cause the deposition of non-uniform layers, thus affecting
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dosing homogeneity (Infanger et al, 2019), while highly porous structures can fail
Pharmacopoeia friability tests (Yu, Shen, ef al., 2009; ‘British Pharmacopoeia, Appendix
XVII G; Friability of Uncoated Tablets; Ph. Eur. method (2.9.7)’, 2011; Infanger et al.,
2019). Also, drug molecules with a high partition coefficient can complicate the
manufacture process (Kozakiewicz et al., 2021). Patient acceptability should be well
assessed, since BJ 3D printed dosage forms usually result in a rough surface finishing,
which might require coating processes to gain an appealing look, while unpleasant taste

could reduce compliance of 3D printed ODTs (Wang et al., 2021).

1.3.3.2 Semi-solid extrusion 3D printing

Semi-solid extrusion (SSE) 3DP was introduced in 2006 and represented a breakthrough
point in the accessibility of affordable multi-material 3D printers (Malone and Lipson,
2007). SSE 3D printers are equipped with one or multiple syringes that can deposit a variety

of materials, including liquids, gels or paste (figure 1.9).
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Figure 1.9. Schematic diagram of semi-solid extrusion 3D printing working principle.

The wide choice of materials compatible with SSE 3DP and its multi-material nature

provide this technology with great manufacturing flexibility, enabling the fabrication of
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polypills, immediate and controlled release tablets, chewable tablets, orodispersible films
(ODFs) (Seoane-Viafio et al., 2021). Using SSE 3DP, Khaled (2014) developed for the first
time bilayer tablets featuring immediate and sustained release. Later, the design of polypills
containing more APIs with different release profiles was introduced (Khaled et a/., 2015a,
2015b). Engineered polypills with programmed release profiles (Haring et al., 2018), and
controlled release fixed dose combination dosage forms (Siyawamwaya et al., 2018) were
also reported. This is intriguing, since the concept of polypills has aroused much interest
in the development of personalised therapies, especially in geriatric patients suffering from
polypharmacy (Hajjar, Cafiero and Hanlon, 2007; Rosted, Schultz and Sanders, 2016). In
the development of a polypill, it is of particular importance to consider the APIs allocation
in the different layers; the top and the bottom layers will expose a larger area to the media
and, therefore, drugs in those layers will be released faster. Generally, less soluble APIs
are included in the external layer, and the more soluble in the inner ones (Robles Martinez

etal.,2019).

SSE 3DP was successfully used to manufacture immediate (Khaled, Alexander, Wildman,
et al., 2018a; Conceicao et al., 2019; Croitoru-Sadger et al., 2019; Cui, Li, et al., 2019; El
Aita, Breitkreutz and Quodbach, 2019; Cui et al., 2020; El Aita et al., 2020; Yang et al.,
2020; Zheng et al., 2020) and controlled release dosage forms (Khaled et al., 2014; Li et
al., 2018; Tagami, Ando, et al., 2018; Cui, Yang, et al., 2019; Cheng et al., 2020; El Aita,
Breitkreutz and Quodbach, 2020; Real et al., 2020; Yang et al., 2020), and it was found
particularly suitable to produce chewable tablets including the first 3D printed formulations
prepared and administered in a clinical setting (Goyanes et al., 2019) (figure 1.10A),
paediatric-friendly chocolate-based dosage forms (Karavasili et al., 2020) (figure 1.10B),
and drug loaded gummies (Rycerz et al., 2019; Herrada-Manchon et al., 2020; Tagami et

al.,2021) (figure 1.10C).
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Figure 1.10. (A) Chewable isoleucine 3D printed tablets in different sizes, colours, and
flavours (Goyanes et al., 2019); (B) Paediatric-friendly chocolate-based 3D printed dosage
forms (Karavasili et al., 2020); (C) 3D printed drug loaded gummies (Herrada-Manchon et
al., 2020).

Although the advantages of SSE 3DP are clear, some limitations remain and need to be
addressed before this technology can be implemented (Seoane-Viaio et al., 2021). Despite
SSE offers high printing speed, the resolution is often low (Vithani et al., 2019). To obtain
printable feedstock, it is essential to optimise material viscosity by altering temperature,
PpH, or excipients, but this can cause changes in the physical state of the API and requires
more attention (Basit and Gaisford, 2018). A further issue is related to the drying step
required after production. Indeed, preliminary development of SSE 3D printed dosage
forms involved the use of solvents such as ethanol, acetone, and dimethyl sulfoxide to

produce printable feedstock. Besides any toxicity concerns, which require the final product
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to be compliant with the ICH Guideline Q3C (R6) (2016), effective drying is required if
solvents are used, leading to the possible degradation of thermolabile APIs when heat is
used. Drying is also a time-consuming process (Khaled et al., 2015b), and if water is used
to replace organic solvents to reduce drying time (Khaled, Alexander, Wildman, et al.,
2018) it should be considered that residual moisture in the final product could cause APIs
hydrolytic degradation and promote microbial growth (Carstensen, 1988). Furthermore,
stability concerns should also entail pre-filled syringes containing ready-to-print materials

(Seoane-Viafio et al., 2021).

1.3.3.3 Fused deposition modelling 3D printing

FDM currently represents the most widely used 3DP technique in solid oral dosage form
development (figure 1.2); this is attributed to the availability of inexpensive equipment that
could be coupled to conventional pharmaceutical processes such as hot-melt extrusion
(HME) and film coating (Goyanes, Chang, et al., 2015). Introduced in 1988 (Crump, 1992),
FDM became affordable to the general public in 2005 due to the RepRap (replicating rapid
prototyper) project (Jones ef al., 2011). In FDM 3D printers, the feedstock material is a
thermoplastic filament, which is melted and extruded through a heated nozzle; once
extruded, the material returns to a solid, giving the object the desired geometry (figure

1.11).
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Figure 1.11. Schematic diagram of fused deposition modelling 3D printing working

principle.

Similarly to SSE, FDM 3DP offers high flexibility resulting from the wide choice of
available materials and numerous settings that can be programmed. An example is the
‘infill percentage’, defining the printing density of a certain patterned structure inside the
object, which was found a valid approach to tune drug release from 3D printed dosage
forms (Tagami et al., 2017; Yang et al., 2018; Fuenmayor et al., 2019; Venancio et al.,

2021) (figure 1.12A).

Early attempts of using FDM to manufacture solid oral dosage forms reported polyvinyl
alcohol (PVA) filaments loaded with model drugs by passive diffusion (Goyanes et al.,
2014; Goyanes, Buanz, et al., 2015; Skowyra, Pietrzak and Alhnan, 2015). PVA was
advantageous as it is both a GRAS listed excipient (Martin, 2003) and a well-established
material for FDM 3DP (Ligon et al., 2017). However, drug loading of PVA filaments by
passive diffusion is low, therefore limiting the application to low dosages of active
ingredients (Goyanes et al., 2014; Skowyra, Pietrzak and Alhnan, 2015; Ayyoubi, Cerda,
Fernandez-Garcia, Knief, Lalatsa, Healy, et al., 2021). To overcome such limitation, HME
was coupled with FDM to produce printable filaments from pharmaceutical grade

excipients. This allowed to improve drug loading and obtain devices with attractive design
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(Goyanes, Wang, et al., 2015), including 3D printed mesoporous carrier systems (Katsiotis

et al., 2021) (figure 1.12B).

Alongside PVA, other pharmaceutical grade polymers were investigated to produce
printable filaments via HME (Melocchi et al., 2016; Solanki et al., 2018). Zhang (2017)
used filaments made of hydroxypropyl methylcellulose (HPMC) and Soluplus® to fabricate
zero-order drug release tablets, while immediate release tablets were produced by Sadia
(2016) using Eudragit E-PO filaments. Berg (2021) used Eudragit RS to produce filaments

for FDM 3D printing of pressure sensitive capsules for oral peptide delivery.
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Figure 1.12. (A) FDM 3D printed tablets with different infill percentages (Fina et al.,
2020); (B) comparison between a tablet fabricated through direct compression (left) and a

FDM 3D printed dosage form (right) (Shi et al., 2021).

However, Sadia (2016) reported a significant decrease in drug content after printing at a
temperature of 135°C, evidencing a major limitation of pharmaceutical FDM 3DP. Indeed,
temperatures up to 200°C can be required for optimal printability, making FDM unsuitable
for thermolabile APIs (Goyanes, Buanz, et al., 2015; Nukala, Palekar, Solanki, et al.,

2019). Therefore, filaments extrudable at temperatures lower than 100°C are required
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(Curti, Kirby and Russell, 2020), although FDM is inherently designed to work with

thermoplastic materials extruded at higher temperatures.

Furthermore, the production of custom-made filaments introduces a more complex step to
the relatively simple 3DP process, requiring several optimisation studies to assess
properties like stiffness, toughness, melt viscosity and moisture uptake, usually altered by
high drug loading (Zhang et al., 2017; Oblom et al., 2019); filaments with unsuited
mechanical properties can cause nozzle blockage and result in printing failures (Nasereddin
et al.,2018), while the storage stability of drug loaded filaments remains debated (Okwuosa

etal,2021).

1.3.3.4 Selective laser sintering 3D printing

Another powder based 3DP technology recently introduced in pharmaceutical development
is selective laser sintering (SLS). SLS 3DP works on similar principles as BJ 3DP, with the
difference that powder particles are sintered by a high energy laser rather than bound by
liquid solutions (figure 1.13). The laser writes a specific pattern on the surface of the
powder bed, corresponding to each layer of the object to fabricate. A clear advantage of
this is that organic solvents are not required, thus excluding toxicity concerns and further

drying steps.
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Figure 1.13. Schematic diagram of selective laser sintering 3D printing working principle.

The first pharmaceutical application of SLS 3DP consisted in the fabrication of
polycaprolactone based drug delivery devices (Leong et al., 2007). A decade later, Fina
(2017) described the manufacturing of tablets by SLS using pharmaceutical polymers; Fina
found that the presence of an additive absorbing light of the same wavelength as the laser
was essential to obtain significant sintering of the powdered material, and Candurin® gold
sheen was added to the polymer blend. Also, modulating laser scanning speed resulted

effective to alter tablet porosity.

Later, the fabrication of SLS 3D printed ODTs disintegrating within four seconds was
reported (Fina, Madla, et al., 2018), and gyroid lattice constructs proved efficient in
modulating the drug release profiles of different pharmaceutical polymers (Fina, Goyanes,
etal.,2018) (figure 1.14). Other application of SLS 3DP include ODTs containing mannitol
as a taste masking agent (Allahham er al., 2020), minitablets (Awad et al., 2019), and
dosage forms for the visually-impaired (Awad et al., 2020). Interestingly, in a recent work
Gueche and colleagues (2021) found that a CO» laser was effective in sintering Kollidon®

VA64 making the addition of an absorbance enhancer not necessary.
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Figure 1.14. (A) SLS 3D printed cylindrical tablets; (B) SLS 3D printed gyroid lattice solid

dosage forms. Figure reproduced from Fina, Goyanes, et al., 2018.

Despite the appealing applications, SLS 3DP of pharmaceuticals remains challenging, with
many process parameters to optimise (Kulinowski et al., 2021; Madzarevi, 2021; Thakkar
et al.,2021). It should be considered that in most of the studies involving SLS 3D printed
dosage forms, paracetamol was the only drug used and evidence that thermolabile APIs
can be safely employed is lacking (Alhnan et al., 2016; Curti, Kirby and Russell, 2020;
Gueche ef al., 2021). In fact, when the laser hits a specific point of the powder bed, it
increases the temperature; the local rise in temperature reaches a value between the melting
point of the powdered material 7,, and 7,/2, otherwise sintering would not occur. Despite
no evidence of degradation of thermostable drug being observed (Fina et al., 2017), high
heating developed during operation as well as the effect of high-power lasers may affect
thermolabile APIs and further investigation is required (Gueche et al., 2021). Also,
sintering powdered materials makes tablets’ appearance considerably rough and that should

be considered from a patient acceptability perspective (Januskaite et al., 2020).

1.3.3.5 Stereolithography 3D printing

Stereolithography (SLA) 3DP is classified as a vat photopolymerisation (VP) technique, a
generic term used to define a number of 3DP technologies (including digital light

processing — DLP) whose working principle is based on the use of light radiation to induce
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computer-spatially-controlled polymerisation of a liquid resin into a solid object (Xu et al.,

2021).

SLA represented a milestone in the history of 3DP as it was the first technology to be ever
introduced in the field, thanks to the ingenuity of Chuck Hull, who coined the term
stereolithography himself (Hull, 1984). In SLA, photopolymerisation is achieved when a
focused laser beam hits a liquid photosensitive resin contained in a vat (figure 1.15); a
mirror galvanometer system directs the laser beam onto the liquid resin, drawing a pattern

corresponding to each single layer of the digital model (Curti, Kirby and Russell, 2020).
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Figure 1.15. Schematic diagram of stereolithography 3D printing working principle.

SLA presents significant advantages, especially in terms of printing accuracy and
resolution allowing the fabrication of complex geometries (Xu ef al., 2021), with micro
SLA being able to reach 1 um layer thickness (Gardan, 2016). Since powders are not used
to directly feed the machine, flowability and segregation issues are excluded, while the
nature of the photopolymerisation process allows the fabrication of crosslinked structures
with advantageous physical properties (Curti, Kirby and Russell, 2020). Furthermore, in
SLA 3DP heating is not involved during operation, thus allowing to safely include

thermolabile APIs (Curti, Kirby and Russell, 2021).
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Generally, photopolymerisable resins for SLA 3DP are mixtures of reactive monomers and
oligomers that crosslink when exposed to light of a certain wavelength in the presence of a
photoinitiator (PI). Printable resins can also contain additives such as pigments, dyes, or

light absorbers (Ligon et al., 2017).

Pharmaceutical applications of SLA 3DP mostly relied on acrylate photopolymers to
assemble biocompatible printable resins (Curti, Kirby and Russell, 2020). Wang (2016)
investigated for the first time the feasibility of SLA 3DP in the formulation of solid oral
dosage forms, that were produced in a torus geometry using polyethylene glycol diacrylate
(PEGDA) 700 and diphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) as a PI
(figure 1.16). In the photopolymer resin, Wang also included polyethylene glycol (PEG)

300 as a drug release tuning agent (Wang et al., 2016).
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Figure 1.16. (A) Paracetamol and (B) 4-ASA SLA 3D printed torus shaped tablets
consisting of PEGDA 700 and PEG 300. Figure reproduced from (Wang et al., 2016).

Wang (2016) pioneering research stimulated further work on the topic, as evidenced by the
studies of Martinez and colleagues on drug loaded hydrogels (2017), and on the influence
of geometry on the drug release profiles of SLA 3DP dosage forms (2018). More
intriguingly, Martinez (2019) and Xu (2020) also developed multi-layered polypills

containing several APIs, thus introducing multi-material SLA 3DP (figure 1.17).
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Figure 1.17. (A) Cylindrical and (B) ring shape SLA 3D printed polypills. Figure
reproduced from Robles Martinez et al., 2019.

Surprisingly, Xu (2020) described for the first time the incompatibility of PEGDA with one
of the APIs used (amlodipine) resulting from the Michael addiction reaction between the
two compounds. Clearly, this highlights the need to screen for photopolymer resins

compatible with drugs to be included in SLA 3D printed dosage forms (Xu et al., 2020).

As a matter of fact, major challenges of pharmaceutical SLA 3DP can be attributed to the
photopolymers required, because of the limited choice available (Wang et al., 2016).
Furthermore, none of them is currently GRAS listed (Curti, Kirby and Russell, 2021).
Therefore, there remain significant limitations to be addressed before SLA 3DP can be
implemented in clinical practice. In this context, the screening and the systematic
evaluation of monomers, oligomers, and PIs to assemble a variety of photopolymer resins,
could enlarge the pool of materials suitable for SLA 3DP of dosage forms (Curti, Kirby
and Russell, 2021). A few studies have already demonstrated that non-toxic Pls can be
successfully used (Martinez et al., 2017; Karakurt et al., 2020) to produce SLA 3D printed
hydrogels, but evidence of the fabrication of tablets is lacking. Moreover, to progress the
SLA 3DP of dosage forms, thorough investigation of tablet uniformity and physical

properties such as hardness and friability is needed (Healy et al., 2019).
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1.4 Rationale of drug selection for 3D printed individualised therapies

The rationale of introducing 3DP in pharmaceutical manufacturing relies on providing an
adaptable platform to produce and dispense tailored drug products (Trenfield et al., 2018).
Indeed, the availability of treatments designed to meet individual needs is considered a
main objective of future medicine, thanks to continuous progress in pharmacogenomics
and bioinformatics which can help to predict patients’ response to medicinal products

(Graham, 2016).

In this context, pharmaceutical 3DP offers its potential to manufacture dosage forms with
adaptable properties, such as bespoke drug dosages or release profiles (Curti, Kirby and
Russell, 2020). Personalising medicinal products also encompasses features as size, shape,
texture, colour, and flavour of oral dosage forms influencing patient acceptability (Yoder
et al., 2014; Goyanes, Scarpa, et al., 2017; Scoutaris, Ross and Douroumis, 2018). From a
clinical perspective, personalisation of pharmacotherapies shows higher relevance when
drugs with narrow therapeutic index (NTI) are used. NTI drugs are those APIs whose
effective dose is so close to the toxic dose to represent a potential danger for the patient if
badly managed. According to this, NTI drugs represent the ideal model compounds to
include in 3D printed formulations aimed to investigate the potential to deliver safe,

effective, and quality personalised medicines.
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1.5 Research aim and objectives

The increasing need for patient-centric medicine has led to major breakthroughs in the
pharmaceutical field. In recent years, three dimensional printing has aroused much interest
in pharmaceutics, due to the wide flexibility making such technology the ideal choice for
the on-demand manufacture of personalised medicines. 3D printing pharmaceuticals allows
to fabricate solid oral dosage forms in a virtually unlimited selection of geometries, while
also encompassing features like texture, size, colour, taste, or drug release profile, thus
enabling to truly deliver personalised medicine. Several 3DP technologies have been
implemented for the production of pharmaceuticals, and stereolithography has emerged as

a frontrunner for the design of solid oral dosage forms.

The following work entails the thorough investigation of pharmaceutical SLA 3D printing
aimed to assess its potential in the development of a wide range of drug loaded dosage

forms targeting individualised treatments.

In particular, the objectives of this research project are outlined as follows:

= Investigate the suitability of a desktop SLA 3D printer to manufacture solid oral dosage
forms designs and assessment of any printability limitations. Repurpose the SLA 3D
printer into a high-throughput platform designed to optimise pharmaceutical
formulation screening cost-effectiveness.

= Design of novel photopolymer resin formulations and evaluation of their printability
by conducting a systematic screening aimed to identify candidate formulations for SLA
3DP of drug loaded solid oral dosage forms.

= Fabrication of SLA 3D printed drug loaded solid oral dosage forms aimed to achieve
clinically relevant drug dosages. Characterisation of the 3D printed dosage forms
according to conventional Pharmacopoeia quality standards. Identification of potential

areas of development and guide for future work.
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- Chapter II -

DEVELOPMENT OF A NOVEL STEREOLITHOGRAPHY APPARATUS
DESIGNED FOR PHARMACEUTICAL APPLICATION

Publications arising from the work in this chapter:
Curti, C., Kirby, D.J. & Russell, C.A., 2021. Stereolithography Apparatus
Evolution: Enhancing Throughput and Efficiency of Pharmaceutical Formulation

Development. Pharmaceutics, 13(5), p.616.
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2.1 Introduction

Pharmaceutical formulation development is a thorough process requiring the testing of
several drug-excipient blends to obtain an in depth understanding of the critical parameters
affecting the quality of the final product, and to provide it with the desired characteristics

(Aulton and Taylor, 2017).

Cost-effectiveness analyses suggest that the cost of excipients should be kept to a minimum
in pharmaceutical development (Van Hoogevest and Wendel, 2014); clearly, this is even
more significant when raw materials cost is high, as for photopolymers used in

stereolithography (SLA) three-dimensional printing (3DP) (Yun ez al., 2016).

Commercially available SLA 3D printers are generally equipped with resin tanks requiring
large resin volumes to operate (Kadry et al., 2019). Such a concept is unsuitable for
pharmaceutical development, where the ability to operate with small batches of different
formulations is ideally preferred (Curti, Kirby and Russell, 2021). Indeed, currently
available SLA 3D printers are not designed to simultaneously use different photopolymer
formulations; despite multi-material SLA 3DP being described in recent work (Robles
Martinez et al., 2019), the method used was discontinuous and required the intervention of

an operator to physically replace the resin tank.

As such, conventional SLA apparatus do not meet the requirements of cost-efficiency and
flexibility of pharmaceutical formulation development processes. For example, to evaluate
a novel photopolymer formulation by 3DP three cylindrical tablets measuring 12 x 4 mm
(diameter x thickness), a total of 1.35 mL of resin would be required while an average resin
tank needs to be filled with hundreds to thousands of millilitres (Kadry et al., 2019). This
would lead to an unsustainable waste of materials with a significant economic and

environmental impact.

Therefore, in this Chapter were identified the throughput limitations of a desktop SLA 3D
printer with the aim to repurpose it into a novel SLA apparatus with optimised cost-

effectiveness. More precisely, such apparatus was designed to operate with low resin
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volumes, and to simultaneously work with up to twelve different formulations, thus
maximising the efficiency of pharmaceutical formulation development to ultimately fulfil
the need for screening and systematically evaluating novel photopolymer resins for SLA

3DP of medicines.

2.2 Chapter aim and objectives

The primary aim of this chapter was to assess the suitability of a commercially available
desktop SLA 3D printer to manufacture solid oral dosage forms in a cost effective way.
This was of particular importance since pharmaceutical grade SLA 3D printers are lacking.
Therefore, it was essential to investigate the potential to fabricate solid oral dosage forms
in a variety of geometries while assessing any printability limitations. Furthermore, with
the view to conduct a high throughput printability screening on several photopolymer
formulations, the commercially available desktop SLA 3D printer had to be repurposed
into a novel platform specifically designed to maximise cost-effectiveness of

pharmaceutical formulation development.

To achieve the abovementioned aim, the work presented in this chapter was essentially

carried out in three different phases characterised by the following objectives:

=  Computer aided design and 3D printing of solid oral dosage forms prototypes featuring
various geometries for printability assessment.

= Design, fabrication, and optimisation of custom made 3D printer components to enable
low-volume, multi-material SLA 3D printing.

= Validation of the novel SLA apparatus developed by evaluating tablet uniformity of
weight, thickness, and diameter, aimed to guarantee a reliable manufacturing of 3D

printed tablet batches.
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2.3 Materials and Methods
2.3.1 Materials

Clear resin V4.0 (Formlabs Inc, USA) was used as a commercially available photopolymer
for SLA 3DP. Cyanoacrylate adhesive and clear silicon glue were respectively purchased
from RS components (UK) and Loctite (Henkel Corp, Germany). Aluminium foil and tape
were respectively acquired from VWR (VWR International LLC, USA) and 3M (3M
Company, USA). Technical grade propan-2-ol used to wash 3D printed parts was obtained
from Fisher Chemical (Fisher Scientific, UK). The aluminium used to produce the modified
build platform (BP) was a 150 x 150 x 100 mm (W x D x H) H30-6082-T6 aluminium

alloy block purchased from John Keatley Metals (Keatley Metals Ltd, UK).

2.3.2 Methods
2.3.2.1 Computer-aided design

Three-dimensional (3D) models of solid oral dosage forms, the resin tank inserts, and the
modified BPs were designed using the computer-aided design (CAD) software TinkerCAD
(Autodesk Inc, USA). TinkerCAD was also used to generate the stereolithographic files
(.stl) of the 3D models designed, that were later uploaded to the 3D printer software to
initiate a print. The 3D model of the BP final version, used for computerised numerical
control (CNC) manufacturing, was designed using SolidWorks (Dassault Systémes,

France).

2.3.2.2 Stereolithography apparatus

A Form 2 SLA 3D printer (Formlabs Inc, USA) was used as a desktop stereolithography
apparatus. The Form 2 is equipped with a 405 nm laser and has a build volume of 145 x
145 x 175 mm (W x D x H). The feedstock material consists of a photopolymer resin

contained in a 200 mL vat. 3D printed objects are formed on a BP made of aluminium and
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plastic, having a build area of 21,025 mm? and a weight of 635.18 g. The Form 2 was used
to 3D print the resin tank inserts, the modified BPs, and the tablet models used for

printability tests.

2.3.2.3 Stereolithography 3D printing

All 3D printed objects described in this Chapter were produced using Clear resin
photopolymer. 3DP was initiated by using PreForm 2.20.0-Beta 1 (Formlabs Inc, USA) to
upload the .stl files of the 3D models previously designed, and to set the layer thickness
and the printing supports required for the design. After completion, all 3D printed objects
were washed in a sonic bath using propan-2-ol for 20 minutes to remove the uncured resin,
and then dried at room temperature. If present, printing supports were manually removed

from the 3D printed model after drying.

2.3.2.4 Tablet uniformity testing

The original and the modified versions of the BP were used to fabricate cylindrical tablets
to evaluate the influence of different BPs on tablet uniformity. Three batches of twelve
tablets each were 3D printed on each BP. All tablets manufactured at this stage were
composed of Clear resin photopolymer V4.0. After 3DP, ten tablets per batch were
randomly picked to carry out tablet uniformity tests. Measurements were taken for tablet
weight, thickness, and diameter. Tablets were printed both directly on the BP and oriented
to 45° using printing supports to evaluate their impact on tablet uniformity. Tablet thickness
and diameter were measured using a digital calliper, while weight of individual tablets was
measured using a semi-micro balance (Sartorius AG, Germany) with a scale interval of

0.01 mg.
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2.3.2.5 Material waste determination

The amount of material wasted consequently the use of printing supports was determined
by fabricating 30 cylindrical tablets. Supports were automatically generated using PreForm
2.20.0-Beta 1 software. After 3DP, supports still attached to the respective tablets were
weighed (W;). Then, supports were manually removed and weighed (W),). Material waste

was calculated as the percentage ratio between W,,and W..

2.3.2.6 Resin recovery efficiency evaluation

The original BP and the Alu 1,BP were weighed separately. Each platform was connected
to the 3D printer and a print was initiated. Once the platform was completely lowered in
the resin tank and covered in photopolymer resin, the print was aborted to allow the BP to
home. As soon as the initial position was reached, a timer was started, and the platform
collected to be weighed again at given timepoints (Figure 2.1). The experimental procedure
was carried out at room temperature. The volume of resin adhered to the BP at each

timepoint was calculated using Equation (1):

Vi = (Wa - Wi)/p (1)

where V, indicates the volume of resin adhering to the BP at the n-time point, W, is the
weight of the BP at the n-time, Wi is the initial weight of the BP, and p is the resin relative

density.

The economic loss relative to the wasted resin at the n-timepoint was calculated using

Equation (2):

Economic loss (£) = [(Wa — Wi)/p] x resin cost (£/mL) )
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Figure 2.1. Schematic diagram of the method developed to evaluate photopolymer resin
wastage due to adherence on the BP after the completion of a print. Image reproduced from

(Curti, Kirby and Russell, 2021).

2.3.2.7 Statistical analysis

Tablet uniformity data were statistically analysed by performing a multivariate analysis of
variance (MANOVA) coupled with a Tukey post-hoc test using SPSS Version 26.0.0.0

(IBM Corp, USA); p-values <0.05 were considered statistically significant.

2.4 Results and Discussion

2.4.1 Computer-aided design of solid oral dosage forms

With the view to assess their respective printability, 3D models of 5 different tablet
geometries were designed (figure 2.2). The 5 designs were based on a cylindrical, a
biconvex, a torus, a biconical frustrum, and a capsule shape, thus resembling conventional
solid oral dosage forms shapes. These different designs were chosen to identify potential

3DP limitations intrinsic of specific geometries.

Another reason for designing different tablet shapes was based on the potential future need
to explore different geometries as ways to tune drug release (Goyanes, Robles Martinez, et
al., 2015; Martinez et al., 2018), or to conduct patient-acceptability studies (Januskaite et

al., 2020; Z. B. Shariff et al., 2020; Z. Shariff et al., 2020)
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Figure 2.2. (A) Front and (B) top views of the tablet models designed using TinkerCAD.

Each square on the blue background corresponds to a surface area of 1 cm?.

After designing the 3D models of tablet prototypes, the following step consisted in
uploading the respective .stl files to the 3D printer software in order to set the first 3DP

experiment.

2.4.2 Printability assessment of solid oral dosage forms models

The five tablet models were successfully 3D printed (figure 2.3) using printing supports
and orienting the dosage forms to 45° with respect to the BP plane, indicating the suitability
of SLA to accurately fabricate drug delivery devices with various geometries. However,
when tablets were 3D printed with a 0° degrees orientation with respect to the BP plane,
printability issues were encountered due to the accumulation of partially cured resin
between the tablet surface and the supports’ structure eventually causing a rough
appearance. Therefore, tablets later described in this Chapter were all 3D printed with a

45° orientation with respect to the BP plane.

Figure 2.3. 3D printed dosage forms models based on the design in figure 2.2. Image
readapted from (Curti, Kirby and Russell, 2020).
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A further tablet model based on a spherical design was also fabricated (figure 2.4). More
specifically, two spherical dosage form models were designed, one being hollow and the
other being a whole solid. The hollow design was selected to assess the potential to SLA
3D print solid oral dosage forms acting as gastric-floating drug delivery devices (Li et al.,
2018; Chen et al., 2020; Vo et al., 2020), spherical mini-tablets (Ayyoubi, Cerda,
Fernandez-Garcia, Knief, Lalatsa, Marie Healy, et al., 2021), or as fillable shells (Okwuosa

et al., 2018).

For 3D printed hollow spheres, it was observed that the internal cavity of the design
remained almost entirely filled with uncured resin, thus proving unfeasible to be safely
fabricated. In fact, the liquid resin inside should be washed to be removed or undergo
thermal or ultraviolet (UV) post processing aimed to reduce its toxicity before

administration (Xu et al., 2021).

Figure 2.4. (Top) CAD models and (bottom) 3D printed spherical solid oral dosage forms.
Design on the left features a hollow cavity (white arrow indicates an air bubble floating on

liquid resin), while the design on the right is a solid sphere.
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Having proved that various geometries can be successfully fabricated via SLA 3DP, the
cylindrical shape was selected for the subsequent work presented in this Thesis. The
rationale for this relied in its wide use as a standard shape in solid oral formulation
development (Siepmann et al., 2010; Ahmat, Ugail and Castro, 2011; Xu et al., 2020), also
allowing to reveal challenging formulation issues such as susceptibility to friability failures
caused by the presence of sharp edges (Osei-Yeboah and Sun, 2015). Moreover, cylindrical
shapes allow easy alteration of tablet volume by varying the thickness of the design, thus
enabling to tailor drug dosage, with no need to alter the formulation (Curti, Kirby and

Russell, 2020).

2.4.3 Proof of concept design and development

The first step in developing a more efficient SLA apparatus consisted in demonstrating the

feasibility of 3DP a dosage form model using a modified custom-made resin tank and BP.

In order to reduce the volume of photopolymer resin to be loaded in the original resin tank
(circa 200 mL), a rectangular insert with internal sides measuring 100 x 40 mm, hence

allowing to load 20 mL of resin, was designed using TinkerCAD (figure 2.5).
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Figure 2.5. CAD model of the rectangular resin tank insert used as a proof of concept. Each

square on the blue background corresponds to a surface area of 1 cm?.

The resin tank insert was 3D printed using Clear photopolymer resin. The design was
fabricated in 6 hours and 15 minutes, using printing supports and setting the layer thickness

of 100 pm. Once ready, the insert was attached to the silicon layer of the original resin tank
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using silicon glue and allowed to dry for 24 hours. Afterwards, the modified resin tank was
tested for being watertight by filling it with an aqueous solution of green food colouring
and leaving it overnight to detect any leaks. Eventually, the modified resin tank prototype
was loaded with 20 mL of photopolymer resin to carry out a 3D printing test, thus proving
a 10-fold reduction of the amount of material required in comparison with the original resin

vat.

Having successfully developed a low volume resin tank, the next step consisted in
designing a functional BP matching the rectangular insert. The modified BP was designed
with a build area of 400 mm?to allow 3DP of single tablet models, with or without supports.
The top side of the BP was designed to match the geometry of the original component

manufactured by Formlabs, to secure a perfect fit to the cam handle of the 3D printer (figure

2.6).
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Figure 2.6. Front, bottom, and side views of the CAD model (left) and 3D printed
prototype (right) of the modified BP.
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The model was fabricated in 22 hours and 31 minutes setting layer thickness to 25 pm to
maximise geometrical accuracy and to ensure the smoothness of the build area. Once
completed, the build spot was coated with 15 um thick aluminium foil fixed with clear
plastic tape, to allow an easy removal of 3D printed objects, while the top of the BP was

connected to the 3D printer using the original platform’s fixture.

Having equipped the Form 2 SLA apparatus with the modified resin tank and BP
prototypes, a 3D print test of a supported cylindrical tablet model was successfully

performed, thus proving our concept (figure 2.7).

Figure 2.7. Successful 3DP test of a supported cylindrical tablet model fabricated using
the modified BP.

Having effectively managed to use the Form 2 3D printer equipped with custom made
components aimed to maximise process’ efficiency, the next phase consisted in moving

from a proof of concept to a more ambitious design focused to boost throughput.
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2.4.4 Design and fabrication of a low volume multi-compartment resin tank

A multi-compartment resin tank insert was designed as six modular elements combining
each other to fit within the print area of the original resin tank (figure 2.8). Thickness of

walls delimiting the outer perimeter of the insert was 5 mm, whereas internal partitions

between each cell measured 4 mm.

Figure 2.8. (A) Top and (B) front view of the multi-compartment resin tank insert CAD
model. Each square on the blue background corresponds to a surface area of 1 cm?. Image

reproduced from (Curti, Kirby and Russell, 2021).

After fabrication, the 6 modular elements were combined and fixed using cyanoacrylate
adhesive, thus forming a structure hosting 12 resin vats. After drying, the insert was
attached to the silicon layer of the original resin tank using silicon glue and allowed to dry
for 24 hours (figure 2.9A). Then, the multi-compartment resin tank insert was tested for
being watertight by alternately filling each cell with an aqueous solution of green food

colouring and leaving it overnight to assess any leaks (figure 2.9B).
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Figure 2.9. (A) 3D printed multi-compartment resin tank insert fixed onto the silicon layer
of the original resin tank. (B) Sealing test of an individual compartment. Image readapted
from (Curti, Kirby and Russell, 2021).

2.4.5 Design and fabrication of a multi-spot build platform

To match the 12-vats resin tank previously described, a first version of BP featuring 12
separate build areas, denominated 3DP,BP (Mk I), was designed and 3D printed (figures

2.10-2.11).
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Figure 2.10. (A) Top and (B) bottom views of the 3DP;,BP (Mk I) CAD model. Each

square on the blue background corresponds to a surface area of 1 cm?.
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Figure 2.11. (A) Top and (B) bottom views of the 3DP1,BP (Mk I).

The top side of the 3DP;,BP (Mk I) design was based on the prototype previously

described, which proved to be firmly connected to the cam handle of the Form 2 3D printer

(figure 2.12).

Figure 2.12. (A) Cam handle of the Form 2 3D printer; (B) single-spot BP prototype and
(C) 3DP:BP (Mk I) coupled with the original BP fixture.

A new feature consisted in introducing in each build spot 3 holes having a diameter of 1.5
mm allowing the insertion of 3 aluminium rods. This was to ensure the aluminium foil was
firmly held in place since it was observed that, after multiple prints, the chemicals contained
in the photopolymer resin dissolved the glue on the tape. A detail of such artifice is visible

in figure 2.13.
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Figure 2.13. (A) Detailed view of the 3 holes designed at the bottom side of each build

spot in the CAD model. (B) Front and (C) side views of a 3D printed build spot model

featuring 3 aluminium rods (indicated by white arrows) used to hold the aluminium foil.

The 3DP,BP (Mk I) demonstrated the feasibility of 3DP dosage form models, with and
without supports, in combination with the modified 12-vats resin tank. However, tablet
uniformity data showed lack of accuracy and precision, as it will be discussed later in this
Chapter (figures 2.22-2.24). Indeed, visual inspection of the 3DP1,BP (Mk I) during the
printing process proved that a poor hold of the BP onto the cam handle of the 3D printer
caused an unstable positioning resulting in a non-uniform print. Such issue was not
observed when the single build spot prototype was tested, as it is likely that it was caused

by the higher weight of the 3DP,BP (Mk I).

To overcome such problem, an improved version of the 3D printed BP, denominated
3DP,BP (Mk II), was designed to directly fit the 3D printer support arm (figures 2.14-
2.15). Furthermore, aluminium foil on the build spots was replaced by 75 um thick
aluminium tape with an adhesion strength of 12N/cm because of its improved firmness still

allowing an easy substitution in case of damage.
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Figure 2.14. (A) Top and (B) bottom views of the 3DP,BP (Mk II) CAD model. The new
version features a component (coloured in blue) designed to fit tight into the locking
mechanism securing the BP to the 3D printer. Each square on the blue background

corresponds to a surface area of 1 cm?. Image reproduced from (Curti, Kirby and Russell,

2021).

Figure 2.15. (A) Top and (B) bottom views of the 3DP;,BP(Mk II). Image readapted from
(Curti, Kirby and Russell, 2021).

Thanks to the improvements in the holding mechanism, the 3DP,BP(Mk II) proved to
substantially improve tablet uniformity, as showed later (figures 2.22-2.24). Also, the
introduction of aluminium tape proved valid in terms of resistance and firmness on the
build spots. However, both the 3DP,BP(Mk I) and 3DP,BP(Mk II) suffered from intrinsic
limitations typical of acrylates used in photopolymer resins. Indeed, SLA 3D printed parts
are highly subjected to bending and shrinking phenomena whose extent increase over time
and light exposure (Feng et al., 2017; Jiang, Lou and Hu, 2019; Invernizzi et al., 2020).
This became clearly visible in the 3D printed BPs within one month from fabrication (figure
2.16) and it was found to be a major source of lack of uniformity in 3D printed tablet

batches, thus highlighting the need for a BP made from a material with suitable mechanical
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properties. Indeed, even a minimal change in the BP geometry could eventually result in a

print with poor dimensional accuracy.

Figure 2.16. Bending of the 3DP ;BP (Mk I) leading to misalignment of the BP in the
SLA apparatus. Image reproduced from (Curti, Kirby and Russell, 2021).

To tackle such challenge, a final BP made of aluminium and so denominated Alu ,BP was

designed and fabricated through CNC milling (figure 2.17).

Figure 2.17. (A) Top and (B) bottom views of the Alu 1,BP fabricated through CNC
milling. The novel design includes hollow build-spots, thus reducing the weight of the
platform. (C) Detail of the bead-blasted surface of the Alu 1,BP. Such finish was selected
to optimise the adhesion of objects during 3D printing and to facilitate their release after

completion. Image reproduced from (Curti, Kirby and Russell, 2021).
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Aluminium was selected due to its similarity to the original component and its density of
2.70 g/cm®. The final weight of the fully assembled Alu ,BP was 625.15 g, resulting in a
1.58% decrease in weight compared to the original BP. Such weight was estimated before
manufacturing based on the CAD model volume and maintained by drilling holes in the
aluminium block (visible in figure 2.17A) to obtain a finished product whose weight could
not damage the moving parts of the SLA apparatus. After fabrication, the Alu 1,BP was
fixed to the SLA apparatus using a 3D printed joint, designed to be easily replaceable in

case of damage (figure 2.18).

Figure 2.18. Detailed view of the 3D printed fixture used to firmly hold the Alu 2BP to
the SLA apparatus.

Having developed and optimised a novel resin tank and BP, a commercial
stereolithography apparatus was converted into a more efficient piece of equipment able to
operate using multiple photopolymer formulations at a single time with a fraction of the
material originally required (figure 2.19). Such improved SLA apparatus was designed with
the intention to conduct a high-throughput printability screening of photopolymer

formulations aimed to identify suitable candidates to produce solid oral dosage forms.
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Figure 2.19. Stereolithography apparatus evolution: comparison of (A) the original Form
2 SLA apparatus, (B) the modified apparatus equipped with the 3DP ,BP (Mk II) and the
12-vats resin tank, and (C) the final version equipped with the Alu ,BP. Image readapted
from (Curti, Kirby and Russell, 2021).

2.4.6 Novel stereolithography apparatus validation

Having modified key structural components of the Form 2 SLA 3D printer, it was necessary
to prove both reliability and consistency of the modified SLA apparatus. An investigation
of 3DP accuracy and precision using the different equipment available was carried out by
printing cylindrical test tablet models using a commercially available resin photopolymer

(figures 2.20-2.21).

Figure 2.20. (A) CAD model of a cylindrical test tablet (12 mm x 4 mm). Test tablet were
3D printed either (B) directly on the BP or (C) using supports. (D) Printing support after
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manual removal of a 3D printed test tablet. Image reproduced from (Curti, Kirby and

Russell, 2021).

Figure 2.21. Test tablets 3D printed on the Alu 12BP (A) using supports and (B) directly
on the BP. Test tablets were 3D printed using Clear resin photopolymer.

Modified equipment validation was performed by fabricating 3 batches of 12 tablets each
using the original BP, the 3DP ,BP (Mk I) and (Mk II) , and the Alu 12BP. For each batch,
test tablets were 3D printed both using printing supports and directly on the BP, in order to
evaluate printing supports’ impact on tablet uniformity. Results related to uniformity of

weight, thickness, and diameter are shown in figures 2.22-2.24.

1.000
__ 0.800
20
=
& 0.600
o = =e - -
2
g 0400
o)
[¢°]
= 0.200
0.000

Original BP 3DP 1,BP Mk. | 3DP 1,BP Mk. Il Alu 1,BP

Supported ® Unsupported

Figure 2.22. Tablet weight uniformity assessment. Yellow and blue bars represent data of
tablets 3D printed with and without supports, respectively. Black dashed line indicates the
theoretical weight of an individual tablet (0.493 g). Results are reported as mean (n = 30).
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Error bars indicate standard deviation of the measurements. Image readapted from (Curti,

Kirby and Russell, 2021).

Considering a theoretical tablet weight of 0.493 g, estimated from tablet volume and resin
density, the tablet weight percent relative error (%E;) calculated for the original BP, the
3DP,BP (Mk I), the 3DP,BP (Mk II), and the Alu;.BP was 32.67%, -34.29%, 24.50%
and 6.90%, respectively, for tablets printed directly on the BP (figure 2.22). The
introduction of printing supports resulted instead in the fabrication of more accurate
batches, as shown by a decrease of tablet weight %E; to 8.81%, 8.17%, 10.05%, and 5.64%
in relation to the use of the original BP, the 3DP;,BP (Mk I), the 3DP;»BP (Mk II), and the

Alu,BP, respectively (figure 2.22).
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Figure 2.23. Tablet thickness uniformity assessment. Yellow and blue bars represent data
of tablets 3D printed with and without supports, respectively. Black dashed line indicates
the theoretical tablet thickness (4.00 mm). Results are reported as mean (n = 30). Error bars
indicate standard deviation of the measurements. Image readapted from (Curti, Kirby and

Russell, 2021).
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Similarly, thickness values of tablets 3D printed directly on the BP showed lack of accuracy
depending on the BP used, with tablet thickness %E: of 21.57%, -39.38%, and 15.52% in
relation to the use of the original BP, the 3DP,BP (Mk 1), and the 3DP;,BP (Mk II),
respectively. However, tablet thickness %E: recorded when the Alu;;BP was used was -
0.71%, proving its reliability in comparison of both the original BP, the 3DP,BP (Mk I)

and (Mk II) (figure 2.23).

As per tablet weight, introducing printing supports determined a general decrease of tablet
thickness %E; to 1.46%, 2.00%, 2.44%, and 0.94%, in relation to the use of the original

BP, the 3DP,BP (Mk I), the 3DP,BP (Mk II), and the Alu;,BP, respectively (figure 2.23).

15.00

10.00
5.00
0.00

Original BP 3DP 1,BP Mk.1 3DP ,BP Mk. Il Alu 2BP

Tablet diameter (mm)

Supported ® Unsupported

Figure 2.24. Tablet diameter uniformity assessment. Yellow and blue bars represent data
of tablets 3D printed with and without supports, respectively. Black dashed line indicates
the theoretical tablet diameter (12.00 mm). Results are reported as mean (n = 30). Error
bars indicate standard deviation of the measurements. Image readapted from (Curti, Kirby

and Russell, 2021).

The evaluation of tablet diameter uniformity allowed the observation of more
homogeneous results, regardless of the BP used. Indeed, 3D printing tablets directly on the

BP led to tablet diameter %E; of -0.07%, 0.75%, 0.63%, and 0.26% in relation to the use
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of the original BP, the 3DP,BP (Mk 1), the 3DP,BP (Mk II), and the Alu;,BP, respectively
(figure 2.24). When printing supports were introduced, tablet diameter %E; was 0.44%,
0.67, -0.19%, and 0.29%, in relation to the use of the original BP, the 3DP1,BP (Mk 1), the

3DP,BP (Mk II), and the Alu;,BP, respectively (figure 2.24).

The relative standard deviation (RSD) related to the measurements of tablet weight,

thickness, and diameter was also determined, and is reported in tables 2.1-2.2.

Table 2.1. RSD of tablet weight, thickness, and diameter for tablets 3D printed using

supports.
Build Platform Weight RSD Thickness RSD Diameter RSD
type (%) (“o) (“o0)
Original BP 0.613 0.691 0.176
3DP:2BP (Mk I) 2.437 2.206 0.497
3DP::BP (Mk II) 0.457 0.617 0.198
Alui.BP 0.610 0.543 0.146

Table 2.2. RSD of tablet weight, thickness, and diameter for tablets 3D printed without

using supports.

Build Platform Weight RSD Thickness RSD Diameter RSD
type (%) (%) (“o)

Original BP 2.154 2.224 0.703
3DP::BP (Mk I) 49.691 50.186 1.406
3DP::BP (Mk II) 5911 5.772 1.234
AluiBP 4.557 4.336 0.777

A MANOVA coupled with a Tukey post-hoc test performed to evaluate the effect of the
build platform used evidenced a statistically significant difference (p<0.05) in tablet

weight, thickness, and diameter when the 3DP1.BP (Mk II) was compared to the original
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BP and tablets were printed directly on the BP. Comparing weight and thickness uniformity
results of unsupported tablets fabricated with the Alu;,BP and the original BP also resulted
in a statistically significant difference (p<0.05), while no difference (p>0.05) was observed

for tablet diameter.

The results firstly suggest that tablet thickness is the most susceptible factor to
inhomogeneity; since it is generally observed that tablet thickness is higher than the
expected value, it is likely that this also led to a gain in weight and therefore inhomogeneity
in tablet weight uniformity. High differences were related to the use of the 3DP..BP (Mk
I). It can be hypothesised that, as previously discussed, the loss of structural integrity due
to bending phenomena observed in the 3DP::BP (Mk II) over time (figure 2.16) has
determined variability in the results. As aluminium doesn’t share such a limitation, this
would explain the significant improvements in tablet uniformity when the Alu;,BP was

used.

Furthermore, it was demonstrated that the use of printing supports substantially improved
tablet uniformity when using the original BP and the 3DP1.BP (Mk II). In comparison with
the original BP, no statistically significant difference (p>0.05) in weight and thickness
uniformity was observed for tablets fabricated on the 3DP:..BP (Mk II). Supported tablets
printed on the Alu;,BP also showed no significant difference in terms of uniformity of
thickness and diameter when compared to tablets produced on the original BP. Such
improvements are compatible with the general recommendation to use printing supports

for fabricating objects with minimum risk of size inaccuracies (Jiang, Lou and Hu, 2019).

2.4.7 Assessment of printing supports related waste generation

Having demonstrated that using printing supports affects tablet uniformity, it was important
to assess their impact on waste generation. In fact, despite the better results in terms of
uniformity and printability, it should be carefully considered that printing supports require

extra material to be fabricated and are therefore a primary source of waste (table 2.3).
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Table 2.3. Material waste associated to the use of printing supports, expressed as the %

ratio between W, and W,.

w; Wps Material waste
30250 g 14.623 g 48.340 %

The results shown in table 2.3 indicate that 3DP tablets with supports can result in the waste
of almost 50 % of the material used. Such a high figure is an indication of poor cost
effectiveness and unsustainability, as the recycling of commonly used photopolymers is
unfeasible. Indeed, the thermoset nature of SLA 3D printed materials makes them infusible
and insoluble, therefore their recycle is complex and they are generally disposed by
incineration or destined to landfills (Voet, Guit and Loos, 2021). Moreover, additional
attention should be paid to the ethical and environmental concerns of disposing drug loaded

material that could have been avoided in the first place.

In light of these considerations, the work described in Chapters III and IV of this Thesis

was solely carried out on tablets produced without the use of printing supports.

2.4.8 Material recovery efficacy assessment

A final assessment on potential areas of wastage intrinsic of SLA 3DP aimed to determinate
the extent of photopolymer resin recovery over time following the completion of a print.
In fact, once a 3D printing cycle is finished, the BP is automatically lifted and it is later
removed by an operator to collect the fabricated dosage forms, while any uncured resin
remaining on the platform is removed and disposed of. Attempts to manually recover resin
adhered to the BP using metal tools could result in accidentally recovering partially cured
resin debris, or in scratching the aluminium surface with risk to contaminate the feedstock

material. Although manual removal determines most of the final resin loss, the amount of
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material wasted, and its related cost, have not been defined before. As a variable amount
of recoverable resin drops from the BP into the resin tank as soon as a print is finished, it
was hypothesised that the time the platform was left in the 3D printer before being removed
was a critical parameter to estimate the final material wastage. In fact, the longer the BP
remains connected to the SLA apparatus, the more photopolymer resin is recovered and
saved. Therefore, the impact of the time the BP is left in the 3D printer after a print is
completed on the amount of resin eventually wasted was investigated (Figure 2.25). Both
the original SLA apparatus and its modified version were compared to assess potential
differences in their capacity to generate time-dependent resin waste. Cost implications of

such waste generation were also assessed.
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Figure 2.25. Comparison of photopolymer resin waste generated by adherence onto the
original BP and the Alu 12BP over a period of 1 hour. Straight and dashed curves indicate
the economic loss using the original and the modified SLA apparatus, respectively. Error
bars indicate standard deviation of the measurement (n = 3). Image readapted from (Curti,

Kirby and Russell, 2021).
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Measurements were taken at 14 time points covering a period of 1 h. Att=0s, 16.63 mL
of resin adhered to the original BP, while only 3.28 mL were recorded on the Alu 1,BP. At
t = 3600 s, the amount of adhered material was quantified as 5.92 and 1.76 mL for the
original BP and the Alu 12,BP, respectively. According to the results, it can be seen that if
the BP is left in the SLA apparatus at the end of a print for an increasing amount of time, a
clear effect on reducing resin waste is observed. Furthermore, the Alu 12BP used in the
novel SLA apparatus has proven to reduce the amount of adhering resin by 70.27%, in
comparison to the original BP; avoiding such waste would allow for the saving of enough
material to produce an additional 11 and 3 tablets (based on a 0.5 mL tablet volume) using
the original and the modified SLA apparatus, respectively. From a cost point of view, the
effect of time on material saving, as well as differences between the use of the original and
the modified SLA apparatus, are evident (figure 2.25). The economic loss due to the resin
adhering on the BPs just returned in position after a print (t = 0 s) was quantified as GBP
2.00 for the original SLA apparatus versus GBP 0.39 for the modified version. By leaving
the BP above the tank until the end of the experiment (t = 3600 s), wasted resin value
decreased to GBP 0.71 and GBP 0.21 for the original and the modified BPs, respectively.
It should be noted that the suggested model was based on the use of a commercial
photopolymer resin not intended for pharmaceuticals applications. The lack of
commercially available resins designed for pharmaceutical manufacturing necessitates the
on-site production of photopolymer formulations consisting of polymers, photoinitiators,
active pharmaceutical ingredients and other excipients, which eventually increase the final
cost per mL. Ultimately, these findings aim to suggest a potential solution to minimise
photopolymer resin wastage by avoiding the immediate removal of the BP after the
completion of dosage forms of 3D printing. This would, in fact, allow a certain amount of
resin to be time-dependently recovered and reused, with no need of operator intervention.
While the effect of time and the type of BP used have been evaluated, other factors, such
as photopolymer resins’ viscosity and surface tension, should also be investigated, in order
to establish a solid model to universally predict material wastage and identify the amount

of time providing the highest recovery. In fact, it is likely that the production of
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personalised dosage forms in clinical settings, such as hospital pharmacies, will have higher
costs than the mass production of drugs at an industrial level, and it is, therefore, necessary

to maximise process cost-effectiveness (Rautamo et al., 2020).

2.5 Conclusion

Although a few studies on SLA 3D printing of solid oral dosage forms have been published
in recent years, data on geometry-related printability limitations are lacking. Also, the lack
of a pharmaceutical grade SLA 3D printer makes challenging both formulation

development and the fabrication of reliable dosage forms’ batches.

In this chapter, we have shown that a variety of tablet geometries can be successfully
fabricated using a desktop SLA 3D printer, although printability issues may occur when
dosage forms are printed with a flat orientation. As such, we have found that 3D printing
dosage forms with an angle of 45° with respect to the build platform allows to achieve the

best printability outcomes.

Moreover, with the view to conduct extensive formulation development work, we have
repurposed a desktop SLA apparatus into a novel piece of equipment, specifically designed
for pharmaceutical application. This was achieved by developing and optimising novel
components for the SLA 3D printer, which allowed to introduce the concept of using
different photopolymer resins simultaneously (Curti, Kirby and Russell, 2021). More
precisely, the novel SLA apparatus that was developed allowed to operate with up to twelve
different photopolymer resins within the same printing cycle, while sample amount
required for 3D printing was reduced from 200 mL to 10 mL, thus enabling high cost-
effectiveness and a more sustainable process. Moreover, the investigation of waste
generation caused by the use of printing supports concluded that the manufacturing of
supported 3D printed tablets would result in about 50% of the photopolymer material being

wasted.
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Ultimately, the remarkable features of the novel SLA apparatus made it the ideal tool to
carry out a high-throughput screening of photopolymer formulations, as described in

Chapter III of this Thesis.
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- Chapter III -

PRINTABILITY SCREENING OF PHOTOPOLYMER RESIN
FORMULATIONS FOR STEREOLITHOGRAPHY 3D PRINTING OF SOLID
ORAL DOSAGE FORMS

Publications arising from the work in this chapter:

Curti, C., Kirby, D.J. & Russell, C.A., 2021. Stereolithography Apparatus
Evolution: Enhancing Throughput and Efficiency of Pharmaceutical Formulation

Development. Pharmaceutics, 13(5), p.616.
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3.1 Introduction

The working principle of stereolithography (SLA) three-dimensional printing (3DP) is
based on photopolymerisation, a process in which a liquid prepolymer is turned into a
solidified part, more specifically into a thermoset (Horie et al., 2004; Voet, Guit and Loos,
2021). The prepolymer is generally a blend of reactive monomers and oligomers, mixed
with a photoinitiator (PI) system to make up the resin feedstock material; other additives,
such as light absorbing pigments or dyes, can be added for specialty applications (Jacobs,

1996; Ligon et al., 2017).

The term photopolymerisation is based on the Greek word ¢®g (phos), meaning ‘light’,
because the reaction requires a certain light radiation to take place. Specifically, the
interaction of light with the PI molecules dissolved in the liquid resin generates the free
radicals needed to initiate polymerisation (Bagheri and Jin, 2019) as schematically shown

in figure 3.1.
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Figure 3.1. Example of a simplified free-radical photopolymerisation sequence. PI
molecules, mixed with the reactive monomers, are exposed to a ultraviolet (UV) source of
actinic photons (4v). Pls absorb photons and yield an excited PI species (PI*). Then, a
fraction of PI* is converted into free radicals (PI*) able to react with a monomer molecule
(chain initiation step). The addition of other monomers allows the chain to grow (chain
propagation step), until the reaction between two radical species terminates the

polymerisation process (chain termination step). Figure readapted from Jacobs, 1996.

Free radical Pls are classified as Norrish type I and type Il depending on the mechanism by
which they generate free radicals (Ligon ef al., 2017). Norrish type I PIs are subjected to a
photocleavage reaction generating radical fragments when exposed to light in a specific

wavelength (Yao ef al., 2021). Norrish type II Pls are instead bi-component systems
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involving a light absorbing molecule (sensitiser) and a co-initiator (synergist), reacting

together upon light irradiation to generate free radicals (Ligon et al., 2017).

While several free radical Pls are available for industrial applications, the recent
development of SLA 3DP in the pharmaceutical field is opening the way to the introduction
of novel Pls, whose primary requirements is safety for oral administration (Wang et al.,
2016; Martinez et al., 2017). As a result, the first objective to accomplish in this Chapter
was to identify free radical Pls with toxicity profiles compatible with the intended purpose,

and to verify their effectiveness for SLA 3DP using a 405 nm laser.

Testing PlIs efficacy required the implementation of a classification system for printability
assessment. Kadry (2019) suggested a basic classification method to differentiate
printability outcomes of photopolymerised tablets based on mechanical resistance and
geometrical accuracy. However, a standard printability classification system is lacking, and

it was of particular importance to develop one.

With at least one active PI system available, it was possible to design a large set of
photopolymer formulations. Indeed, the narrow choice of photopolymers available limits
the pharmaceutical application of SLA (Martinez et al., 2018c; Krkobabi¢ et al., 2019;
Robles Martinez et al., 2019; Madzarevi¢ and Ibri¢, 2021) and, as a result, lays the
foundations for extensive formulation development work. Therefore, this Chapter describes
the design, preparation, and screening of 156 photopolymer formulations whose
printability outcomes were evaluated with the view to develop a pool of multi-purpose,
drug-loadable resins that can be flexibly used to deliver safe, effective, and personalised

dosage forms.
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3.2 Chapter aim and objectives

-To conduct a high throughput printability screening aimed to identify candidate
formulations for SLA 3DP of drug loaded solid oral dosage forms. The need for such a
systematic screening arises from the lack of photopolymer materials commercially
available for pharmaceutical SLA 3D printing, which represents a major limitation for the
implementation of such technology in the pharmaceutical field; as a result, it is necessary
for formulation scientists to prepare custom blends comprising monomers, oligomers,
photoinitiators, and active pharmaceutical ingredients. However, the printability of such
photopolymer formulations can be challenging and must be optimised through a rigorous

screening and evaluation process.

Therefore, this Chapter describes the pipeline used to develop photopolymer resin
formulations with a good safety profile suitable for SLA 3D printing of solid oral dosage

forms.

To achieve the abovementioned aim, the work presented in this chapter was essentially

carried out in three different phases characterised by the following objectives:

= Selection and preliminary printability evaluation of effective PI systems. The rationale
for PIs selection at this stage was based on their safety profile, with the view to
formulate printable photopolymer resins using the lowest effective PI concentration.

= Selection of photopolymers and liquid fillers to use in the design of several
photopolymer resin formulations.

= Implementation of a novel classification system for printability assessment, designed
to qualitatively evaluate the printability outcomes of SLA 3D printed dosage forms.

= Systematic printability screening, evaluation of formulation and process factors on

printability, and identification of lead photopolymer formulations.
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3.3 Materials and Methods

3.3.1 Materials

Polyethylene glycol diacrylate with molecular number (M,) 250, 575, and 700, N-vinyl-
pyrrolidone, polyethylene glycol 300, propylene glycol, glycerol and the photoinitiators
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide, 2-hydroxy-2-methylpropiophenone, 2-
hydroxy-4-(2-hydroxy ethoxy)-2-methyl propiophenone, riboflavin, and triethanolamine
were purchased from Sigma-Aldrich, UK. Acetophenone and camphorquinone were

purchased from Alfa Aesar, UK.

3.3.2 Methods

3.3.2.1 Photoinitiators selection

The inclusion criteria to select a pool of Pls to screen were based on the respective safety
profiling (according to the data available in the literature and information reported on the
safety data sheet), and previously described use in solid oral dosage forms and other

biocompatible applications reported in the scientific literature.

3.3.2.2 UV-visible spectrophotometry

The wavelength of maximum absorption (A max) of each PI was determined through UV-
Vis spectrophotometry carried on a Genesys 10S UV/Vis Spectrophotometer (Thermo
Fisher Scientific, USA) using a 50% v/v water/methanol solution as solvent. Prior to
analysis, a baseline was acquired by running a blank sample. PI samples were scanned

within a range of 190 to 500 nm with an interval of 1 nm.
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3.3.2.3 Formulation of photopolymer resins

All photopolymer resin formulations described in this Chapter were prepared following the
same procedure. Firstly, polyethylene glycol diacrylate (PEGDA) was directly weighed in
30 mL glass vials. Solid PIs were weighed separately and later transferred to the
photopolymer base, while liquid PIs were accurately withdrawn and directly transferred to
the PEGDA vials. Then, any other liquid component was added to the PEGDA vials, and
the mixtures were stirred for 12 hours at room temperature until complete solubilisation of
the PI. All operations were carried out away from light by working in dark environment
and covering the glass vials with aluminum foil, in order to avoid premature
photopolymerisation. Once ready, photopolymer formulations were transferred for 3D

printing to the 12-vats resin tank described in Chapter II.

3.3.2.4 Stereolithography 3D printing

PIs efficacy and printability of photopolymer resin formulations were evaluated by 3DP
test tablets using a Form 2 SLA 3D printer modified to have high throughput capability,
described in Chapter II. Tablet CAD models used in this Chapter were based on cylindrical
tablet designs shown in Chapter II (12 x 4 mm, diameter x thickness), and were 3D printed
directly on the build platform (BP), thus avoiding the use of printing supports. Formulations
related to PIs efficacy screening were 3D printed setting layer thickness to 100 um, while
the subsequent printability screening of photopolymer resins was carried out setting layer
thickness to 25 um, 50 um, and 100 pum. All formulations were 3D printed in triplicates.
At the completion of the 3D printing process, tablet samples were removed from the BP

and the uncured resin was blotted using paper.

3.3.2.5 Printability evaluation

To evaluate printability outcomes, a points-based scale was designed and developed (figure

3.2). A printability score (PS) from 1 to 6 was assigned to each formulation based on the
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visual observation after a print was completed. An extra mark, indicated as *, was assigned

to tablets showing defined edges indicating geometrical accuracy of the 3D printed design.

. Formulation Gel-like Polymerised Incomplete or Accurately . .
Observation remains liquid texture fragments fallen object printed object Broadening Defined edges
Printability
i 1 2 3 4 5 6 *
No Insufficient Partial . . Successful Uncontrolled Geometrical
Comments - S S Failed Print ; .
polymerisation crosslinking crosslinking Print polymerisation accuracy

Figure 3.2. Points-based printability scale developed to evaluate printability outcomes

based on visual observation of the 3D printed tablet samples.

Photopolymer formulations remaining entirely liquid in the resin tank after 3DP were
assigned a PS = 1, indicating that no photopolymerisation occurred. Formulations changing
to a soft gel-like consistency were given a PS = 2, suggesting that photocrosslinking was
too low to form solid structures, while a PS = 3 was used to classify formulations reaching
partial crosslinking, as shown by the presence of polymerised debris in the resin tank at the
end of the print run. A PS = 4 was used to identify a failed print, in form of a partially or
inaccurately 3D printed object, or resulting from the detachment from the BP. A PS =5
represented the experiment target, indicating a fully 3D printed object, accurately matching
the 3D model designed. Photopolymer formulations showing uncontrolled and extensive
polymerisation during 3DP, a multiple causes phenomenon significantly compromising the

geometrical accuracy of the design, were given a PS = 6.

3.4 Results and Discussion

3.4.1 Photoinitiator selection

The PIs shortlisted to be used for a preliminary screening to evaluate their efficacy in SLA
3DP using a 405 nm laser, are reported in table 3.1. Abbreviations used to simplify the

reference to Pls in the following paragraphs are also shown in table 3.1.
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Spectrophotometric analysis was carried out on each PI to measure the respective A max,
with the view to obtain predictive information on which PI would be compatible with an
SLA apparatus equipped with a 405 nm laser. Measured A max values of each PI are

reported in table 3.2.

Table 3.2. Measured A max values of the photoinitiators selected for efficacy screening.

Photoinitiator A max

Diphenyl-(2,4,6-trimethyl benzoyl)-phosphine oxide 380.5 nm
2-Hydroxy-2-methyl propiophenone 243.5 nm
2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone 273.5 nm
Acetophenone 239.5 nm
Camphorquinone 468.0 nm
Riboflavin 463.0 nm

Of the 6 PIs analysed, diphenyl-(2,4,6-trimethyl benzoyl)-phosphine oxide (Pla) showed
maximum absorption at 380.5 nm, making it the Pl most closely matching the target
wavelength of 405 nm emitted by the Form 2 3D printer laser. Therefore, Pla was found to
be the most promising candidate for SLA 3DP, and its efficacy was tested through

subsequent formulation development phases described in this Chapter.

3.4.2 Design of photopolymer formulations for photoinitiator screening

To investigate the efficacy of selected PIs in SLA 3DP, 12 photopolymer formulations were
prepared. The exact % w/w composition of the 12 formulations is given in table 3.3.
PEGDA 700 was used as photopolymer base for all formulations, due to its widely reported
use in SLA 3DP of solid oral dosage forms (Wang et al., 2016; Martinez et al., 2018;
Robles Martinez et al., 2019). Each PI was used at a concentration of 1% w/w and 0.1%

w/w; 3% w/w triethanolamine (TEOA) was used as synergist in combination with
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riboflavin and camphorquinone, both Norrish type II Pls. PIs concentrations were selected

according to previous evidence of SLA 3D printed solid oral dosage forms available in the

scientific literature (Wang et al., 2016; Martinez et al., 2017). Furthermore, while the first

aim of such screening remained to identify effective Pls, a second goal was to verify the

efficacy of reduced PI amounts required for a successful 3D print.

Table 3.3. % w/w composition of 12 photopolymer resin formulations designed to evaluate

the efficacy of 6 photoinitiator systems (Pla - PIf).

Formulation PEGDA 700 Pla PIb Plc Pld Ple PIf
PIsF1 99.9 0.1 - - - - -
PIsF2 99.9 - 0.1 - - - -
PIsF3 99.9 - - 0.1 - - -
PIsF4 99.9 - - - 0.1 - -
PIsF5 99.9 - - - - 0.1 -
PIsF6 99.9 - - - - - 0.1
PIsF7 99.0 1.0 : - - - -
PIsF8 99.0 - 1.0 - - - -
PIsF9 99.0 - - 1.0 - - -

PIsF10 99.0 - - - 1.0 - -
PIsF11 99.0 - - - - 1.0 -
PIsF12 99.0 - ; - - - 1.0

3.4.3 Photoinitiator suitability for stereolithography 3D printing

PI efficacy was evaluated by assigning to the 12 formulations previously described a

printability score based on the printability scale shown in figure 3.2. Printability outcomes

of the 12 formulations tested are summarised in table 3.4.
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Table 3.4. Printability score (PS) assigned to photopolymer formulations used for

photoinitiator screening.

Formulation PS Formulation PS
PIsF1 5* PIsF7 6
PIsF2 1 PISF8 1
PIsF3 1 PIsF9 1
PIsF4 1 PIsF10 1
PIsF5 3 PIsF11 4
PIsF6 1 PIsF12 3

0.1% w/w Pla (formulation PIsF1) was assigned a PS = 5* indicating its efficacy to 3D
print accurately shaped tablets (figure 3.3A). However, increasing its concentration to 1%
w/w (formulation PIsF7) caused high broadening (PS = 6), resulting in a 3D printed tablet
whose bottom side had undergone uncontrolled polymerisation (figure 3.3B). Interestingly,
the use of 1% w/w Pla was already reported in the fabrication of SLA 3D printed dosage
forms, with no reports of broadening (Wang ef al., 2016). Factors including high extinction
coefficients at the irradiation wavelength (resulting in n—n* excitation), high dissociation
quantum yields, and excellent reactivity of the primary radicals towards the monomer,
suggest that the reactivity of Pla is particularly high (Eibel, Fast and Gescheidt, 2018), and
an increase of its concentration will result in high radical generation and polymerisation
rate (Meereis et al., 2014), potentially leading to the loss of geometrical control during
photopolymerisation. A further explanation could be attributed to the scattering of the light
emitted by the laser beam. In fact, when the incident light is scattered, more radiation is
delivered to the sideways directions thus increasing the C., eventually resulting in a

reduced printing accuracy (Zakeri, Vippola and Levénen, 2020).

Formulations containing P1b, Plc, and PId, in concentrations of both 0.1% and 1% w/w,
were given a PS = 1 because no changes were observed in the photopolymer resin at the
end of the print, indicating their inefficacy in initiating photopolymerisation at the used
wavelength. Based on the spectrophotometric analysis previously carried out on the Pls,

these results were expectable as their A max was found to be in a range of 239.5 nm to
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273.5 nm, while the laser in the SLA apparatus emits light radiation with a wavelength of

405 nm.

Formulations containing Ple/TEOA at concentrations of 0.1% and 1% w/w were
respectively assigned a PS of 3 and 4. Since a PS = 4 indicates a failed print featuring
inaccurate or missing details of the 3D printed tablet (figure 3.3C), Ple will not be further
investigated at this stage, although it could be considered for future studies due to its good

biocompatibility (Kamoun et al., 2016).

PIfTEOA was not found to initiate polymerisation when used at 0.1% w/w (PS = 1), while
its increase to 1% w/w allowed the formation of partially crosslinked structures (PS = 3)
(figure 3.3D). Surprisingly, these results are in contrast with those found by Martinez
(2017). However, it should be considered that in this work PIf'was not solubilised in water
to eventually formulate hydrogels (Martinez et al., 2017), but rather it was mixed with pure

PEGDA 700 where it was seen to be slightly soluble.

Figure 3.3. Test tablets 3D printed with (A) 0.1% w/w and (B) 1% w/w Pla. (B) Tablet on
the top right shows extended and uncontrolled polymerisation resulting in poor geometrical
accuracy. (C) Failed print of a test tablet made using 0.1% w/w Ple/TEOA: inaccuracies
are visible on the tablet sides, while the arrow indicates a partially printed edge. (D)
Polymerised fragments originated from formulation PIsF12, containing 1% w/w

PIfTEOA.
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To summarise, 0.1% w/w Pla demonstrated to be effective in initiating
photopolymerisation of PEGDA based photopolymer formulations, thus allowing for the
successful fabrication through SLA 3D printing of non-drug loaded test tablets. As a result,

Pla represented the photoinitiator selected to be furtherly investigated in this Thesis.

3.4.4 Systematic printability screening of photopolymer formulations
3.4.4.1 Materials selection and formulation design

Having identified Pla, hereinafter abbreviated as TPO, as an effective PI for SLA 3DP, the
next step consisted in conducting a systematic printability screening of photopolymer
formulations to identify the best candidates for subsequent drug loading studies. A

representation of TPO photolysis reaction is shown in figure 3.4 (Sluggett et al., 1995).

OPQ e, ) . O:IE’/©
A o

Figure 3.4. Generation of radical fragments resulting from TPO photolysis

The first compound to be included in the pool of materials used to assemble photopolymer
formulations was PEGDA, selected in the average M, of 250, 575, and 700. Several
applications of PEGDA 700 regarding the preparation of solid oral dosage forms have been
described in the scientific literature, while less evidence is available for PEGDA 250
(Acosta-Vélez et al., 2018) and 575 (Robles Martinez et al., 2019). PEGDA is a linear
homobifunctional polymer, featuring a polyethylene glycol backbone terminating with
acrylate groups allowing it to form crosslinked networks via free-radical
photopolymerisation. The chain initiation mechanism is represented in figure 3.5, where

the radical fragments R; and R», generated from the photocleavage of the PI, are involved
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in an addition reaction with the C=C double bond of the acrylate moieties in PEGDA. The
resulting formation of 2 new radicals in the PEGDA molecule allows the reaction to

propagate and to form a highly crosslinked polymer (figure 3.6).

0 O
VIR o 2V .
o} " 0 n

Figure 3.5. Chain initiation reaction between radical fragments (R; and R,) produced

following PI photocleavage and C=C double bonds of PEGDA.

Figure 3.6. Partial representation of a chain propagation reaction involving the radical
PEGDA molecule showed in figure 3.5, and 2 unreacted PEGDA molecules. The reaction
can then propagate further.

A second component included in the photopolymer formulation screening was N-vinyl-2-
pyrrolidone (N-VP). Due to its low viscosity (2.1 cP at 20 °C) and its inability to crosslink,
N-VP was investigated by mixing it in different ratios with PEGDA in different M, to
potentially obtain a form of crosslinked polyvinyl pyrrolidone (PVP) (figure 3.7), whose
pharmaceutical applications are well renowned. Nevertheless, it should be considered that

any speculation conducted at this point on the structural nature of co-photopolymerised N-
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VP and PEGDA remains to be confirmed by appropriate means and it was not among the

aims of this Thesis.

- L(\}i —_
$
<\:o

Figure 3.7. Simplified representation of the addition of a radical linear chain of PVP to a

PEGDA molecule, resulting in the formation of a growing network of crosslinked PVP. R;
represents the radical fragment originally provided by the PI.

Polyethylene glycol (PEG) 300, propylene glycol (PG), and glycerol, were selected as
liquid fillers (figure 3.8). Since they cannot take part in the photopolymerisation process,
their inclusion is expected to increase molecular mobility within the crosslinked matrix,
aiding the release of drug molecules eventually present. Moreover, the hydrophilicity of
these compounds could increase the recall of water inside the tablet thanks to the formation
of hydrogen bonds, which in turn could contribute to an increase in the extent of drug

release.

{,\/o]\ OH OH
HO “H  Ho_k_  Ho_ _L_ ow
B C

A

Figure 3.8. Structures of (A) polyethylene glycol, (B) propylene glycol, and (C) glycerol.

The components described above were used to design and prepare a total of 156

photopolymer formulations, whose exact compositions are reported in table 3.5.
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Table 3.5. % w/w composition of the 156 photopolymer formulations designed and

prepared to carry out a systematic printability screening.

PEGOA RGO FEGDA G PRI Gy ML o
F1 99.00 - - - - - - 1.00
F2 99.50 - - - - - - 0.50
F3 99.90 - - - - - - 0.10
F4 99.95 - - - - - - 0.05
F5 - 99.00 - - - - - 1.00
Fo6 - 99.50 - - - - - 0.50
F7 - 99.90 - - - - - 0.10
F8 - 99.95 - - - - - 0.05
F9 - - 99.00 - - - - 1.00
F10 - - 99.50 - - - - 0.50
F11 - - 99.90 - - - - 0.10
F12 - - 99.95 - - - - 0.05
F13 86.50 - - 12.50 - - - 1.00
F14 74.00 - - 25.00 - - - 1.00
F15 49.00 - - 50.00 - - - 1.00
F16 87.00 - - 12.50 - - - 0.50
F17 74.50 - - 25.00 - - - 0.50
F18 49.50 - - 50.00 - - - 0.50
F19 87.40 - - 12.50 - - - 0.10
F20 74.90 - - 25.00 - - - 0.10
F21 49.90 - - 50.00 - - - 0.10
F22 87.45 - - 12.50 - - - 0.05
F23 74.95 - - 25.00 - - - 0.05
F24 4995 - - 50.00 - - - 0.05
F25 - 86.50 - 12.50 - - - 1.00
F26 - 74.00 - 25.00 - - - 1.00
F27 - 49.00 - 50.00 - - - 1.00
F28 - 87.00 - 12.50 - - - 0.50
F29 - 74.50 - 25.00 - - - 0.50
F30 - 49.50 - 50.00 - - - 0.50
F31 - 87.40 - 12.50 - - - 0.10
F32 - 74.90 - 25.00 - - - 0.10
F33 - 49.90 - 50.00 - - - 0.10
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F34 - 87.45 - 12.50 - - - 0.05

F35 - 74.95 - 25.00 - - - 0.05
F36 - 49.95 - 50.00 - - - 0.05
F37 - - 86.50 12.50 - - - 1.00
F38 - - 74.00  25.00 - - - 1.00
F39 - - 49.00 50.00 - - - 1.00
F40 - - 87.00 12.50 - - - 0.50
F41 - - 74.50  25.00 - - - 0.50
F42 - - 49.50  50.00 - - - 0.50
F43 - - 87.40 12.50 - - - 0.10
F44 - - 74.90  25.00 - - - 0.10
F45 - - 49.90 50.00 - - - 0.10
F46 - - 87.45 12.50 - - - 0.05
F47 - - 74.95 25.00 - - - 0.05
F48 - - 49.95 50.00 - - - 0.05
F49 - 86.50 - - 12.50 - - 1.00
F50 - 74.00 - - 25.00 - - 1.00
Fs1 - 49.00 - - 50.00 - - 1.00
F52 - 87.00 - - 12.50 - - 0.50
FS3 - 74.50 - - 25.00 - - 0.50
F54 - 49.50 - - 50.00 - - 0.50
F55 - 87.40 - - 12.50 - - 0.10
F56 - 74.90 - - 25.00 - - 0.10
F57 - 49.90 - - 50.00 - - 0.10
F5s8 - 87.45 - - 12.50 - - 0.05
F59 - 74.95 - - 25.00 - - 0.05
F60 - 49.95 - - 50.00 - - 0.05
Fe1 - - 86.50 - 12.50 - - 1.00
F62 - - 74.00 - 25.00 - - 1.00
F63 - - 49.00 - 50.00 - - 1.00
Fé64 - - 87.00 - 12.50 - - 0.50
F65 - - 74.50 - 25.00 - - 0.50
F66 - - 49.50 - 50.00 - - 0.50
F67 - - 87.40 - 12.50 - - 0.10
F68 - - 74.90 - 25.00 - - 0.10
F69 - - 49.90 - 50.00 - - 0.10
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F70 - - 87.45 - 12.50 - - 0.05

F71 - - 74.95 - 25.00 - - 0.05
F72 - - 49.95 - 50.00 - - 0.05
F73 - 86.50 - - - 12.50 - 1.00
F74 - 74.00 - - - 25.00 - 1.00
F75 - 49.00 - - - 50.00 - 1.00
F76 - 87.00 - - - 12.50 - 0.50
F77 - 74.50 - - - 25.00 - 0.50
F78 - 49.50 - - - 50.00 - 0.50
F79 - 87.40 - - - 12.50 - 0.10
F80 - 74.90 - - - 25.00 - 0.10
F81 - 49.90 - - - 50.00 - 0.10
F82 - 87.45 - - - 12.50 - 0.05
F83 - 74.95 - - - 25.00 - 0.05
F84 - 49.95 - - - 50.00 - 0.05
F85 - - 86.50 - - 12.50 - 1.00
F86 - - 74.00 - - 25.00 - 1.00
F87 - - 49.00 - - 50.00 - 1.00
F88 - - 87.00 - - 12.50 - 0.50
F89 - - 74.50 - - 25.00 - 0.50
F90 - - 49.50 - - 50.00 - 0.50
FI1 - - 87.40 - - 12.50 - 0.10
F92 - - 74.90 - - 25.00 - 0.10
F93 - - 49.90 - - 50.00 - 0.10
F94 - - 87.45 - - 12.50 - 0.05
F95 - - 74.95 - - 25.00 - 0.05
F96 - - 49.95 - - 50.00 - 0.05
F97 - - 94.00 - - - 5.00 1.00
F98 - - 89.00 - - - 10.00 1.00
F99 - - 79.00 - - - 20.00 1.00
F100 - - 94.50 - - - 5.00 0.50
F101 - - 89.50 - - - 10.00 0.50
F102 - - 79.50 - - - 20.00 0.50
F103 - - 94.90 - - - 5.00 0.10
F104 - - 89.90 - - - 10.00 0.10
F105 - - 79.90 - - - 20.00 0.10
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F106 - - 94.95 - - - 5.00 0.05

F107 - - 89.95 - - - 10.00 0.05
F108 - - 79.95 - - - 20.00 0.05
F109 - 94.00 - - - - 5.00 1.00
F110 - 89.00 - - - - 10.00 1.00
F111 - 79.00 - - - - 20.00 1.00
F112 - 94.50 - - - - 5.00 0.50
F113 - 89.50 - - - - 10.00 0.50
F114 - 79.50 - - - - 20.00 0.50
F115 - 94.90 - - - - 5.00 0.10
F116 - 89.90 - - - - 10.00 0.10
F117 - 79.90 - - - - 20.00 0.10
F118 - 94.95 - - - - 5.00 0.05
F119 - 89.95 - - - - 10.00 0.05
F120 - 79.95 - - - - 20.00 0.05
F121 94.00 - - - - - 5.00 1.00
F122 89.00 - - - - - 10.00 1.00
F123 79.00 - - - - - 20.00 1.00
F124 94.50 - - - - - 5.00 0.50
F125 89.50 - - - - - 10.00 0.50
F126 79.50 - - - - - 20.00 0.50
F127 94.90 - - - - - 5.00 0.10
F128 89.90 - - - - - 10.00 0.10
F129 79.90 - - - - - 20.00 0.10
F130 94.95 - - - - - 5.00 0.05
F131 89.95 - - - - - 10.00 0.05
F132 79.95 - - - - - 20.00 0.05
F133 86.50 - - - - 12.50 - 1.00
F134 74.00 - - - - 25.00 - 1.00
F135 49.00 - - - - 50.00 - 1.00
F136 87.00 - - - - 12.50 - 0.50
F137 74.50 - - - - 25.00 - 0.50
F138 49.50 - - - - 50.00 - 0.50
F139 87.40 - - - - 12.50 - 0.10
F140 74.90 - - - - 25.00 - 0.10
F141 49.90 - - - - 50.00 - 0.10
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F142 87.45 - - - - 12.50 - 0.05

F143 74.95 - - - - 25.00 - 0.05
F144 49.95 - - - - 50.00 - 0.05
F145 86.50 - - - 12.50 - - 1.00
F146 74.00 - - - 25.00 - - 1.00
F147 49.00 - - - 50.00 - - 1.00
F148 87.00 - - - 12.50 - - 0.50
F149 74.50 - - - 25.00 - - 0.50
F150 49.50 - - - 50.00 - - 0.50
F151 87.40 - - - 12.50 - - 0.10
F152 74.90 - - - 25.00 - - 0.10
F153 49.90 - - - 50.00 - - 0.10
F154 87.45 - - - 12.50 - - 0.05
F155 74.95 - - - 25.00 - - 0.05
F156 49.95 - - - 50.00 - - 0.05

3.4.4.2 Stereolithography 3D printing and printability evaluation

The 156 photopolymer formulations were screened via SLA 3DP using a modified SLA
apparatus previously described in Chapter 11, allowing to simultaneously 3D print up to 12
different resins (Curti, Kirby and Russell, 2021). Each formulation was 3D printed setting
the layer thickness to 25 um, 50 um, and 100 um, therefore the whole screening process
required only 39 print cycles to be completed, instead of 468, with substantial implications

in terms of time and cost saving (Curti, Kirby and Russell, 2021).

Pictures of the 3D printed test tablets are shown in figures 3.9-3.21, while the PS for each

formulation at any layer thickness is given in table 3.6.
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Figure 3.9. From top left to bottom right: formulations F1-F12, 3D printed setting the layer
thickness to (A) 25 um, (B) 50 pm, and (C) 100 um.

Figure 3.10. From top left to bottom right: formulations F13-F24, 3D printed setting the
layer thickness to (A) 25 pm, (B) 50 pm, and (C) 100 pum.

Figure 3.11. From top left to bottom right: formulations F25-F36, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 pm.
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Figure 3.12. From top left to bottom right: formulations F37-F48, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 um.

Figure 3.13. From top left to bottom right: formulations F49-F60, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 pm.

Figure 3.14. From top left to bottom right: formulations F61-F72, 3D printed setting the
layer thickness to (A) 25 pm, (B) 50 pm, and (C) 100 pm.
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Figure 3.15. From top left to bottom right: formulations F73-F84, 3D printed setting the
layer thickness to (A) 25 pm, (B) 50 pm, and (C) 100 pm.

Figure 3.16. From top left to bottom right: formulations F85-F96, 3D printed setting the
layer thickness to (A) 25 pm, (B) 50 pm, and (C) 100 pum.

Figure 3.17. From top left to bottom right: formulations F97-F108, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 pm.
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Figure 3.18. From top left to bottom right: formulations F109-F120, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 um.

Figure 3.19. From top left to bottom right: formulations F121-F132, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 pm.

Figure 3.20. From top left to bottom right: formulations F133-F144, 3D printed setting the
layer thickness to (A) 25 um, (B) 50 um, and (C) 100 pm.

C. Curti, PhD Thesis, Aston University, 2021



Figure 3.21. From top left to bottom right: formulations F145-F156, 3D printed setting the
layer thickness to (A) 25 pm, (B) 50 pm, and (C) 100 pm.
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Table 3.6. Printability score (PS) and classification group assigned to each photopolymer

formulation screened. Group A indicates formulations with PS # 5 (n = 96); group B reports

formulations with a PS =5 or PS = * at least at one printing resolution (n = 60); groups B1

(n=35) and B2 (n = 5) list formulations with a PS = 5* at least at one or at each printing

resolution used, respectively.

Formulation  PS-25pum PS - 50 pm PS - 100 pm afs?g):sd
F1 5% 5% 6 B1
P 5% 5% 6 B1
F3 4 5 5% B1
F4 4 A
F5 6 6 A
F6 6 6 A
F7 5% 6% 6* Bl
FS8 6 6 A
F9 6 6 A
F10 6 6 6 A
F11 5% 6% 6 B1
F12 5% 6% 5% Bl
F13 5 6 6 Bl
F14 6 6 6 A
F15 6 6 6 A
F16 6 6 6 A
F17 6 6 6 A
F18 6 6 6 A
F19 5 5% 5% Bl
F20 6 6 6 A
F21 6 6 6 A
F22 4 4 4 A
F23 6 6 6* B
F24 6 6 6 A
F25 6 6 6* B
F26 6 6 6 A
F27 6 6 6 A
F28 6 6 6 A
F29 6 6* 6 B
F30 6 6 6 A
F31 6* 6* B
F32 6 6 A
F33 6 6 A
F34 5% 5% B1
F35 5% 6 5* Bl
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F36
F37
F38
F39
F40
F41
F42
F43
F44
F45
F46
F47
F48
F49
F50
F51
F52
F53
F54
F55
F56
F57
F58
F59
F60
Fol
F62
F63
Fo4
F65
F66
F67
F68
F69
F70
F71
F72
F73
F74
F75
F76
F77

B2

5*

5*

5*

6*

6*

6*

6*

6*

B1

5*

B1

5*

B1

5*

6*

B2

5*

5*

5*

B1

5*

B1

5*

6*

- 122 -
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F78
F79
F80
F81
F82
F83
F84
F85
F86
F87
F88
F89
F90
F9l
F92
F93
Fo4
F95
F96
F97
F98
F99
F100
F101

B1

5*

6*

6*

6*

B1

5*

B1

5*

5*

B2

5*

5*

5*

6*

B1

5*

B1

5*

F102
F103
F104
F105
F106
F107
F108
F109
F110

F111

F112

F113

6*

F114

B1

5*

F115

F116

F117

B1

5*

5*

F118

6*

F119

- 123 -
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F120 6 5% 6 B1
F121 6 6 A
F122 6 6 A
F123 6 6 A
F124 6* 6* 6 B
F125 6 6 A
F126 6 6 A
F127 5% 5 6* Bl
F128 6 6 6 A
F129 6 6 A
F130 4 5% 5% B1
F131 4 5% B1
F132 6 6 A
F133 5% 5% 4 Bl
F134 6* 6* 6* B
F135 6* 4 4 B
F136 5% 5% 5% B2
F137 5% 6* 6 B1
F138 5% 6* 6 B1
F139 5% 5% 5% B2
F140 4 5% 5% Bl
F141 5% 5% 6* Bl
F142 4 4 4 A
F143 4 4 5 B
F144 4 5 4 B
F145 5% 6* 6* Bl
F146 6 6 6 A
F147 4 6 4 A
F148 5% 5% 6* B1
F149 6 6 6 A
F150 6 6 6 A
F151 5 5% 5% Bl
F152 6* 4 B
F153 6 6 A
F154 4 4 A
F155 4 6 4 A
F156 4 5 5% B1

Based on the inclusion criteria, the whole set of photopolymer formulations screened was
classified in four groups (figure 3.22). Out of the 156 formulations tested, 96 provided a

PS # 5 indicating poor printability outcomes (figure 3.22, group A), while the remaining
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60 formulations met the eligibility criteria by reaching a PS = 5 or showing defined edges
(*) at least at one printing resolution, making up a pool labelled as printable formulations

(PF, n = 60) (figure 3.22, group B).

Formulations included in group B were then subclassified into groups Bl (n = 35;
formulations reaching PS = 5* at least for one printing resolution) and B2 (n = 5;
formulations reaching PS = 5* at each printing resolution). Formulations belonging to

groups B1 and B2 were jointly labelled as best formulations (BF, n = 40).
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Figure 3.22. Group classification of photopolymer formulations screened. Group A
indicates formulations with PS # 5 (n = 96); group B reports formulations with a PS =5 or
PS = * at least at one printing resolution (n = 60); groups B1 (n = 35) and B2 (n = 5) list

formulations with a PS = 5* at least at one or at each printing resolution used, respectively.

3.4.4.3 Polyethylene glycol diacrylate influence on printability
The role of PEGDA M, on printability outcomes was investigated. The graph in figure 3.23

displays the number of PFs and BFs containing PEGDA 250, 575, and 700, respectively.

According to the results, PEGDA 250 was the most frequently effective polymer both
among PFs (26) and BFs (19). PEGDA 575 was present in 24 PFs and 13 BFs, while
PEGDA 700 in 10 PFs and 8 BFs. However, PEGDA 700 showed the highest BFs/PFs

ratio (0.80) in comparison to PEGDA 250 (0.73) and PEGDA 575 (0.54), suggesting that
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its use is more likely to provide tablets 3D printed in accurate size and shape. As a result,
PEGDA 700 was selected as the main photocrosslinkable polymer for the subsequent

stages of this research, involving the formulation of drug loaded photopolymer resins.

26
24

19

13

10

Number of formulations

PEGDA 250 PEGDA 575 PEGDA 700

® Printable Formulations @ Best Formulations

Figure 3.23. Number of formulations containing PEGDA 250, 575, and 700 classified as
PFs and BFs.

3.4.4.4 Liquid fillers influence on printability

PEG 300, PG, and glycerol were individually used as liquid fillers combined in different
concentrations with PEGDA. Liquid fillers can act as co-solvents to enhance drug solubility
in the liquid photopolymer or as release-tuning agents, and their incorporation into SLA

printable formulations represents a standard strategy to overcome such issues.

The data in figures 3.24-3.26 show the number of formulations containing PEG 300, PG,

or glycerol, in different concentrations, that were classified as PFs and BFs.
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Figure 3.24. Number of formulations containing PEG 300 classified as PFs and BFs.

When PEG 300 was used in a concentration of 12.5% w/w, a total of 6 PFs and 4 BFs were
obtained (figure 3.24). Doubling PEG 300 concentration to 25% w/w led to the
classification of 3 PFs and 1 BF, while a further PEG 300 increase to 50% w/w did not
allow to identify any PFs and BFs. Therefore, the inclusion of PEG 300 in a concentration
of 12.5% w/w was most effective in ensuring good printability, as also indicated by the

high BFs/PFs ratio (0.67).
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Figure 3.25. Number of formulations containing propylene glycol classified as PFs and

BFs.

PG provided better results when loaded at higher concentrations, in comparison to PEG
300 (figure 3.25). Again, it was found to be most effective when used at 12.5% w/w,
resulting in 7 PFs and 5 BFs. An increase of PG to 25% w/w led to the identification of 4
PFs and 2 BFs, while a further increase to 50% resulted in 4 PFs and 3 BFs. Interestingly,
the highest BFs/PFs ratio (0.75) was observed when the maximum concentration of
propylene glycol was used. Based on these observations, PG was selected as the main liquid

filler to be included in the next-phase studies on drug loaded photopolymer formulations.
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Figure 3.26. Number of formulations containing glycerol classified as PFs and BFs.

Glycerol was found to be unmixable with PEGDA of any M,. Indeed, when added to
PEGDA, it caused a well distinguishable phase separation of the photopolymer mixture
and, as a result, poor printability outcomes were observed. Nevertheless, several
formulations containing glycerol showed good printability outcomes (figure 3.26).
However, it should be noted that this could be due to a bias caused by the phase separation
between glycerol and PEGDA in the resin tank, leading to photopolymerisation occurring
in the pure PEGDA. Undoubtedly, the incompatibility between PEGDA and glycerol
makes the latter unsuitable for the formulation of a photopolymer resin to be used in SLA

3D printing, therefore it will not be furtherly investigated.
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3.4.4.5 N-vinyl pyrrolidone influence on printability

N-VP was included as a reactive monomer with the view to improve geometrical accuracy
of the 3D printed tablets, and to investigate its potential drug release tuning properties. It
was used in combination with PEGDA at a concentration of 5%, 10% and 20% w/w. The
use of 5% N-VP allowed to identify 5 PFs and 4 BFs, with a BFs/PFs ratio of 0.80 (figure
3.27). When N-VP concentration was increased to 10% and 20% w/w, printability results

worsened showing comparable results.

Number of formulations

12.5% 25.0% 50.0%
N-VP loading (w/w %)

® Printable Formulations mBest Formulations

Figure 3.27 Number of formulations containing N-VP classified as PFs and BFs.

Most importantly, it was noticed that the inclusion on N-VP in the photopolymer resins,
led to hardening of the 3D printed tablets, which became visibly tough and difficult to
remove from the build platform. Furthermore, even after 3DP and removal of the uncured
resin, 3D printed dosage forms were characterised by a strong N-VP smell, possibly
indicating the presence of uncured residues and likely a negative factor for patient

compliance.

For this reason, N-VP was not furtherly investigated, despite the interest for its use to

generate crosslinked PVP in situ through SLA 3DP remains.
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3.4.4.6 Evaluation of photoinitiator concentration on printability

TPO was used at concentrations of 1%, 0.5%, 0.1%, and 0.05% w/w. As it can be seen in
figure 3.28, the number of formulations classified as PFs and BFs increases with the
decrease of TPO concentration. Indeed, only 7 PFs and 4 BFs were related to the use of 1%
TPO. On the contrary, 0.05% TPO allowed to identify 24 PFs and 20 BFs. This is furtherly

evidenced by the high BFs/PFs ratio related to 0.05% w/w TPO (0.83).

This demonstrates that TPO is not only effective at low concentrations in presence of liquid
fillers, but it also provides better printability outcomes. Among the advantages of using a
low amount of P1, a key role is held by the reduced toxicity concerns, as well as the potential

to increase drug loading and reducing costs.
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Figure 3.28. Number of formulations containing 1%, 0.5%, 0.1% and 0.05% w/w TPO
classified as PFs and BFs.
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3.4.4.7 Evaluation of printing resolution on printability outcomes

The effect of 3DP resolution on printability outcomes was also investigated (figure 3.29).
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Figure 3.29. Number of formulations classified among PFs and BFs for each 3D printing

resolution used.

When a 3DP resolution of 25 pm was used, 43 PFs and 26 BFs were obtained. Lowering
the resolution to 50 pm resulted instead in 37 PFs and 18 BFs, while a further decrease to
100 pm allowed to identify 33 PFs and 20 BFs. These results point out that a higher printing
resolution (25 um) leads to better printability outcomes. It is also interesting to notice that

the BFs/PFs ratio is higher when the lowest resolution (100 pm) was used.

However, it should be considered that 3DP with a resolution of 25 um increases
manufacturing time by 55.38% and 74.83% compared to using a resolution of 50 pm and
100 um, respectively. Despite the better results observed using higher resolution, the
increase in production time should not be underestimated. The implementation of SLA 3DP
in clinical settings to produce personalised dosage forms will in fact be possible if the
overall efficiency of the process is optimised, reducing costs and production times, and
ensuring safety and efficacy of the printed medicines (Awad, Sarah J. Trenfield, et al.,
2018; Rautamo et al., 2020). It is therefore essential to identify novel formulations,

designed to provide best printability even at low resolution.
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For such reason, a printing resolution of 100 pm was selected to 3D print the drug loaded

photopolymer formulations described in the next Chapter.

3.5 Conclusion

In summary, in this Chapter was described the high-throughput printability screening
conducted on 156 photopolymer formulations designed to develop safe SLA 3D printed
solid oral dosage forms. This followed the preliminary identification of TPO as a suitable
PI for SLA 3DP at 405 nm and the implementation of a points-based classification system

to assess printability outcomes.

The printability assessment allowed to identify PEGDA 700 as the main photopolymer and
PG as the best liquid filler, with best results when loaded as 12.5% in the photopolymer

resin. TPO was found to be most effective when used at lowest concentration (0.05% w/w).

The effect on printability outcomes of the 3D printing resolution selected was also
investigated, and it was found that better results are obtained when the highest resolution
(corresponding to a layer thickness of 25 pm) is used. However, a printing resolution of
100 pm was selected for the subsequent work described herein in this Thesis, due to the

substantial decrease in manufacturing time compared to using higher resolutions.

Finally, from the 156 formulations screened, 5 were identified as lead formulations and
were therefore selected to assemble drug-loaded photopolymer resins used to 3D print solid

oral dosage forms, as it will be described in Chapter IV.
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- Chapter 1V -

STEREOLITHOGRAPHY 3D PRINTING OF SOLID ORAL DOSAGE FORMS
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4.1 Introduction

Stereolithography (SLA) three-dimensional printing (3DP) offers unique features making
it particularly suitable for the fabrication of solid oral dosage forms (Curti, Kirby and
Russell, 2020). Indeed, its unrivalled advantages in terms of printing accuracy and
resolution have promoted the progress of this technology in the manufacture of
personalised dosage forms (Xu ef al., 2021). However, limitations caused by the lack of
photopolymers available, and poor cost-effectiveness of the process, led to the
underdevelopment of SLA in comparison to other 3DP technologies (Curti, Kirby and

Russell, 2021).

In the previous Chapters of this Thesis, the development of a highly cost-effective SLA
apparatus, and the systematic printability screening of a large number of photopolymer
formulations have aimed to address the aforementioned limitations. In particular, the
identification of formulations with optimal printability allowed to move to the next and last

objective of this research: the fabrication of SLA 3D printed drug loaded tablets.

The work herein described aims to demonstrate the suitability of photopolymer resins with
low photoinitiator (PI) concentration, shortlisted from the systematic screening reported in
Chapter III, to produce SLA 3D printed solid oral dosage forms containing clinically
relevant dosages of active pharmaceutical ingredient(s) (API). Most of the research
conducted on SLA 3DP of solid oral dosage forms describes in fact the inclusion of Pls in
concentrations of 1% w/w (Wang et al., 2016; Robles Martinez et al., 2019; Xu et al.,
2020). In an attempt to reduce toxicity concerns related to photopolymer resins, this work
reported for the first time the fabrication of drug loaded tablets using a PI concentration as
low as 0.05% w/w. Furthermore, this research intends to shed light on the physical
properties of SLA 3D printed dosage forms, mainly hardness and friability, so far limitedly

investigated (Healy ef al., 2019).

With regards to the selection of model compounds to use in this study, the focus was on

narrow therapeutic index (NTI) drugs as these represent the first choice in the formulation
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of 3D printed personalised medicines (Curti, Kirby and Russell, 2020). Indeed, the
personalisation of pharmacotherapies shows higher importance when NTI drugs are used.
In this context, oral anticoagulants undoubtedly meet the criteria for rational drug selection
(Wadelius et al., 2005; Epstein et al., 2010; Arafat, Qinna, et al., 2018). For example,
coumarin-based regimens are known to be difficult to manage because of the many
interactions with food and other drugs, requiring the continuous INR (International
Normalised Ratio) profile monitoring and dose titration (Holbrook et al., 2005). Therefore,
the oral anticoagulant drug warfarin was selected for this research as a model compound to
be included in clinically relevant dosages in SLA 3D printed tables. Another NTI drug,
theophylline, was also selected for the investigation of potential drug loading limitations

of the photopolymer resins.

Finally, 3D printed dosage forms were thoroughly characterised, with the view to inform

on the opportunities and remaining challenges of SLA 3DP in the pharmaceutical field.
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4.2 Chapter aim and objectives

The primary aim of this chapter was to develop a wide set of drug loaded solid oral dosage
forms using SLA 3D printing. Following the work described in the previous chapters, it
was indeed possible to use a SLA 3DP apparatus with enhanced efficiency and
productivity, while having available a set of photopolymer resin formulations with
optimised printability. This allowed us to substantially reduce both cost and time of the

final phase of this research project.

To achieve the abovementioned aim, the work presented in this chapter was essentially

carried out in three different phases characterised by the following objectives:

= Rational selection of APIs. Ideal drug candidates for 3D printing would be those having
a narrow therapeutic index and for which the continuous dose titration based on
individual patients’ characteristics is usually needed, even on a daily basis.

= Design of printable photopolymer formulations loaded with clinically relevant dosages
of APIs. This would indeed demonstrate that 3D printing can represent a valid
manufacturing technology for solid oral dosage forms, in parallel with conventional
production processes.

= Characterisation of drug loaded SLA 3D printed solid oral dosage forms by the
application of analytical methods and physical characterisation tools. Such step would
allow to acquire a thorough understanding of the advantages and limitations
characterising SLA 3D printing in the pharmaceutical field, with the view to inform

formulation scientists on the main features of such novel drug delivery devices.
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4.3 Materials and methods

4.3.1 Materials

Diphenyl-(2.,4,6-trimethylbenzoyl)-phosphine oxide (TPO), polyethylene glycol diacrylate
(PEGDA) 700, triglycerol diacrylate (TGDA), polyethylene glycol (PEG) 300, propylene
glycol (PG), polyethylene glycol dimethyl ether (PEGDME), sodium chloride, potassium
bicarbonate, theophylline and warfarin were purchased from Sigma-Aldrich, UK. Warfarin
sodium was acquired from Glentham Life Sciences Ltd, UK. Fasted state simulated gastric
fluid (FaSSGF) and fasted state simulated intestinal fluid (FaSSIF) dissolution media were
prepared from FaSSIF/FeSSIF/FaSSGF powder (Biorelevant Ltd, UK). High performance
liquid chromatography (HPLC) grade methanol and acetonitrile were purchased from
Fisher Scientific. HPLC grade phosphoric acid was obtained from Sigma-Aldrich. Clear

resin V4.0 photopolymer was acquired from Formlabs Inc, USA.

4.3.2 Development and validation of a HPLC method for theophylline detection

A HPLC method for theophylline detection was developed using an Agilent 1200 HPLC
system (Agilent Technologies, Inc. USA) equipped with a G1312A binary pump coupled
to a G1314D Variable Wavelength Detector (VWD) and a G1329A auto sampler. A
Phenomenex HyperClone Octadecyl-silica (ODS) C18 reverse phase HPLC column
(150mm x 4.6mm; Sum Particle Size) was used as stationary phase. The mobile phase was
filtered and vacuum degassed prior to use using a Pall SolVac filter holder equipped with
GH Polypro 47mm 0.45um hydrophilic polypropylene membrane filters. The ultraviolet
(UV) detector was set at a wavelength of 271 nm. The injection volume was 20 puL and run
time was 10 minutes. A column oven set at 25 °C was used to keep the column temperature
stable. A 1.0 mg/mL stock solution was prepared by solubilising 200.00 mg of theophylline
accurately weighted in 200.00 mL of mobile phase in a volumetric flask; standards were

then produced via serial dilution in mobile phase. Six calibration standards at 500, 250,
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125, 62.5, 31.25 and 15.625 pg/mL were produced via serial dilution in mobile phase.

Method validation was carried out following ICH Guidelines Q2(R1).

4.3.3 Development and validation of a HPLC method for warfarin detection

A HPLC method for warfarin detection was developed using an Agilent 1200 HPLC system
equipped with a G1312A binary pump coupled to a G1314D VWD and a G1329A auto
sampler. A Phenomenex HyperClone ODS C18 reverse phase HPLC column (150mm x
4.6mm; Sum particle size) was used as stationary phase. The mobile phase consisted of a
mixture of 20 mM phosphoric acid (pH 2.0) and methanol in a ratio of 30:70, respectively.
The mobile phase was filtered and vacuum degassed prior use using a Pall SolVac filter
holder equipped with GH Polypro 47mm 0.45 pm hydrophilic polypropylene membrane
filters. The UV detector was set at a wavelength of 280 nm. The injection volume was 20
pL and run time was 10 minutes. A column oven set at 20 °C was used to keep the column
temperature stable. A 500 pg/mL stock solution was prepared by solubilising 25.00 mg of
accurately weighted warfarin in mobile phase using a 50 mL volumetric flask; standards
were then produced via serial dilution in mobile phase. Method validation was carried out

following ICH Guidelines Q2(R1) (ICH, 2005).

4.3.4 Size reduction of solid fillers

Sodium chloride and potassium bicarbonate were reduced to fine particles by grinding in a
Fritsch Pulverisette 7 ball mill (FRITSCH GmbH, Germany). Powders were individually
loaded into agate bowls containing agate balls. The mill was set at a rotational speed of 500

revolutions per minute (rpm). All powders were milled for 5 minutes.
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4.3.5 Particle size distribution analysis of solid fillers

Particle size and particle size distribution of both unprocessed and milled sodium chloride
and potassium bicarbonate were analysed using a Sympatec Helos laser diffraction system
(Sympatec GmbH, Germany) equipped with a Rodos disperser and a Vibri feeder. A
measuring range R5 (0.5/4.50 uym — 875.00 um) was selected. Circa 1 g of powder was
used for each experimental run. Particle size was reported as volume mean diameter

(VMD). Data were visualised and analysed using Sympatec PAQXOS V5.0.

4.3.6 Preparation of drug loaded photopolymer resins

Drug loaded photopolymer resins were prepared by firstly dissolving the PI in the polymer
mixture; any liquid or solid fillers were added at the same stage, thus preparing a
photopolymer reservoir. Then, the required amount of photopolymer solution or suspension
was transferred to a volumetric flask containing an accurately weighed amount of API. All
drug loaded photopolymer resins were stirred at room temperature until complete
solubilisation of the API. Then, each formulation was vacuum degassed for 5 min to
eliminate dissolved air that could cause oxygen-mediated polymerisation inhibition (Ligon

et al.,2017). All steps were carried out away from light to avoid polymerisation to occur.

4.3.7 Determination of drug solubility in polyethylene glycol diacrylate

Saturated solutions of theophylline, warfarin, and warfarin sodium in PEGDA 700 were
prepared by adding drug to the polymer solution until no complete solubilisation was
observed after 24 hours under vigorous electromagnetic stirring. Subsequently, the
saturated solutions were passed through a 0.45 um membrane filter and 100 pL aliquots

were diluted 1:1000 with mobile phase prior HPLC analysis.
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4.3.8 Determination of drug concentration in photopolymer resin

100 pL aliquots of drug loaded photopolymer formulations were collected immediately
after preparing each formulation. Resin samples were then diluted 1:100 with mobile phase

and analysed in HPLC.

4.3.9 Computer-aided design of solid oral dosage forms

3D models of solid oral dosage forms were generated using the computer-aided design
(CAD) software TinkerCAD (Autodesk Inc, USA). Cylindrical theophylline and warfarin
dosage forms were designed in different sizes based on the volume determined using the

following equation:

V=mxr?xh

Where r is the radius of the cylinder and /4 is the height. Dosage forms’ 3D models were

saved as stereolithography files (.stl) to be exported for 3D printing.

4.3.10 Stereolithography 3D printing of solid oral dosage forms

Drug loaded photopolymer resins were transferred to a modified resin tank specifically
designed to contain up to 12 different formulations (Curti, Kirby and Russell, 2021). The
resin tank was then connected to a Form 2 SLA 3D printer (FormLabs Inc, USA) equipped
with a modified build platform (BP) (Curti, Kirby and Russell, 2021). A layer thickness of
100 um was used for the 3D printing process. Dosage forms were printed directly on the
BP, hence no printing supports were used. Once printed, dosage forms were removed from
the BP and any uncured resin on their surface was accurately blotted with paper. 3D printed
tablets were then assigned a printability score (PS) for printability assessment and stored
in the fridge. The PS was based on the printability scale previously described in Chapter

I (figure 3.2).
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4.3.11 Determination of drug concentration in 3D printed dosage forms

Ten 3D printed dosage forms per formulation were crushed using a mortar and pestle, then
the finely divided material was transferred to a 100 mL volumetric flask. Acetonitrile was
used to extract theophylline and warfarin, while a 50:50 mixture of acetonitrile and
deionised water was used to extract warfarin sodium. Samples were kept away from light
and continuously stirred for 24 hours. Then, aliquots were collected from each flask and

filtered using a 0.45 pm membrane filter prior to HPLC analysis.

4.3.12 Tablet weight uniformity

For each successfully 3D printed formulation, ten dosage forms were randomly picked and
weighed using a semi-micro balance (Sartorius AG, Germany) with a scale interval of 0.01

mg.

4.3.13 Tablet friability testing

Dosage forms friability was established using a Sotax F2 USP Friabilator (Sotax AG,
Switzerland). Drum rotation was set at 25 rpm and a total of 100 revolutions were
performed. Ten 3D printed dosage forms per each formulation were randomly picked,
weighed, and loaded in the drum. At the end of the run, tablets were collected, any residues
brushed, and weighed again. Friability data were determined according to the British
Pharmacopeia standards (‘British Pharmacopoeia, Appendix XVII G; Friability of

Uncoated Tablets; Ph. Eur. method (2.9.7)’, 2011).

4.3.14 Tablet hardness testing

Dosage forms breaking force was determined using a Copley tablet hardness tester model
TBF 1000 (Copley Scientific, Ltd., UK) and a Brookfield CT3 texture analyser (AMETEK

Inc., USA) equipped with a 6 mm Magness-Taylor probe. Data from the texture analyser
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were collected using Texture Pro CT V1.9 Build 35 (AMETEK Inc., USA). Six 3D printed
dosage forms from each formulation were randomly picked and analysed. A 3D printed
shield was specifically designed to fit in the texture analyser and fabricated to protect the
operator from potential high speed fragments originating from the tested samples (figure

4.1).
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Figure 4.1. (A) 6 mm Magness-Taylor probe mounted on a Brookfield CT3 texture
analyser; (B) 3D printed tablet placed on the testing plate; (C-D) 3D printed shield designed

to fit on the testing plate and protect the operator from any fragments.

4.3.15 Dissolution testing of 3D printed dosage forms

Dissolution profiles data were obtained using a USP type I -II dissolution testing apparatus
(Erweka GmbH, Germany). For theophylline, the USP protocol for dissolution testing of

extended-release capsules was followed. The protocol involved the use of 900 mL of two
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different media, pH 1.2 simulated gastric fluid for the first hour and pH 6.0 phosphate
buffer for the remaining 7 hours. A USP type-II apparatus equipped with paddles set at a
speed of 50 rpm was used. Dissolution media were prepared based on the USP
recommendations in the section ‘Reagents, indicators, solutions’ (U.S. Pharmacopoeial
Convention, 2011). Dissolution apparatus operated at 37 + 0.5 °C and samples were

collected every hour using 5 mL Luer tip glass syringes.

For warfarin and warfarin sodium formulations, two different dissolution conditions were
investigated. First, the USP monograph for warfarin sodium was followed and 450 mL of
purified water were used as dissolution medium. A USP type-II apparatus equipped with
paddles set at a speed of 50 rpm was used. A second investigation consisted of a novel
protocol based on the use of a biorelevant dissolution media, with dosage forms being
placed in type-l apparatus baskets, set at 100 rpm. Dissolution data were collected in
FaSSGF for the first 3 hours and in FaSSIF for the subsequent 5 hours, for a total of 8
hours. Dissolution apparatus operated at 37 + 0.5 °C. Dissolution profiles for raw warfarin

and warfarin sodium were also obtained as a comparison with the 3D printed dosage forms.

Samples were collected every hour using 5 mL Luer tip glass syringes; for 24 hours
dissolution studies, extra data point were acquired at 12 and 24 hours. 5 mL samples were
withdrawn at each time point and replaced with pre-warmed dissolution medium to keep

sink conditions.

4.3.16 Swelling ratio and sol-fraction determination

To determinate swelling ratio, 3D printed drug loaded dosage forms were weighed before
and immediately following dissolution testing after wiping off the excess of dissolution
medium with paper. Swelling ratio was calculated according to the following equation:

Ws — Wi
(Ws | l)x
i

% Swelling Ratio = 100
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Where Ws is the weight of the swollen sample after dissolution testing, and Wi is the initial

weight of the dosage form.

Sol-fraction was calculated according to the following equation:

Wi-wd)

100
Wi

% Sol fraction =

Where Wi is the initial weight of the dosage form, and Wd is the weight of the dry sample
recorded 24 hours after the dissolution testing was completed. The drying process was

carried out at room conditions.

4.3.17 Determination of liquid fillers leakage

Formulations containing PG and PEG 300 as liquid fillers were investigated to evaluate
any potential leak of the liquid, unreacted filler over time. A total of seven 3D printed
formulations were tested. Three dosage forms per each formulation were weighed and their
diameter and height measured by using a digital calliper. Then, each sample was
individually placed onto a 55 mm filter paper disk (VWR International, USA) situated into

a 100 mL diamond weighing boat (VWR International, USA) as shown in figure 4.2.

Figure 4.2. 3D printed dosage form placed on filter paper to investigate potential leakage
of the liquid fillers from the crosslinked structure.
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The samples were then left at room condition protected from light for one week.
Afterwards, dosage forms were weighed, and their size measured again to be compared to
the initial values. The drug loss resulted from a potential leak of liquid filler was determined
via HPLC. Each filter paper disk was placed into 25 mL volumetric flask and extracted in
mobile phase (20 mM phosphoric acid at pH 2.0 and methanol, 30:70) for 12 hours under

vigorous electromagnetic stirring.

4.3.18 Weight uniformity determination of manually split tablets

Conventional commercially available 1 mg and 5 mg warfarin sodium tablets were obtained
from Crescent Pharma Ltd, UK. Ten tablets of each strength were individually weighed.
Then, each tablet was manually split through its groove to obtain a total of 20 halves per
strength. Each half tablet was weighed separately. Then, 10 tablet halves for each strength
were split to obtain a total of 20 quarters, and each quarter was weighed separately. The
percentage dose loss due to splitting was calculated from the weight of the resulting two
tablet halves and four tablet quarters by comparing their sum against the original whole
tablet weight. Dosage accuracy of tablet halves and quarters was calculated by estimating
the theoretical drug content in the tablet fragment mass, according to the manufacturer label
claim. Then, the number of tablet halves and quarters outside the 85% to 115% range and

75 to 125% was counted (Teng ef al., 2002).

4.3.19 Optical microscopy imaging

A Zeiss Axio Vert.Al microscope equipped with a AxioCam MR monochrome camera
was used to take images of various sample types. All images were acquired using a

magnification of x 10.
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4.3.20 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to determinate the presence of
any acrylate residues in the 3D printed dosage forms. Samples were taken from the surface
and at the core of the tablet and pulverised using a mortar and pestle. Circa 5 mg of each
sample were analysed using a Nicolet™ iS™ 5 FTIR Spectrometer (Thermo Fisher
Scientific Inc, USA) equipped with an iD5 monolithic diamond Attenuated Total
Reflectance (ATR) crystal. FTIR spectra were visualised and processed using software
OMNIC V9.0 software (Thermo Fisher Scientific Inc, USA). Liquid PEGDA 700 was used

to identify a reference spectrum featuring the acrylate group.

4.3.21 Differential scanning calorimetry

Thermal analysis of SLA 3D printed drug loaded dosage forms was carried out by
Differential scanning calorimetry (DSC) using a TA Q200 (TA instruments - Waters,
USA). 3D printed tablets were pulverised using a mortar and pestle, then an accurately
weighed sample amount (5 mg) was transferred into TA Tzero low-mass aluminium pan
(sensitivity for a minimum sample size of 0.5 mg). Samples were heated in the range of
50-300 °C at a scanning rate of 10 °C/min under nitrogen airflow of 50 mL/min. TA
universal analysis 2000 software (version 4.5) was used to analyse the resulting DSC

thermograms.

4.3.22 X-ray powder diffractometry

The X-ray powder diffraction (XRPD) patterns were collected using an Empyrean
diffractometer (Malvern Panalytical Ltd, UK) with Cu Ka, and Ko, radiation (A = 1.5406
A and 1.5444 A) over the 20 range 5-70°, using a step size of 0.026° and a scan speed of
0.040° s™!. Selected 3D printed dosage forms were pulverised using a mortar and pestle and
circa 20 mg of powdered material per sample were analysed, together with the raw APIs,

the PI, and a non-drug loaded SLA 3D printed tablet.
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4.3.23 Scanning electron microscopy imaging

Scanning electron microscopy (SEM) images of the surface and cross-section images of
selected 3D printed dosage forms were captured with a TESCAN Vega3 (TESCAN UK,
Ltd) to evaluate the microstructure of the devices. The voltage and working distance were
setat 10.0 kV and 18 mm, respectively. Seven images were collected from each sample. A
magnification of x40 and x200 was used for the images taken at the surface while for

images of the internal structure it was set at x40, x100, x200, x 1000 and x5000.

4.3.24 Raman spectroscopy imaging

A RAB802 Pharmaceutical Analyser was used for Raman analysis (Renishaw Plc, UK).
StreamLine™ and LiveTrack™ technologies were used to acquire Raman images of 3D
printed dosage forms. StreamLine™ image acquisition configuration included laser
wavelength set to 785 nm, grating set at 1500 lines per mm, and a spectral range of 600 cm"
'to 1885 cm™!. Step size was set to 5 um and a total of circa 50,000 spectra were collected
for each map. For surface mapping, the tablet was put straight onto the sample holder. For
core mapping, a sharp scalpel was used to cut the tablet and expose the core; the sample
was then placed onto the sample holder. Raman maps of tablet core and surface were also
collected after dissolution testing in deionised water (T = 37°C) for 24 hours at 50 rpm.
Non-Negative Least Squares (NNLS) component analysis was used to generate Raman
images using reference spectra of the materials within the sample. Images are based on
NNLS scores, which indicate the correlation between each map spectrum and each

reference spectrum.

Using NNLS component analysis with “no normalization” allowed for quantitative data
collection in the form of concentration estimates. Concentration estimates are defined as
percentage values derived from the least squares fitting of multiple reference spectra at all
points in the analysed area. The values are related to the concentration of species relative

to each other, dependent on the particle shapes, sizes, and depths.
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4.4 Results and Discussion

4.4.1 Development and validation of a HPLC method for theophylline detection

A HPLC method for theophylline detection was developed and validated based on the
method previously described by Kanakal and co-workers (Kanakal et al., 2014). The
original method involved a reverse phase ODS (C18) column (150 x 4.6mm; Sum particle
size) as stationary phase and a mobile phase consisting in water, acetonitrile, and methanol
at the ratio of 90:03:07, respectively. This method was selected by virtue of the mobile
phase used; in fact, salts and acids used in buffer solutions might dramatically affect HPLC
columns lifespan and therefore a buffer-free mobile phase results in an advantageous
approach to preserve columns (Phenomenex, 2010). Furthermore, the high percentage of
water over organic solvents in the mobile phase allows economical and environmentally

friendly analyses.

Following the method described by Kanakal, a sample containing 0.500 mg/mL of
theophylline dissolved in mobile phase was ran in HPLC and the chromatogram produced

showed a retention time (RT) of 9.208 min (figure 4.3).
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Figure 4.3. HPLC chromatogram of 0.500 mg/mL theophylline in mobile phase showing
a retention time of 9.208 minutes produced following the method described by Kanakal
(2014) using a mobile phase consisting in a mixture of water, acetonitrile, and methanol

(90:03:07).

Although the signal produced was clear and no noise was observed, the resulting peak was

slightly broad, and a modest tailing was observed. Also, the RT was considerably longer
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than the value reported in literature (Kanakal et al., 2014). With the aim to speed up the
analysis and improve peak’s shape, the mobile phase composition was changed to a mixture
of water, acetonitrile, and methanol at a ratio of 80:06:14 and the flow rate was set at 1.5
mL/min. Decreasing the water percentage would result in a decreased polarity of the mobile
phase and a faster elution of theophylline. Six calibration standards were produced via
serial dilution of a 1.00 mg/mL stock solution and were ran in triplicates to produce a

calibration curve (figure 4.4).

Theophylline Calibration Curve
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Figure 4.4. Calibration curve produced modifying the method reported by Kanakal running
six calibration standards. The mobile phase used consisted in a mixture of water,
acetonitrile, and methanol (80:06:14); flow rate was set at 1.5 mL/min. The calibration
range was 15.625-500 ug/mL. Results were generated from triplicates (n=3). Error bars

indicate standard deviation.

Although the resulting calibration curve showed a good linearity with a R? value of 0,9993
(figure 4.4), there was no consistency in the retention time (figure 4.5). This was accounted

to the column age and the resulting increase and instability in pressure.
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Figure 4.5. Chromatogram of six calibrations standards produced modifying the method
reported by Kanakal. The mobile phase used consisted in a mixture of water, acetonitrile,
and methanol (80:06:14); flow rate was set at 1.5 mL/min. Overlaid peaks highlight

inconsistency in retention time.

In order to achieve consistent and reliable analyses, a brand new Phenomenex HyperClone
ODS (C18) reverse phase HPLC column (150 x 4.6mm; Sum particle size) was used to
run six calibration standards again. The mobile phase was a mixture of water, acetonitrile,
and methanol (80:06:14) and the flow rate was set at 1.5 mL/min. Retention time was found
to be consistent (figure 4.6); however, a RT of 2.3 min was considered as potentially too
short to achieve efficient separation when detecting theophylline from dosage forms

containing different excipients.
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Figure 4.6. Chromatogram of six calibrations standards produced modifying the method
reported by Kanakal (2014) and using a brand new Phenomenex reverse phase C18 HPLC
column. The mobile phase used was a mixture of water, acetonitrile, and methanol

(80:06:14); flow rate was set at 1.5mL/min. Consistency in retention time was observed.

In order to increase the retention time, the mobile phase polarity was slightly increased
using a mixture of water, acetonitrile, and methanol (90:03:07). Six calibration samples
were ran at a flow rate of 1.5 mL/min. A consistent retention time of 5.665 min was

achieved (figure 4.7).
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Figure 4.7. Chromatogram of six calibrations standards produced using a mobile phase of
water, acetonitrile, and methanol (90:03:07) as described by Kanakal (2014), and a flow

rate of 1.5mL/min. The chromatogram shows a consistent retention time of 5.665 min.
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Having identified suitable conditions to detect theophylline, a new calibration curve was
produced using six calibration standards produced via serial dilution of a 1.00 mg/mL stock

solution. The calibration curve (figure 4.8) showed excellent linearity with a R? value of 1.

Theophylline Calibration Curve
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Figure 4.8. Calibration curve for HPLC detection of theophylline produced using a mobile
phase consisting in a mixture of water, acetonitrile, and methanol (90:03:07) and a flow
rate set at 1.5 mL/min. Results were generated from triplicates (n=3). Error bars indicate

standard deviation.

Regression residuals were determined (figure 4.9) and used to calculate uncertainty of the
regression line. Data analysis was carried out considering the calibration curve in figure

4.8. Results are indicated in table 4.1.
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Figure 4.9. Regression residuals from calibration curve in figure 4.8. Regression residuals

were used to determinate the uncertainty of the regression line.

Table 4.1. Linear regression analysis results of the calibration curve reported in figure 4.8.

Slope b 38.77404295 Intercept a 1.906667562
Standard error of the slope sb 0.017635741 Standard error of the intercept sa 4.156276596
Correlation coefficient R? 0.999999173 Standard error of the regression Sy/x 7.30879519
Fisher’s F 4833867.519 Degrees of freedom v 4

Sum of the squares of the regression

258217889.9

Sum of the squares of the residuals

213.6739485

Having developed a suitable calibration curve, the method was tested for its ability to

recover theophylline from formulations consisting of solutions containing the PI TPO in

order to exclude any interferences. Formulations containing 25 pg/mL and 100 pg/mL of

theophylline and 0.1% w/v of TPO were produced in mobile phase and analysed. No peaks

related to TPO were seen; recovery results are reported in table 4.2.

Table 4.2. Theophylline formulations spiked with TPO tested for recovery accuracy. All

the formulations were prepared using mobile phase.

Theophylline Sample Photoinitiator Mean Recovery
Concentration concentration
25.00 ug/mL TPO (0.1% w/w) 103.54 %
100.00 pg/mL TPO (0.1% w/w) 99.78 %
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Having established its suitability for theophylline detection, the method was validated

according to the ICH Guidelines Q2 (R1) (ICH, 2005).

Method’s specificity was investigated by running blank mobile phase and a theophylline

spiked sample. The relative chromatograms were compared to exclude presence of peaks

overlaying theophylline’s peak (figure 4.10).
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Figure 4.10. Comparison of the chromatograms produced by running blank mobile phase

(A) and 0.500 mg/mL theophylline in mobile phase (B).

Accuracy of the method was assessed by analysing three theophylline samples having a

known concentration of 50.00 pg/mL, 100.00 pg/mL, and 250.00 pg/mL. Each sample was

analysed in triplicates. Samples’ concentration was within the calibration range and

theophylline recovery was calculated based on the calibration curve previously produced

(figure 4.8). Accuracy results are reported in table 4.3.
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Table 4.3. Theophylline HPLC method accuracy data. Accuracy was assessed using nine
determinations over three concentration levels. Results are reported as percent recovery in

accordance with the ICH Q2(R1) guidelines.

Theophylline standard concentration Mean Recovery (n=3)
50.00 pg/mL 97.12%
100.00 pg/mL 97.71 %
250.00 pg/mL 99.70 %

An investigation of the precision of the method was carried out by assessing repeatability.
Nine determinations (three theophylline concentrations, analysed in triplicates) were used

in accordance with the ICH Q2(R1) guidelines. Precision results are reported in table 4.4.

Table 4.4. Theophylline HPLC method precision assessment. Results are expressed as
analyte concentration found, standard deviation (SD), relative standard deviation (RSD),

and confidence interval. Concentrations values are expressed as pg/mL.

Theophylline standard Concentration RSD Confidence
concentration found (Mean + SD) interval
50.00 pg/mL 50.03 £0.72 1.44 % +0.82
100.00 pg/mL 99.10 = 1.38 1.39 % +1.56
250.00 pug/mL 248.21 +4.06 1.63 % +4.59

The detection limit (DL) of the method was determined based on the standard deviation of
the y-intercept and the slope. DL indicates the minimum analyte concentration that can be
detected as a distinguished signal from the background noise. According to the ICH

Guidelines Q2 (R1), the DL can be determined as:

where o is the standard deviation of the y-intercept and S is the slope of the calibration

curve (figure 4.8).
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According to this, the theophylline detection limit for the method was found to be 0.35

pg/mL.

The quantification limit (QL) of the method was determined based on the standard
deviation of the y-intercept and the slope. Quantification limit is the minimum analyte

concentration that can be accurately determined from a sample. QL is calculated as:

100

QL= =2

S

where o is the standard deviation of the y-intercept and S is the slope of the calibration

curve (figure 4.8).

According to this, the theophylline quantification limit for the method was found to be 1.07

ug/mL.

To summarise, a specific, accurate, and precise method for theophylline detection and
quantification in SLA resin formulations and final 3D printed dosage forms has been
developed and validated according to the ICH Q2(R1) guidelines (table 4.5). Having
available an analytical method suitable for the intended purpose, the next step is the

development of theophylline loaded photopolymer resins for SLA 3D printing.
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Table 4.5. Theophylline method validation procedure.

Specificity Blank mobile phase samples and theophylline spiked
sampled were ran to exclude presence of peaks
overlaying analyte's peak (figure 4.10).

Accuracy Recovery from 50.00 pg/mL, 100.00 pg/mL and 250.00
pg/mL theophylline samples was found to be 97.12%,
97.71% and 99.70%, respectively.

Linearity A calibration curve covering a range from 15.625 pg/mL
to 500 pg/mL was produced. Response for the detector
was found to be linear over the calibration range. R* = 1.
Sy/x =7.31.

Precision Precision of the method was assessed in terms of
repeatability. Results reported in table 4.4.

Detection Limit 0.35 pg/mL.

Quantification Limit 1.07 pg/mL.

4.4.2 Development and validation of a HPLC method for warfarin detection

A HPLC method for warfarin detection was developed based on the API manufacturer
suggestion for analysis (SIGMA-ALDRICH, 2020). Such method involved the use of a
C18 column measuring 150 mm (length) x 4.6 mm (internal diameter) with a particle size
of 5 um as stationary phase; the column was kept at a temperature of 35°C. The mobile

phase used was a mixture of 20 mM phosphoric acid (pH 2.0) and methanol (30:70).

The method described above was used to analyse a 500 ug/mL warfarin sample dissolved
in mobile phase and ran into HPLC. The chromatogram obtained showed a neat peak with

a RT of 2.543 min (figure 4.11).
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Figure 4.11. HPLC chromatogram of 500 pg/mL warfarin in mobile phase (20 mM

phosphoric acid and methanol, 30:70) showing a retention time of 2.543 minutes.

Although the method used allowed to obtain a good peak shape, the analyte elution at 2.543
min was considered too rapid and a potential source of poor separation in multicomponent

samples.

As a result, a first line of intervention consisted in lowering the column temperature to
20°C with the view to increase the RT without changing the composition of the mobile

phase (figure 4.12).
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Figure 4.12. HPLC chromatogram of 500 pg/mL warfarin in mobile phase (20 mM
phosphoric acid and methanol, 30:70) showing a retention time of 4.272 minutes. This was

obtained by lowering column temperature to 20°C.

The change in column temperature allowed to obtain a neat warfarin peak, this time with a
RT of 4.272 min. Consistency in the RT was also observed, an indicator of the good

operative conditions of the HPLC system under the method parameters used.

Having obtained a clear signal and a good peak shape, the next step consisted in running
into HPLC a series of six calibration standards with the aim to produce a calibration curve
(figure 4.13). The calibration standards were produced via serial dilution in mobile phase
and had a concentration of 250, 125, 50, 5, 0.50 and 0.25 pg/mL. The resulting calibration

curve showed excellent linearity as indicated by a R? value of 1 (figure 4.13).
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Warfarin Calibration Curve
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Figure 4.13. Calibration curve from warfarin standards analysis. Results were generated

from triplicates (n=3). Error bars indicate standard deviation.

Regression residuals were determined (figure 4.14) and used to calculate uncertainty of
the regression line. Data analysis was carried out considering the calibration curve in

figure 4.13. Results are indicated in table 4.6.

X Variable 1 Residual Plot

20 Y .
n 0 ”‘ T T T T \‘ 1
Tg 0 50 100 150 200 250 300
© -20 -
[%]
&

-40 -

L 2
_60 i
X Variable 1

Figure 4.14. Regression residuals from calibration curve in figure 4.13. Regression

residuals were used to determinate the uncertainty of the regression line.
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Table 4.6. Linear regression analysis results of the calibration curve reported in figure 4.13.

Slope b 43.5331 Intercept a -18.7441
Standard error of the slope sb 0.1214 Standard error of the intercept sa 14.11483
Correlation coefficient R? 1.0000 Standard error of the regression Sy/x  27.14816
Fisher’s F' 128596.64  Degrees of freedom v 4

Sum of the squares of the regression 94778608 Sum of the squares of the residuals 2948.09

Having developed a suitable calibration curve, the method was tested for its ability to
recover warfarin from formulations containing the PI TPO in order to exclude any
interferences that could arise in samples of 3D printed dosage forms. Two formulations
containing 5.0 pg/mL and 50.0 png/mL of warfarin, respectively, and 0.05% w/w TPO were
produced in mobile phase and ran into HPLC. No peaks related to TPO were seen; warfarin

recovery is shown in table 4.7.

Table 4.7. Warfarin recovery from formulations containing 0.05% TPO w/w. Recovery

results excluded interferences due to the presence of the PI.

Warfarin Samples Photoinitiator concentration = Mean Recovery
Concentration
5.0 pg/mL TPO (0.05% w/v) 100.04 %
50.0 pg/mL TPO (0.05% w/v) 99.46 %

Having established its suitability for warfarin detection, the method was validated

according to the ICH Guidelines Q2 (R1).

Method’s specificity was investigated by running blank mobile phase and a warfarin spiked
sample. The relative chromatograms were compared to exclude presence of peaks

overlaying warfarin peak (figure 4.15).
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Figure 4.15. Comparison of the chromatograms produced by running blank mobile phase

(A) and 0.500 mg/mL warfarin in mobile phase (B).

Accuracy of the method was assessed by analysing three warfarin samples with a known

concentration of 5.00 pg/mL, 25.00 ug/mL, and 50.00 pg/mL. Each sample was analysed

in triplicates. Samples’ concentration was

within the calibration range and warfarin

recovery was calculated based on the calibration curve previously produced (figure 4.13).

Accuracy results are reported in table 4.8.

Table 4.8. Warfarin HPLC method accuracy data. Accuracy was assessed using nine

determinations over three concentration levels. Results are reported as percent recovery in

accordance with the ICH Q2(R1) guidelines.

Warfarin standard concentration

Mean Recovery (n=3)

5.00 pg/mL 96.99 %
25.00 pg/mL 100.54 %
50.00 pg/mL 101.22 %

C. Curti, PhD Thesis, Aston University, 2021



An investigation of the precision of the method was carried out by assessing repeatability.
A total of nine determinations covering a range of three warfarin concentrations were used;
precision results are reported in table 4.9. Greater variability was observed for the 5 pg/mL

warfarin sample, as explained by the closeness to the QL value (3.24 pg/mL).

Table 4.9. Warfarin HPLC method precision assessment. Results are expressed as analyte
concentration found, standard deviation, relative standard deviation, and confidence

interval. Concentrations values are expressed as pg/mL.

Warfarin standard Concentration RSD Confidence
concentration found (Mean + SD) interval
5.00 pg/mL 4.85+0.11 2.19% +0.12
25.00 ug/mL 25.11+0.46 1.85 % +0.52
50.00 pg/mL 50.60 £ 0.99 1.95 % +1.12

DL of the method was determined based on the standard deviation of the y-intercept and
the slope. DL indicates the minimum analyte concentration that can be detected as a
distinguished signal from the background noise. According to the ICH Guidelines Q2(R1),

the DL can be determined as:

where ¢ is the standard deviation of the y-intercept and S is the slope of the calibration

curve (figure 4.13). Detection limit of warfarin for the method developed was 1.07 pg/mL.

QL of the method was determined based on the standard deviation of the y-intercept and
the slope. Quantification limit is the minimum analyte concentration that can be accurately

determined from a sample. QL is calculated as:

where o is the standard deviation of the y-intercept and S is the slope of the calibration
curve (figure 4.13). Quantification limit of warfarin for the method developed was 3.24

ug/mL.

C. Curti, PhD Thesis, Aston University, 2021



In summary, a specific, accurate and precise method for warfarin detection in SLA resin
formulations and 3D printed dosage forms has been developed and validated according to

the ICH guidelines (table 4.10).

Table 4.10. Warfarin method validation procedure.

Specificity Blank mobile phase samples and warfarin spiked
sampled were ran to exclude presence of peaks
overlaying analyte's peak (figure 4.15).

Accuracy Recovery from 5.00 pg/mL, 25.00 pg/mL, and 50.00
pg/mL warfarin samples was found to be 96.99%,
100.54% and 101.22% respectively.

Linearity A calibration curve covering a range from 0.25 ug/mL to
250.00 pg/mL was produced. Response for the detector
was found to be linear over the calibration range. R* = 1.
Sy/x =27.14816.

Precision Precision of the method was assessed in terms of
repeatability. Results reported in table 4.9.

Detection Limit 1.07 pg/mL.

Quantification Limit 3.24 pg/mL.

4.4.3 Particle size reduction and distribution analysis of solid fillers

Sodium chloride and potassium bicarbonate were used as solid fillers for SLA 3D printed
dosage forms. In order to evaluate their potential to affect drug release, they were loaded
into the photopolymer resin either as received or milled. A ball mill was used for the size
reduction operation and all powdered samples were then analysed through a laser-
diffraction particle sizer to better characterise the size distribution of the material (figures

4.16-4.17).
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Sodium Chloride Particle Size Distribution
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Figure 4.16. Particle size distribution analysis of coarse NaCl (VMD = 291.72 pum) and

ball milled NaCl (VMD = 140.12 pum). Error bars indicate standard deviation of the

measurement (n=3).

Potassium Bicarbonate Particle Size Distribution
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Figure 4.17. Particle size distribution analysis of coarse KHCO3; (VMD =436.91 pm) and
ball milled KHCO; (VMD = 45.44 um). Error bars indicate standard deviation of the

measurement (n=3).

Images of sodium chloride and potassium bicarbonate particles were taken using a light
microscope before carrying out any size reduction operation in an attempt to visualise
sample homogeneity. Sodium chloride crystal size appeared to be more uniform as also

indicated by the SD of particle size distribution (figures 4.16, 4.18). On the contrary,
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potassium bicarbonate was characterised by a much larger particle size distribution range,
as readily seen from the microscopy analysis (figure 4.19) and the high SD obtained in the

particle size measurement (figure 4.17).

Figure 4.18. Light microscope image of coarse sodium chloride. Particle size within the

sample was observed to be generally homogeneous.
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Figure 4.19. Light microscope image of coarse potassium bicarbonate. Particle size within
the sample was observed to be heterogeneous, with large particles (top image) found

together with small fragments (bottom image).

As a result of ball milling, data in figures 4.16-4.17 show a reduction of the VMD from
291.72 pm to 140.12 pym for sodium chloride, and from 436.91 um to 45.44 um for
potassium bicarbonate. It is clear that the same operating conditions used for milling both
sodium chloride and potassium bicarbonate did not bring to the formation of finer particle

populations with comparable size.

It is worth noticing that both coarse sodium chloride and potassium bicarbonate particles
had a VMD larger than the laser spot size of the Form 2 SLA 3D printer (140 um - full
width at half maximum) used in this work (FormLabs, 2021). On the contrary, milled
sodium chloride showed a VMD (140.12 pm) of just the size of the laser beam, while milled

potassium bicarbonate had a lower VMD (45.44 um). However, all powdered materials
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were characterised by a larger particle size than the recommended range suggested for

loading fine powder particles (0.05 pm to 10 um) (Zakeri, Vippola and Levénen, 2020).

The use of powdered material is in fact typical of ceramic stereolithography, while
conventional resins for SLA 3DP generally do not contain suspended fine particles.
However, pharmaceutical applications of SLA 3DP may require the formulation of
photopolymer resins suspensions loaded with APIs and/or excipients’ particles. Therefore,
it is important to understand the factors that can affect printability when powdered material
is suspended into a photopolymer resin thus generating a heterogeneous system (de Hazan
and Penner, 2017). Among these, particle size and the number of particles loaded play a
crucial role as a cause of light scattering; more specifically, a smaller particle size and a
high particle concentration increase the scattering effect (Tomeckova and Halloran, 2010;
Zakeri, Vippola and Levénen, 2020; Qian et al., 2021). Scattering of the incident laser beam
causes a reduction in curing depth (Cy) and an enlargement of curing width (C.). Both Cy
and C,, are essential parameters to control for printing objects with high accuracy (Zakeri,

Vippola and Levénen, 2020).

Hence, the inclusion of solid fillers in pharmaceutical photopolymer resins should be
cautious of the potential effect of particle properties on the quality of the 3D printed dosage

form.

In this piece of work, both particle size and particle concentration in the photopolymer
suspension were carefully considered prior to formulating drug loaded photopolymer resin

for SLA 3D printing.

4.4.4 Preparation of drug loaded photopolymer resins

A total of 43 drug loaded photopolymer resin formulations comprising different APIs,
liquid and solid fillers, and photopolymers were designed and prepared. All formulations

contained TPO as a PI. TPO concentration was 0.10 % w/w in theophylline formulations
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(T1-T3) and 0.05 % w/w in warfarin and warfarin sodium formulations (W1-W40). A

detailed list of all the formulations prepared is described in table 4.11.
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4.4.5 Determination of drug solubility in polyethylene glycol diacrylate

Dimensional and geometrical accuracy of SLA 3D printed objects, including solid oral
dosage forms, is generally higher when the photopolymer formulation used is in form of a
solution. On the contrary, printing quality can decrease when photopolymer resins with

suspended particles are used (Zakeri, Vippola and Levénen, 2020).

As a result, it would be ideal to fully solubilise the drug into the photopolymer mixture
before 3DP. However, this is not always possible because the drug mass required to prepare
a clinically relevant drug loaded formulation could be insoluble into the liquid
photopolymer. Therefore, in order to predict the feasibility of producing clinically relevant
drug loaded photopolymer solutions, the solubility of theophylline, warfarin and warfarin

sodium in PEGDA 700 was determined (table 4.12).

Table 4.12. Theophylline, warfarin, and warfarin sodium solubility in PEGDA 700 at
20°C. Results are expressed as solubility + SD.

Maximum drug loading

Drug Solubility (mg/mL) (% wiv)
Theophylline 5.475+0.075 0.547 %
Warfarin 28.927+£0.018 2.893 %
Warfarin sodium 326.787 + 0.206 32.679 %

Solubility data of theophylline, warfarin and warfarin sodium in PEGDA 700 offer an
insight on the drug loading limitations to prepare a drug solution in the liquid
photopolymer. Naturally, a higher drug loading can be obtained by creating a suspension

of the drug in the photopolymer mixture.

Among the three APIs tested, theophylline had the lowest solubility (5.475 mg/mL) and
drug loading capacity (0.547% w/v), while warfarin sodium salt was found to be 91.15%
more soluble than warfarin, hence it can be used to prepare photopolymer resin solutions
with drug loading of up to 32.679% w/v. On the other hand, warfarin can be used to produce

clear photopolymer solutions only when loaded up to 2.893% w/v, while increasing its
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concentration would result in the formulation of a suspension of the drug in the

photopolymer blend.

The results obtained from this experiment were confirmed by the preparation of drug

loaded photopolymer formulations as described in table 4.11.

A theophylline loading of 0.5% w/v (formulation T1) allowed full solubilisation of the API
into the photopolymer mixture, while increasing the drug amount to 5.0% w/v resulted
insoluble. Similarly, a warfarin loading up to 2.5% w/v resulted completely soluble, in line
with the experimental data (2.893% w/v). Warfarin sodium allowed the preparation of drug
solutions in the photopolymer blend at all levels of drug loading employed (0.5%, 2.5%,
5.0% w/v), in agreement with the solubility data obtained (32.679% w/v). This is
particularly encouraging as it allows the formulation of high drug loaded photopolymer
resins for SLA 3DP, reducing printing accuracy issues while making it possible to fabricate
dosage forms with clinically relevant drug amounts (1-10 mg). The usual warfarin sodium
dose is indeed 10 mg a day for the first 2 days, then it is reduced to 3-9 mg a day, and it is

subject to continuous adjustments (NHS, 2020).

4.4.6 Determination of drug concentration in photopolymer resin

Drug loading accuracy in photopolymer resins was determined on freshly prepared
formulations after completed dissolution of the API, or within 12 hours of preparation if

the API could not be fully dissolved. Results are reported in table 4.13.
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Table 4.13. Drug recovery in photopolymer resin. Measurements were taken on freshly

prepared samples (n=3). Drug loading percentages are expressed as w/v %.

Formulation % Recovery = SD Formulation % Recovery = SD
TF1 101.06 + 0.47 WE21 99.20 + 1.41
TF2 120.85 +9.37 WEF22 98.47+1.90
TF3 116.65 +10.91 WEF23 101.50 + 1.04
WF1 103.76 + 0.56 WE24 99.01 +1.08
WEF2 99.03 £ 0.96 WE25 99.08 + 1.67
WEF3 96.42 +0.43 WF36 99.58 +£1.30
WF4 99.55+0.05 WEF27 98.68 = 1.90
WF5 97.53 +0.05 WEF28 100.70 £ 2.16
WF6 95.21 +0.05 WF29 99.15+1.19
WF7 103.37 +2.44 WF30 99.37+2.48
WEF8 100.21 + 1.52 WF31 97.53+2.72
WF9 100.17 + 0.65 WEF32 99.29 +1.03

WF10 101.87 £ 0.04 WEF33 99.64 +2.37
WF11 100.82 £ 0.06 WF34 98.32+0.94
WF12 100.56 = 0.12 WE35 99.56 + 1.61
WF13 99.09 + 0.05 WF36 96.94 + 0.87
WF14 100.74 £ 1.71 WF37 99.57+1.16
WF15 98.47+2.12 WEF38 7791 +3.69
WF16 73.52+£9.14 WEF39 96.09 + 0.50
WF17 95.96 + 3.41 WF40 96.89 + 0.37
WF18 98.47 +2.94 - -

WF19 76.03 +5.37 - -

WEF20 98.90 + 1.85 - -

Drug recovery from most photopolymer formulations was well within the 85% to 115%
range (Teng et al., 2002). However, drug recovery from formulations TF2, TF3, WF16,
WF19 and WF38 fell outside the 85% to 115% range. This was probably due to the
presence of large amounts of suspended theophylline particles in TF2 and TF3, making
accurate sampling complex. Formulations WF16, WF19 and WF38 contained high mass

fractions of TGDA, which caused the photopolymer resin to be highly viscous (Uguzdogan,
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2013). Such high viscosity led to electromagnetic stirring issues, resulted in only partial

solubilisation of the API which formed hardly dissolvable clusters.

4.4.7 Computer-aided design of solid oral dosage forms

Cylindrical solid oral dosage forms 3D models were designed using TinkerCAD.
Theophylline tablets’ models (figure 4.20) were based on the same design measuring 12
mm (d) x 4 mm (h) which was previously used in Chapters II-III as a proof-of-concept to
evaluate formulations’ printability and potential drug loading-related limitations. Tablet
volume was 0.452 mL, therefore allowing a theoretical theophylline dosage for

formulations TF1, TF2 and TF3 of 2.26 mg, 22.62 mg, and 226.19 mg, respectively

12.00

Figure 4.20. CAD model used for 3D printing theophylline dosage forms.

Warfarin dosage forms were designed with the aim to achieve clinically relevant dosages.
Tablet volume was set at 0.200 mL using a cylindrical geometry measuring and 8 mm (d)
x 4 mm (h), respectively (figure 4.21). As a result, formulations loaded with 0.5% w/v,
2.5% w/v and 5.0% w/v of warfarin and warfarin sodium allowed a theoretical drug dosage

of 1 mg, 5 mg, and 10 mg, respectively.
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Figure 4.21. CAD model used for 3D printing warfarin and warfarin sodium dosage forms.

4.4.8 Stereolithography 3D printing of solid oral dosage forms

Having developed a wide set of drug loaded photopolymer formulations and suitable 3D
models, the following phase consisted in the production of solid oral dosage forms through
SLA 3DP. 10 mL of each photopolymer resin were individually loaded in the compartments
of a modified resin tray redesigned to accommodate 12 different formulations and already

described in Chapter II.

The use of the modified SLA apparatus allowed a major reduction in the amount of
formulation needed. An estimate of the cost-saving resulting from the use of the modified
SLA system was determined by considering 200 g as the amount of formulation needed
when using the original SLA apparatus, and 10 g as the formulation amount required in the

modified SLA apparatus. Results are reported in table 4.14.
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Table 4.14. Individual cost of drug loaded photopolymer formulations. Results are
expressed in GBP for 200 g (formulation amount required in the original Form 2 3D printer)

and 10 g (formulation amount required in the modified SLA apparatus).

Formulation Cost (GBP/200 g) Cost (GBP/10 g)
TF1 43.11 2.16
TF2 43.45 2.17
TF3 46.84 2.34
WF1 51.09 2.55
WE2 84.92 4.25
WEF3 127.21 6.36
WF4 44.94 2.25
WF5 54.17 2.71
WF6 65.71 3.29
WEF7 40.72 2.04
WEFS 50.03 2.50
WEF9 61.67 3.08

WF10 36.49 1.82
WF11 45.89 2.29
WF12 57.64 2.88
WF13 28.04 1.40
WF14 37.61 1.88
WF15 49.57 2.48
WF16 76.53 3.83
WF17 71.12 3.56
WF18 68.41 3.42
WF19 73.83 3.69
WF20 78.82 3.94
WF21 91.93 4.60
WF22 118.15 5.91
WF23 65.46 3.27
WF24 65.46 3.27
WF25 65.21 3.26
WF26 65.21 3.26
WF27 64.72 3.24
WEF28 64.72 3.24
WEF29 65.41 3.27
WEF30 66.75 3.34
WEF31 65.11 3.26
WEF32 65.11 3.26
WEF33 64.52 3.23
WEF34 64.52 3.23
WEF35 62.30 3.12
WEF36 58.89 2.94
WEF37 52.08 2.60
WEF38 71.14 3.56
WEF39 65.75 3.29
WF40 54.98 2.75
Total 2695.24 134.76
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As reported above, the use of the original Form 2 SLA apparatus would have led to a total
materials cost of 2695.24 GBP resulting from the large amount of drug loaded
photopolymer formulation samples needed. On the contrary, the modified SLA apparatus,
able to operate using small formulation samples volume, allowed to contain the total cost

to 134.76 GBP, resulting in 2000.03% saving than the original Form 2 SLA system.

Once the resin tray containing the drug loaded photopolymer formulations was connected
to the 3D printer, 3D models of theophylline, warfarin and warfarin sodium dosage forms
opened in PreForm software to set the print area. A total of 30 tablets per formulation were

3D printed. One dosage form for each formulation was fabricated in a single printing run.

Theophylline formulations TF1-TF3 were set to be 3D printed simultaneously (figure
4.22). The time required to complete a single printing cycle was 56 min, hence 28 hours

were necessary to 3D print 30 tablets per formulation.

Figure 4.22. FormLabs PreForm view of theophylline 3D models used for 3D printing
solid oral dosage forms. One tablet was fabricated for each formulation in a single printing
cycle. Each printing cycle required 56 min to be completed. Layer thickness was set at 100

pum.

Similarly, warfarin and warfarin sodium formulations WF1-WF12, WF13-WF24, and
WEF25-WF36 were loaded in the same resin tray to be 3D printed simultaneously (figure
4.23). As a result, a single printing cycle of 1 hour allowed to 3D print one tablet from 12

different formulations. 30 hours were necessary to 3D print 30 dosage forms per each
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formulation. 3D printing of formulations WF37-WF40 (figure 4.23) took 55 min for a

single print run, and 27.5 hours to produce 30 dosage units.

v v w -
o o o o
o o E P
' > v -

;;;

Figure 4.23. Formlabs PreForm view of warfarin and warfarin sodium 3D models used for
3D printing solid oral dosage forms. One tablet was fabricated for each formulation in a
single printing cycle. To be completed, each printing cycle required 1 hour when 12
different formulations were used simultaneously (left), and 55 min when 4 different

formulations were used simultaneously (right). Layer thickness was set at 100 pm.

According to the figures reported above (4.22-4.23), the total amount of time required for
3D printing 30 dosage forms from 43 drug loaded photopolymer formulations using the
modified SLA apparatus was 145.5 hours. In contrast, the use of the original Form 2 SLA
apparatus would have allowed a different arrangement of the printing area (figure 4.24),
making it possible to 3D print 30 dosage units from the same formulation in a single
printing run. In this way, 3D printing time for formulations TF1-TF3 and WF1-WF40

would be 1.45 hours and 1.15 hours each, respectively.
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Figure 4.24. FormLabs PreForm view of 3D models used for formulations TF1-TF3 (left)
and WF1-WF40 (right). To be completed, each printing cycle would have required 1.45
hours for formulations TF1-TF3, and 1.15 hours for formulations WF1-WF40.

As aresult, the use of the original SLA apparatus would have allowed to decrease the total
3DP time from 145.5 hours to 50.35 hours. However, it should be considered that although
with the original SLA apparatus the manufacturing time could have been reduced to 34.60
%, materials cost due to the larger formulation samples amount needed would have

skyrocketed to 2000.03 %.

Interestingly, these results partially confirmed our previous findings on the cost-
effectiveness related to the use of a modified SLA apparatus for pharmaceutical
formulation development (Curti, Kirby and Russell, 2021). In fact, in the previous work
described in Chapter III, it was found that the application of the original SLA apparatus
would have resulted in a 2000.00 % higher cost for the materials, in line with the figures
related to the 3DP of drug loaded photopolymer formulations (2000.03 %). However, our
previous findings also indicated a 3DP time 1199.96 % higher when the original SLA
apparatus was used, while 3DP drug loaded photopolymer formulations using the same
apparatus would have taken just 34.60 % of the time required with the modified apparatus.
Such difference can be explained by the fact that when the modified SLA apparatus was
used to carry out a high-throughput printability screening on 156 photopolymer
formulations, only 1 tablet was 3D printed for each formulation in a single printing cycle,

both using the original and the modified SLA apparatus; in this way, the capability of the
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modified SLA apparatus to simultaneously 3D print 12 different formulations had a major
role to cut considerably the total manufacturing time. On the contrary, when the two
apparatuses were compared for the fabrication of dosage forms from drug loaded
formulations, it was clear that the greater printing output of the original SLA apparatus,
able to produce 30 tablets in a single printing cycle, resulted in a more time effective

process.

Following the 3DP process, dosage units produced from each formulation were visually
observed to evaluate printability outcomes by using the printability scale previously
described in Chapter III. A printability score (PS) was assigned to each formulation as

reported in table 4.15.

Table 4.15. Printability evaluation of drug loaded photopolymer formulations.

Formulation PS Formulation PS
TF1 5% WE21 5%
TF2 6 WE22 4
TF3 6 WEF23 5%
WF1 5% WE24 5%
WE2 5% WEF25 5%
WEF3 6* WF26 5%
WF4 5% WEF27 5%
WF5 5% WEF28 5%
WF6 5% WEF29 5%
WE7 5% WEF30 5%
WEFS 5% WEF31 5%
WEF9 5% WEF32 5%

WF10 5% WEF33 5%
WFI11 5% WEF34 5%
WF12 5% WEF35 5%
WF13 5% WEF36 5%
WF14 5% WF37 6*
WF15 5% WF38 4
WF16 4 WF39 5%
WF17 5% WF40 5%
WF18 5%

WF19 4

WEFE20 5%
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Among the theophylline loaded formulations, TF1 showed good printability and was
assigned a PS = 5* indicating that tablets were successfully and accurately printed figure

4.25.
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Figure 4.25. Top view of a dosage form 3D printed using TF1 resin (drug loading = 0.5 %
w/v). Tablet geometry resulted accurate to the 3D model designed.

3D printed dosage forms fabricated from formulations TF2 and TF3 had a white opaque
appearance resulting from the suspension nature of the drug loaded photopolymer resin and
were assigned a PS = 6 due to the significant broadening that was observed (figures 4.26-
4.27), making it impossible to distinguish the cylindrical geometry designed. In addition,
following the 3DP process of formulation TF3, theophylline crystals could be distinctly
observed on the printed surface (figure 4.27B), which resulted in mild friability upon hand

contact.
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Figure 4.26. Top view of three dosage forms 3D printed using TF2 resin (drug loading =

5% w/v). Geometrical accuracy was lost due to high broadening effect.

Figure 4.27. (A) Top view of three dosage forms 3D printed using TF3 resin (drug loading

=50% w/v) and (B) detail of theophylline crystals on the 3D printed surface. Geometrical

accuracy was lost due to substantial broadening effect.

It can be hypothesised that formulations TF2-TF3 were not printable as a consequence of
the high amount of crystalline theophylline particles suspended in the photopolymer resin.
Straight after preparation, formulation TF2 appeared as a white opalescent liquid with an
evident presence of dispersed particles to the naked eye. Optical microscopy analysis
allowed observation of the heterogeneous presence of crystals in different sizes and
characteristic of theophylline in their morphology, occasionally forming aggregates

(figures 4.28-4.29).
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Figure 4.28. Optical microscope image of formulation TF2. Theophylline crystals in a size

range between 26.35 pm and 123.93 um were observed. Magnification was set at x 10.

Figure 4.29. Optical microscope image of formulation TF2. Red arrow indicates an

aggregate of theophylline crystals. Magnification was set at x 10.
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Formulation TF3 appeared instead as a semisolid paste, containing 50% w/v theophylline.
Optical microscopy observation allowed to appreciate the high density of drug crystals

(figure 4.30).

Figure 4.30. Optical microscope image of formulation TF3. It is visible the high density
of theophylline crystals within the liquid photopolymer matrix. Magnification was set at
x10.

For both formulations TF2 and TF3, it is very likely that the high number of particles
suspended, as well as their heterogeneity, caused a substantial scattering of the incident
laser beam during the 3D printing process. As a result, photopolymerisation occurred in an
uncontrolled way, broadening the curing area far beyond the designated perimeter. This
was particularly evident in formulation TF3 where the laser light, scattered by the large
number of theophylline crystals, initiated polymerisation of all the resin contained in the
tank, as it can be seen by the squared edges of 3D printed samples in figure 4.27. It is indeed
known that more scattering events would occur when the number of particles suspended in

the photopolymer resin is increased (Zakeri, Vippola and Levinen, 2020).
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As a result, such an issue was found to be a substantial limitation in the application of
theophylline for developing SLA 3D printable formulations. In fact, the typical
theophylline dose in adults, administered through modified-release tablets, is between 200
and 400 mg every 12 hours (Joint Formulary Committee, 2020). Theophylline formulations
are therefore commercially available in dosages of 200 mg, 300 mg, and 400 mg.
According to this and based on the same 3D cylindrical tablet model (figure 4.20) with a
volume of 0.452 mL, theophylline drug loading in a photopolymer formulation should be
between 44.25% w/v and 88.50% w/v to achieve a clinically relevant dosage. However, a
drug loading of just 5% w/v (TF2) did not result in good printability, hence limiting the

further development of theophylline 3D printed solid oral dosage forms.

Among the 40 warfarin and warfarin sodium formulations, 33 were assigned a PS = 5*.
Formulations containing solely PEGDA 700 as photopolymer (WF1-WF6) showed very
good printability, with only WF3 (5% w/v warfarin) being classified with a PS = 6 due to
a mild broadening observed (figure 4.31). This can be explained by the fact that such a
concentration of warfarin in PEGDA 700 would not be fully soluble (solubility = 28.93
mg/mL, table 4.12), hence generating a suspension of the drug in the liquid polymer.
Though, it is worth noticing that due to the higher solubility in PEGDA 700 of warfarin
(maximum drug loading = 2.893% w/v) than theophylline (maximum drug loading =
0.547% w/v), it is likely that the number of suspended drug particles in formulation WF3
is lower than in TF2, thus the minor entity of the light scattering induced broadening. 3D
printed dosage forms produced from formulation WF3 were the only ones featuring a pale
yellow opaque appearance resulting from the suspended warfarin particles in PEGDA 700
(figure 4.31). On the contrary, the more soluble warfarin sodium allowed production of
tablets where the API was fully solubilised in the liquid polymer at all concentrations used,

thus making 3D printed tablets looking transparent (figure 4.31).

C. Curti, PhD Thesis, Aston University, 2021



Figure 4.31. From top left to bottom right: SLA 3D printed dosage forms from
formulations WF1, WF2, WEF3, WF4, WF5, and WF6.

The inclusion of PG as a liquid filler allowed the fabrication of dosage forms with
satisfactory printability at all three the concentrations used (12.5%, 25%, 50% w/w), so

formulations WF7-WF15 all reached a PS = 5* (figures 4.32-4.33).
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Figure 4.32. From left to right: SLA 3D printed dosage forms from formulations WF7,
WE8, and WF9.

Figure 4.33. From top left to bottom right: SLA 3D printed dosage forms from
formulations WF10, WF11, WF12, WF13, WF14, and WF15.
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The evaluation of liquid fillers also included PEGDME and PEG 300 in formulations
WF20-WF22 and WF35-WF37, respectively. Formulations WF20-WF21 were
successfully 3D printed hence were assigned a PS = 5* (figure 4.35), while WF22 resulted
in a failed print (PS = 4) due to the dosage form falling from the BP while printing. This
issue led to an incorrect alignment of the different layers making up the 3D model, which

appeared sliding on each other (figure 4.34).

Figure 4.34. Failed print of formulation WF22. The layers sliding on each other are

distinctly visible.

Such a printability issue was likely caused by the high PEGDME mass fraction (50% w/w)
in the photopolymer formulation. In fact, PEGDME has a viscosity of just 7.43 cP at 20°C
(Conesa, Shen and Coronasl, 1998), and its incorporation in large amounts in a PEGDA
700 resin will determinate a viscosity lowering in the final formulation. Although low
viscosity resins are generally desirable in SLA 3D printing, it can be hypothesised that
viscosity values below a certain threshold can lead to print failures linked to the detachment

of the object from the build platform during the printing process.
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Figure 4.35. From top left to bottom right: SLA 3D printed dosage forms from
formulations WF17, WF20, WF21, WF35, WF36, and WF37.

The inclusion of PEG 300 in formulations WF35-WF37 resulted in a satisfactory
printability (PS = 5*) when its concentration was 12.5 % and 25 % w/w. Including 50 %
w/w of PEG 300 caused instead minor broadening of the model, but the cylindrical
geometry could still be distinctly observed (PS = 6*). Differently from PEGDME, PEG
300 viscosity of 84.37-106.87 cP at 20°C (Merck, 2021) is much more similar to that of

PEGDA 700 (97.55 cP at 25°C), and this could explain the improved printability.

The investigation of TGDA as an alternative material to PEGDA 700 resulted in a failed
print (PS =4) when it was used as the only or majority photopolymer in formulations WF16
and WF19, respectively. More precisely, it could be seen that the initial layers were printed
on the build platform, but the following ones did not stick to them, causing the tablet to
remain at the bottom of the resin tank, detached from the build platform. The reasons of

such printing failure were potentially to be found in the very high viscosity of TGDA,
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ranging between 8000-12000 cP at 25°C (Uguzdogan, 2013). In comparison, the
commercially available Clear photopolymer resin previously used in this research and
PEGDA 700 have a viscosity of 850-900 cP and 97.55 cP at 25°C (Formlabs Inc., 2016;
Vuksanovi¢, Kijevéanin and Radovi¢, 2018). The role of high resin viscosity in
determining a failed print also looks confirmed by the fact that increasing the ratio of
PEGDA 700 in the photopolymer mixture (WF17 and WF18) resulted in accurately

printable dosage forms (figures 4.35-4.36).

Furthermore, TGDA high viscosity made formulations WF16 and WF19 workability very
low, with reduced capacity to incorporate the API and large amounts of air bubbles
developing and getting trapped in the viscous liquid, even after degassing. Due to the
presence of drug particles’ aggregates not fully solubilised, a modest broadening effect was
observed in the photopolymerised material removed from the resin tank. Based on these
observations, formulations WF16 and WF19 were not further characterised nor object of

development in this research.

Figure 4.36. From left to right: SLA 3D printed dosage forms from formulations WF18,
WEF39, and WF40.
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In another set of TGDA based photopolymer formulations (WF38-WF40), PG was
included as a low viscosity (43.96 cP at 25°C Sagdeev, Fomina and Abdulagatov, 2017)
liquid filler with the view to both enhance drug release and to decrease resin’s viscosity,
hence improving printability. Formulation WF38, containing the lowest mass fraction of
PG over TGDA (12.5% w/w), was not printable (PS = 4) and the same issues previously
described for formulations WF16 and WF19 were observed. Formulations WF39-WF40
provided instead good printability outcomes (PS = 5*). Interestingly, formulation WF39
containing the same TGDA mass fraction as WF19 (75% w/w) resulted in successful prints,
which is likely explainable by the viscosity difference of PEGDA 700 and PG, the latter

being the less viscous.

All the photopolymer formulations containing solid fillers (WF23-WF34) achieved
satisfactory printability outcomes (PS = 5*). Dosage forms 3D printed from formulations
WEF23, WF25, WF27, WF29, WF31 and WF33, containing coarse potassium bicarbonate
and sodium chloride, appeared as clear-opaque structures where solid particles can be
distinctly observed (figure 4.37). Optical microscopy images of tablets produced from
WEF27 and WF33 were taken to visualise any differences in solid particles’ distribution

between the top and bottom surfaces of the dosage forms (figures 4.38-4.39).

Figure 4.37. From top left to bottom right: SLA 3D printed dosage forms from
formulations WF23, WF25, WF27, WF29, WF31, and WF33.
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Figure 4.38. Optical microscope images of SLA 3D printed WF27. Tablet side facing the

resin tank (A) does not allow the observation of potassium bicarbonate particles, distinctly

visible at the tablet side facing the build platform (B).

Figure 4.39. Optical microscope images of SLA 3D printed WF33. Tablet side facing the

resin tank (A) does not allow the observation of sodium bicarbonate particles, distinctly

visible at the tablet side facing the build platform (B).

As it can be seen in figures 4.38-4.39, the distribution of coarse solid fillers was not uniform
across the two faces of 3D printed dosage forms. Instead, as particles tended to quickly
precipitate after the photopolymer solution was poured into the resin tank, the first layers
(build platform side, figures 4.38B-4.39B) resulted rich in particles, while the last layers to

be built (tank side, figures 4.38A-4.39A) lacked in solid material.

Such phenomenon appeared less evident in dosage forms 3D printed from formulations

WEF24, WF26, WF28, WF30, WF32 and WF34, which contained milled potassium
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bicarbonate and sodium chloride. As shown in figure 4.40, milled potassium bicarbonate
present in WF24, WF26 and WF28 appears to be homogeneously dispersed in the
polymeric matrix, giving dosage units an opaque, pale yellow aspect. Milled sodium
chloride behaved instead similarly to its coarse form, grouping in particles’ aggregates on
one side of the tablet, especially visible when the highest concentration of sodium chloride

was used.

Figure 4.40. From top left to bottom right: SLA 3D printed dosage forms from
formulations WF24, WF26, WF28, WF30, WF32, and WF34.

4.4.9 Determination of drug concentration in 3D printed dosage forms

Successfully 3D printed dosage forms were subjected to analysis to determinate the actual
API amount loaded. Due to the photocrosslinked nature of SLA 3D printed parts, whole
tablets were too hard to crush by mean of a mortar and pestle, so they were firstly split in
smaller sections, then these were accurately transferred into a mortar to be finely grounded.
However, even this technique proved to be inadequate because the elasticity of the
materials forming the tablets and the friction with the walls of the mortar caused fragments

to escape at high speed with consequent sample loss. To overcome this problem, a galenic
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technique known as ‘pulverisation through intermediate’ was used (figure 4.41). Sodium
chloride was used as an inert substance to aid the pulverisation of 3D printed tablets

avoiding the risk of escaping fragments.

Figure 4.41. Protocol followed to pulverise SLA 3D printed dosage forms using a mortar
and pestle. The 3DP tablet (A) is sliced into smaller fragments (B). Then, one fragment is
transferred to the mortar containing grinded inert solid material (C) and finely grounded to

avoid escape of fragments (D).

Following pulverisation, the powdered mixtures were extracted to be analysed in HPLC.

Drug recovery from 3D printed tablets is reported in table 4.16.

Drug content uniformity was evaluated in terms of accuracy, by determining if the mean
drug recovery fell outside of the 85% to 115% or the 75% to 125% range (Teng et al.,
2002). Content uniformity was also assessed in terms of precision by determining the

relative standard deviation, considering acceptable a RSD < 6% (Teng et al., 2002).
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Mean drug recovery from formulations WF14, WF15, WF17, WF18, WF27, WF31, WF32,
WEF33, WF35, WF36 and WF37 fell outside the 85% to 125% range. Drug recovery from

formulations WF3, WF13, WF26, WF28 and WF34 fell outside the 75% to 125% range.

In terms of RSD, most formulations fell within the tolerable range, while WF15, WF21,
WF24, WF26, WF27, WF28, WF29, WF31, WF32, WF34, WF39 exceeded a RSD of 6%.
It was interesting to note that the highest variability was observed in formulations
containing solid fillers. The same trend was also observed when tablet weight uniformity

was evaluated.

Table 4.16. Drug content uniformity evaluation of SLA 3D printed dosage forms.

3DP Formulation Theoretical drug % Recovery * % RSD
content (mg) SD

TF1 2.26 105.74 £ 3.55 3.36
WF1 1.00 102.70 + 5.66 5.51
WF2 5.00 110.01 £2.21 2.01
WEF3 10.0 129.66 +2.79 2.15
WF4 1.00 99.54 +£0.87 0.87
WF5 5.00 102.07 £ 1.48 1.45
WF6 10.0 100.01 + 3.38 3.38
WEF7 1.00 103.86 +2.62 2.52
WEF8 5.00 109.47 £ 2.94 2.69
WF9 10.0 112.43 £3.40 3.02
WF10 1.00 102.77 £ 0.67 0.65
WF11 5.00 113.55+6.33 5.57
WF12 10.0 110.83 +3.11 2.81
WF13 1.00 73.51+3.30 4.49
WF14 5.0 81.65+3.46 4.24
WF15 10.0 84.74+5.28 6.23
WF17 10.0 121.36 £ 3.14 2.59
WF18 10.0 120.28 +0.98 0.81
WF20 10.0 101.44 + 3.67 3.62
WF21 10.0 93.03 £ 6.65 7.15
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WF23 10.0 109.98 + 3.87 3.52

WF24 10.0 103.68 = 8.77 8.46
WEF25 10.0 113.60+5.74 5.05
WF26 10.0 134.94 +13.23 9.80
WF27 10.0 123.14 £ 8.73 7.09
WF28 10.0 136.55+32.31 23.66
WEF29 10.0 112.14+7.19 6.41
WF30 10.0 113.83 +3.89 342
WF31 10.0 117.86 +7.97 6.76
WEF32 10.0 123.53 + 8.35 6.76
WF33 10.0 120.39+ 6.76 5.62
WF34 10.0 138.15+12.39 8.97
WEF35 10.0 117.53 £3.31 2.82
WF36 10.0 121.69 +2.02 1.66
WF37 10.0 129.66 + 3.80 2.93
WEF39 10.0 90.36 + 6.47 7.16
WF40 10.0 108.91 +5.39 4.95

4.4.10 Tablet weight uniformity

Tablet weight uniformity was evaluated in terms of relative standard deviation, considering
as acceptable a RSD < 6% (Teng et al., 2002). Most SLA 3D printed dosage forms fell
within the limits, while formulations WF14, WF15, WF21, WF24, WF26, WF27, WF28,
WEF29, WF31, WF32, WF34 and WF39 exceeding the acceptable RSD value (table 4.17).
It is interesting to note that out of the 12 outliers, 8§ were formulations containing solid

fillers, indicating that higher variability may be linked to the use of such excipients.
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Table 4.17. Weight uniformity determination of SLA 3D printed dosage forms. Results

are expressed as mean £ SD, and % RSD (n = 10).

3DP Formulation Mean (g) + SD % RSD
TF1 0.654+0.014 2.141
WF1 0.266 = 0.008 3.008
WEF2 0.258 = 0.005 1.938
WEF3 0.331+0.011 3.323
WF4 0.250 = 0.001 0.400
WEF5 0.277+0.011 3.971
WEF6 0.269+0.010 3.717
WF7 0.244 + 0.005 2.049
WF8 0.260 = 0.007 2.692
WF9 0.268 + 0.008 2.985
WF10 0.250 + 0.006 2.400
WF11 0.255+0.014 5.490
WF12 0.250+0.013 5.200
WF13 0.270 = 0.007 2.593
WF14 0.224 +0.015 6.696
WF15 0.235+0.020 8.511
WF17 0.292 +0.008 2.740
WF18 0.285 + 0.002 0.702
WF20 0.226 + 0.008 3.540
WF21 0.205 £ 0.015 7.317
WF23 0.248 + 0.009 3.629
WF24 0.235 +0.020 8.511
WF25 0.258 +0.013 5.039
WF26 0.307 +£0.030 9.772
WF27 0.281 +0.020 7.117
WF28 0.400 = 0.069 17.250
WF29 0.254+0.016 6.299
WEF30 0.256 = 0.009 3.516
WEF31 0.268+£0.018 6.716
WEF32 0.281+0.019 6.762
WF33 0.274 £0.015 5474
WF34 0.313£0.028 8.946
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WEF35 0.266 = 0.008 3.008

WF36 0.276 £ 0.005 1.812
WEF37 0.294 + 0.009 3.061
WF39 0.215+0.015 6.977
WF40 0.249 + 0.012 4.819

4.4.11 Mechanical characterisation of stereolithographic 3D printed dosage forms

Friability and breaking force of SLA 3D printed dosage forms were determined with the

view to inform about their mechanical resistance (table 4.18).

All 3D printed formulations recorded a weight loss < 1% after being tested in a
conventional tablet friabilometer, therefore complying with the USP specifications (United

States Pharmacopeial Convention, 2012; Nilawar, Wankhade and Badnag, 2013).

Tablet breaking force values fell within a range of 83.92 N to 138.82 N for formulations
WF1 - WF40, therefore complying with the minimum requirements (circa 40 N) (Khaled,
Alexander, Irvine, et al., 2018; Khaled, Alexander, Wildman, et al., 2018). A higher
breaking force value of 388.75 N was recorded for theophylline 3D printed dosage forms,
which were designed in a larger size compared to warfarin dosage forms. However, it can
be noted that tablet breaking force was not sufficiently high to target specific types of

formulations such as abuse-deterrent dosage forms (Nukala, Palekar, Patki, ef al., 2019).

Overall, such friability and breaking force results were expected due to the robustness of
SLA 3D printed structures. These results demonstrate how in a future scenario where SLA
3D printed dosage forms can be manufactured close to the patient, traditional wear issues
such as chipping, capping and abrasion, typical of manufacturing, packaging and shipping

processes, could become not relevant (Khaled, Alexander, Irvine, ef al., 2018).
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Table 4.18. % Weight loss and tablet breaking force values of SLA 3D printed drug loaded

formulations. Tablet breaking force data are reported as mean + SD (n = 3).

Formulation % Weight loss Breaking force (N) £ SD
TF1 0.291 388.75 + 82.46
WF1 0.039 93.77 £ 24.39
WEF2 0.084 83.92+19.79
WF3 0.098 91.26 £ 53.11
WF4 0.173 138.82 +38.88
WEF5 0.123 96.18 +30.33
WF6 0.215 88.87 +29.67
WEF7 0.408 126.49 +27.85
WF8 0.420 102.92 +£19.17
WF9 0.232 91.34 +£20.49

WF10 0.320 110.46 £ 27.36
WF11 0.353 118.20 +17.78
WF12 0.200 109.36 +20.33
WF13 0.445 99.52 +23.65
WF14 0.178 93.12 +£23.28
WF15 0.213 99.64 + 16.33
WF17 0.068 114.02 £27.53
WF18 0.105 105.78 £ 25.08
WF20 0.353 92.23 +23.83
WF21 0.390 85.51+£15.90
WF23 0.241 96.42 + 14.65
WF24 0.212 93.97+17.07
WF25 0.232 92.21+18.18
WF26 0.065 102.94 + 13.27
WEF27 0.427 97.48 £25.19
WEF28 0.176 105.15 +26.95
WF29 0.079 90.95 £ 13.66
WEF30 0.117 94.42 +20.36
WEF31 0.111 107.50 +25.75
WF32 0.142 92.89 +16.80
WF33 0.768 92.36 £ 19.05
WF34 0.192 94.55+25.83
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WF35 0.075 103.07 + 14.81

WF36 0.072 102.84 +19.77
WF37 0.102 120.02 + 14.99
WF39 0.046 107.54 = 19.68
WF40 0.080 105.77 = 17.51

4.4.12 Dissolution testing of 3D printed dosage forms

The SLA 3D printed dosage forms were in-vitro tested to simulate the drug release in
physiological conditions in the gastrointestinal tract using USP apparatus I (basket) and 11

(paddle) (figure 4.42).

Figure 4.42. (A) USP apparatus II (paddle) and (B) apparatus I (basket) in operation during

in-vitro dissolution testing.

Theophylline release from formulation TF1 was evaluated using the dissolution Test 1
described in the USP monograph of theophylline extended-release capsules. Drug release
started in the simulated gastric fluid at pH 1.2 reaching 6.54% after one hour and continued
in phosphate buffer (pH 6.0) eventually reaching 35.36% after 8 hours (figure 4.43). Drug

release was between 3% and 15% at one hour, complying with test 1 requirements.
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However, formulation TF1 did not meet test 1 specifications as drug release at 8 hours was

less than 80%.
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Figure 4.43. Theophylline release from SLA 3D printed dosage forms. Dissolution
medium was simulated gastric fluid (pH 1.2) for the first hour followed by phosphate buffer
(pH 6.0) for the subsequent 7 hours. Data points represent mean + SD (n = 3).

Warfarin and warfarin sodium release from SLA 3D printed tablets was evaluated both in
water (figure 4.44), as described in the USP monograph for warfarin sodium, and in

BioRelevant media (figure 4.45).

Drug release in water was evaluated over 24 hours, to gain indicative information on the
extent of API release from the SLA 3D printed dosage forms after the main absorption
phase (Aulton and Taylor, 2017). Due to its low water solubility (Zingone and Rubessa,
2005), 24 hours warfarin release from formulations WF1, WF2 and WF3 was 5.38% 3.92%
and 1.68%, respectively. Interestingly, warfarin release from formulations WF1 and WF2
was found to be higher than the raw warfarin used as a reference (3.01%), potentially linked

to the amorphous state of the API as confirmed by XRPD. On the contrary, warfarin in
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formulation WF3 was found to partially maintain its crystalline state as seen from DSC and

XRPD analyses.

Formulations WF4, WF5 and WF6, containing the more soluble warfarin sodium (Gao and
Maurin, 2001), released respectively 20.22%, 41.01% and 46.71% of their drug content
after 8 hours, and 37.85%, 67.69% and 75.13% at 24 hours. Curiously, drug release was

found to be higher when warfarin sodium loading in SLA 3D printed tablets was increased.
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Figure 4.44. Warfarin and warfarin sodium release profiles in water from formulations

WEF1-WF6. Data points represent mean = SD (n = 3).

Release profiles of warfarin and warfarin sodium formulations in BioRelevant media
showed a very slow dissolution rate in FaSSGF, as expected due to the acidic nature of
warfarin (pK, = 4.79) (Zingone and Rubessa, 2005). Drug release increased substantially

in FaSSIF to eventually reach a range of 12.88% to 19.57% after 8 hours.
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Figure 4.45. Warfarin and warfarin sodium release profiles in BioRelevant media from
formulations WF1-WF6. Dissolution testing was carried out in FaSSGF (pH 1.6) for the
first 3 hours and in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean
+SD (n = 3).

Release profiles of warfarin sodium formulations containing PG (WF7-WF15) were also

determined both in water and in BioRelevant media (figures 4.46-4.47).

Dissolution profiles in water showed faster release occurring in formulations with higher
loading of both API and PG, with formulation WF15 releasing 73.16% and 92.26% of its
drug content at 8 and 24 hours, respectively. On the contrary, formulation WF7 showed

limited drug release, reaching 22.64% and 44.42% after 8 and 24 hours, respectively.

Warfarin sodium dissolution rate from WF7-WF15 in BioRelevant media was remarkably
low during the first 3 hours in FaSSGF, while it increased in FaSSIF to eventually reach a

range between 13.78% (WF10) and 25.10% (WF9).
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Figure 4.46. Warfarin sodium release profiles in water from formulations WF7-WF15.

Data points represent mean + SD (n = 3).
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Figure 4.47. Warfarin sodium release profiles in BioRelevant media from formulations
WEF7-WF15. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and
in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n = 3).
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Dissolution profiles of SLA 3D printed warfarin sodium formulations described from

herein were obtained exclusively in BioRelevant media to better simulate the GI fluids.

Formulations WF35, WF36 and WF37, containing PEG300, showed limited drug release

after 8 hours (figure 4.48), ranging between 18.68% (WF36) and 20.30% (WF37).
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Figure 4.48. Warfarin sodium release profiles in BioRelevant media from formulations

WEF35-WF37. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and

in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean £+ SD (n=3).
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Similarly, release profile of warfarin sodium from formulations WF20 and WF21 after 8

hours was 19.76% and 22.84% (figure 4.49).
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Figure 4.49. Warfarin sodium release profiles in BioRelevant media from formulations
WEF20-WF21. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and
in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n=3).
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Warfarin sodium release from SLA 3D printed dosage forms based on TGDA and PEGDA
700 was found to decrease in comparison to formulations containing liquid fillers. Drug
release was also lower than formulations containing solely PEGDA 700 (WF6), suggesting
that TGDA does not promote the diffusion of the API from the photocrosslinked tablet

matrix. Figure 4.50 shows a drug release after 8 hours of 7.68% and 10.45% for WF17 and

WF18, respectively.
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Figure 4.50. Warfarin sodium release profiles in BioRelevant media from formulations

WEF17-WF18. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and

in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n=3).
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The inclusion of PG to TGDA in formulations WF39 and WF40 did not lead to a substantial

enhancement in drug release, determined after 8 hours as 10.11% and 11.82%, respectively

(figure 4.51).
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Figure 4.51. Warfarin sodium release profiles in BioRelevant media from formulations

WEF39-WF40. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and

in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean £+ SD (n=3).

It was observed that all formulations described above swelled during dissolution testing.

Pictures were taken on swollen 3D printed tablets immediately after dissolution testing

and are shown in figure 4.52.
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Figure 4.52. Images of swollen SLA 3DP dosage forms taken immediately after
dissolution testing in BioRelevant media. A: WF1, B: WF2, C: WF3, D: WF4, E: WF5, F:
WF6, G:WF7, H: WFS, I: WF9, J: (from top left to bottom right) WF10-WF11-WF12-
WF13-WF14-WF15, K: (from top left to bottom right) WF17-WF20-WF21-WF35-WF36-
WEF37, L: (from left to right) WF18-WF39-WF40.

It is worth noticing that allowing the swollen SLA 3D printed dosage forms to dry at room

condition for 24 hours caused them to fracture throughout their structure as shown in figure
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4.53. Such phenomenon could be due to the hydration and dehydration cycle leading to
swelling/shrinking-induced deformations, generating large stresses which may eventually
determine fractures in the crosslinked polymer network (Rossi, Nardinocchi and

Wallmersperger, 2019).

'nqw
7

Figure 4.53. Images of SLA 3DP dosage forms fractured after drying at room condition
for 24 hours. A: WF1, B: WF2, C: WF3, D: WF4, E: WF5, F: WF6, G:WF7, H: WEFS, I:
WF9, J: (from top left to bottom right) WF10-WF11-WF12-WF13-WF14-WF15, K: (from
top left to bottom right) WF17-WF20-WF21-WF35-WF36-WF37, L: (from left to right)
WF18-WF39-WF40.

Formulations WF23-WF25-WF27 and WF24-WF26-WF28, respectively containing
coarse and milled potassium bicarbonate, showed warfarin sodium release after 8 hours

between 18.16% (WF24) and 21.93% (WF28) (figure 4.54). Potassium bicarbonate was
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expected to enhance drug release by effervescence in the acidic medium, thus determining
the formation of pores increasing the surface area of the dosage forms, as seen from the
SEM images taken after dissolution testing (figures 4.67-4.70). Release profiles of coarse
and milled potassium bicarbonate formulations were comparable, and the entity of drug

release was higher in comparison with formulation containing solely PEGDA 700 (WF6).
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Figure 4.54. Warfarin sodium release profiles in BioRelevant media from formulations
WEF23-WF28. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and
in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n=3).
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Formulations WF29-WF31-WF33 and WF30-WF32-WF34, respectively containing
coarse and milled sodium chloride, showed warfarin sodium release after 8 hours between
19.28% (WF31) and 22.41% (WF32) (figure 4.55). Sodium chloride was expected to
enhance drug release by solubilising in the dissolution media, thus determining the
formation of pores increasing the surface area of the dosage forms, as seen from the SEM
images taken after dissolution testing (figures 4.71-4.74). Similarly to what observed for
potassium bicarbonate, release profiles of coarse and milled sodium chloride formulations
were comparable, and the entity of drug release was higher in comparison with formulation

containing solely PEGDA 700 (WF6).
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Figure 4.55. Warfarin sodium release profiles in BioRelevant media from formulations
WF29-WF34. Dissolution testing was carried in FaSSGF (pH 1.6) for the first 3 hours and
in FaSSIF (pH 6.5) for the subsequent 5 hours. Data points represent mean + SD (n=3).
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It is very interesting to note that all 3D printed dosage forms containing solid fillers (WF23-
WEF34) partially broke down into fragments during dissolution testing therefore exposing a

higher surface area available for drug dissolution (figures 4.56-4.57).

Figure 4.56. SLA 3D printed dosage forms produced from formulations WF23 (A), WF25
(B), WF27 (C), WF29 (D), WF31 (E), WF33 (F). Images were taken immediately after
dissolution testing and show the fragments collected from the basket.
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Figure 4.57. SLA 3D printed dosage forms produced from formulations WF24 (A), WF26
(B), WF28 (C), WF30 (D), WF32 (E), WF34 (F). Images were taken immediately after

dissolution testing and show the fragments collected from the basket.

Most fragments remained in the dissolution apparatus basket where the dosage form was
placed, while some could escape the basket openings measuring 0.36 mm to 0.44 mm
(United States Pharmacopeial Convention, 2011). Fragments that could be found in the
vessel at the end of the dissolution testing were collected and subjected to optical

microscopy analysis for determining their morphology (figure 4.58).
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Figure 4.58. Optical microscope image of two fragments originating from a SLA 3D
printed dosage form. Images were taken on the fragments dispersed in dissolution medium

setting the magnification to x 10.

As distinctly visible in figure 4.58, fragments of SLA 3DP dosage forms featured sharp
pointy edges whose impact on the gastrointestinal mucosa is unknown. Although its good
biocompatibility (Warr et al., 2020), it can be hypothesised that the insoluble crosslinked
PEGDA debris might behave as microplastics from a mechanical point of view. Recent
research on the intestinal effects of microplastics has highlighted the risk of lesions,
inflammation and gut dysbiosis (Ahrendt et al., 2020; Hirt and Body-Malapel, 2020; Huang
et al., 2020). Therefore, it is mandatory to further investigate the safety of SLA 3D printed

dosage forms fragments in contact with the gastrointestinal mucosa.
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4.4.13 Swelling ratio and sol-fraction determination

Determination of 3D printed dosage forms swelling ratio (SR) and sol-fraction (SF) was

carried out in water (formulations TF1, WF1-WF15) and in BioRelevant media (BRm)

used in dissolution testing (WF1-WF40). SR and SF data are reported in table 4.19.

Table 4.19. Swelling ratio and sol-fraction values of 3D printed dosage forms. Results are

expressed as mean value + SD (n=3).

Formulation % SR = SD % SR = SD % SF = SD % SF £ SD
(H20) (BRm) H:20) (BRm)
TF1 40.98 £ 0.69 - 4.98 £0.54 -

WF1 42.04 £ 0.66 40.49 £ 1.25 6.07 +0.09 4.96+0.19
WF2 43.74 £ 1.59 4436 £0.53 10.12+0.33 10.16 £ 0.75
WF3 47.09+1.10 46.60 £0.27 11.58 £0.94 11.33+0.48
WF4 39.52+0.29 39.13+0.65 5.74 +£0.47 4.02+0.16
WF5 41.00+1.08 38.42 +0.65 8.18 £0.75 4.47 +£0.54
WF6 41.23+£0.19 38.14+£0.78 9.61 £0.75 5.84+047
WF7 31.72+0.33 34.34+0.21 17.43 £0.21 11.27 +£0.68
WEF8 32.16 £ 0.46 33.47+0.92 18.22+0.28 10.82 +0.98
WF9 32.13+1.30 34.12+0.26 19.69 + 0.33 12.11+£0.19
WF10 29.80+0.36 32.48 £0.53 24.55+£0.24 22.57+0.24
WF11 28.59 £ 0.65 30.41 £ 0.67 27.29+£0.36 23.86 £0.34
WF12 29.44 +£0.29 29.62 £0.82 28.62+0.15 24.40 £0.20
WF13 36.22+1.43 3256+ 1.11 4593 +£0.74 44.22 £0.50
WF14 30.69 + 0.39 27.27+0.71 47.97+£0.33 45.95+0.25
WF15 22.27+1.25 21.16 £0.42 50.11 £0.11 46.39+£0.21
WF17 - 13.22 £ 0.63 - 4.16 £ 0.61
WF18 - 2448 £0.70 - 4.22+0.35
WF20 - 38.24+1.43 - 14.40 £ 0.34
WEF21 - 25.80 £2.09 - 27.82+2.02
WEF23 - 29.40+0.78 - 11.95+0.36
WF24 - 41.19+£0.69 - 8.24+0.24
WEF25 - 17.42+£1.24 - 22.32+0.47
WF26 - 43.15+£0.57 - 7.93 £0.33
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WEF27 5.46+0.36 30.96 + 0.45
WF28 43.46+0.71 11.24+0.52
WF29 -12.61+2.12 40.87 £1.36
WF30 42.37+£0.98 8.34+0.12
WF31 25.34+0.46 16.89 + 0.65
WF32 39.86 + 0.87 5.93+£0.44
WF33 12.65+0.21 24,70 £ 0.99
WF34 41.60+1.13 20.00 £ 0.43
WF35 32.46 £0.55 14.99 +0.23
WF36 27.06+1.78 24.70 £ 0.86
WF37 32.95+0.54 45.64 £0.32
WF39 -18.22 £ 1.73 30.56 £ 0.34
WF40 -19.54 £ 0.85 45.99 £0.05

SR and SF were determined with the view to acquire information on the behaviour of the
photocrosslinked structures upon prolonged contact with physiological fluids. This is
particularly important because, differently from most conventional tablets, SLA 3D printed
dosage forms do not disintegrate in the GI tract. Rather, such drug delivery devices behave
as swellable matrices, releasing their drug content by diffusion (Colombo et al., 2000).
More specifically, due to their highly crosslinked nature, they can be defined as swelling-
controlled release systems, where swelling continues until the achievement of
thermodynamic equilibrium with the medium, and the drug release mechanism is based on

relaxation-dependent diffusion (Peppas, 1984; Lee and Peppas, 1987).

3D printed tablets made from PEGDA 700 (TF1, WF1-WF6) showed high SR values, with
formulation WF3 featuring the highest SR (47.09% in water, 46.60% in BioRelevant
media). The inclusion of PG led to a decrease in SR, with formulations WF39-WF40
showing negative SR as a result of PG dissolution in the medium. SR of formulations
containing solid fillers (WF23-WF34) showed high variability, likely resulting from the
partial disintegration of the 3D printed dosage forms. In fact, while the other formulations
swelled and remained intact during dissolution testing, formulations WF23-WF34 partially

broke down into fragments, as described in paragraph 4.4.13 (figures 4.56-4.57).
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Sol-fraction of the 3D printed formulations was also assessed to evaluate the mass fraction
of the dissolved or dispersed material, resulting from the crosslinking process typically
originating during SLA 3D printing (Aleman ef al., 2007). SF determination also provides
an indication of the degree of crosslinking, as a SF of 100% indicating that the sample does
not feature a crosslinked structure. On the contrary, a sol fraction close to 0% indicates that
the sample has completely crosslinked (Print Parameter Optimization Guide | Support -

Allevi, 2020).

For drug loaded 3D printed dosage forms, a certain extent of SF is related to the API
dissolution in the medium. It was observed that the increase in liquid fillers led as
expectable to an increase in SF, with WF15 showing a SF of 50.11% in water and 46.39 in
BioRelevant media. Similarly, formulations WF37 and WF40, respectively including high
concentrations of PEG300 and PG, had a SF of 45.64% and 45.99%, respectively,
demonstrating the migration of liquid fillers from the crosslinked polymeric tablet matrix
to the aqueous medium. This was also visually observed by the tablets’ volume shrinkage
after drying (figure 4.53). On the contrary, 3DP dosage forms only containing the
photoreactive oligomers PEGDA 700 and TGDA had very low SF values, indicating a
highly crosslinked structure from which little material can be dissolved or dispersed,

including the API (figure 4.52).

Formulations containing solid fillers (WF23-WF34) showed high variability in the
determined SF, similarly to the SR. As previously suggested, this could be due to the partial
and variable entity of tablet fragmentation induced by the solubilisation of potassium

bicarbonate and sodium chloride.

4.4.14 Determination of liquid fillers leachates

It has been widely reported in the scientific literature that artefacts manufactured using vat

photopolymerisation 3D printing techniques such as SLA can release over time unreacted
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liquid mono/oligomers which have been associated to a certain cytotoxicity (Oesterreicher

et al.,2016; Oskui et al., 2016; Rogers et al., 2021).

However, reports of leakage of liquid fillers commonly used in SLA 3D printed dosage
forms are lacking. It is known that when liquid fillers such as PEG 300 are included in a
photopolymer resin, they are released during dissolution testing bringing to a visible size

reduction of the 3D printed dosage forms (Wang et al., 2016).

The potential release of PG (WF9, WF12 and WF15) and PEG 300 (WF35, WF36 and
WEF37) contained in different concentrations in SLA 3D printed dosage forms was
investigated over a period of one week. The results were compared to 3D printed dosage

forms (WF6) not containing any liquid filler and are reported in table 4.20.

Table 4.20. Percent weight and volume variation, and estimated drug loss resulting from
leaching liquid fillers. Measurements were taken immediately after 3D printing and after 1

week (n = 3). Dosage forms were kept at room condition, protected from light.

Formulation % Weight % Volume Drug loss
variation £+ SD variation £+ SD (mg) = SD

WF6 1.71 £ 0.46 1.75+3.43 0.00 +0.00
WF9 -5.23+0091 -10.84 +£11.03 0.00 +0.00
WF12 -4.81 £0.63 -11.51 £19.54 0.01 +£0.01
WF15 -7.37 +0.06 -9.43+£2.79 0.02 +£0.01
WF35 1.01 £0.26 -3.52+1.40 0.40+0.11
WF36 -3.50+0.31 -7.99 £ 1.65 1.63 £0.12
WF37 -2.05+0.71 -9.28 £3.12 1.51+£0.36

According to the data presented in table 4.20, all 3D printed formulations containing liquid
fillers, except WF35 (12.5% w/w PEG300), showed a weight reduction, more evident when
increased concentrations of PG were used. Such weight reduction was also associated to a
decrease in volume. 3D printed formulation WF6, used as a control, exhibited minor weight

gain and volume increase, potentially resulting from environmental moisture uptake.
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Potential drug loss was also investigated, and no leached warfarin sodium was detected
from WF6 and WF9. On the contrary, API loss from formulations WF12 and WF15,
containing increasing amounts of PG, was quantified in 0.01 mg and 0.02 mg, respectively.
Alarmingly, 0.40 mg, 1.63 mg and 1.51 mg of warfarin sodium were respectively quantified
from the leachate of formulations WF35, WF36 and WF37, indicating a theoretical % drug

loss of 8%, 32.6% and 30.2%, respectively.

It is clear that such results require further attention, and that in-depth knowledge of the
mechanisms causing leaching issues is needed. More factors, including a wider range of
liquid fillers, photopolymer formulations, and different print and post-processing settings
should be investigated to improve quality, safety and efficacy of SLA 3D printed dosage

forms.

4.4.15 Weight uniformity determination of manually split tablets

Commercially available 1 mg and 5 mg warfarin sodium tablets were manually split into
halves and quarters (figure 4.59), to demonstrate the potential risk of dosage inaccuracy
linked to such practice. Indeed, as widely reported in the medical community, tablet
splitting can be associated with large dose deviations or weight losses that could result in
serious clinical consequences, especially in the case of narrow therapeutic index drugs such
as warfarin (McDevitt, Gurst and Chen, 1998; Peek, Al-Achi and J. Coombs, 2002; Verrue

etal.,2011).
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Figure 4.59. 1 mg (top) and 5 mg (bottom) commercially available warfarin sodium

manually split tablets.

Tablet weight was recorded on whole tablets (weight;), halves (weight;) and quarters
(weights). Results are reported in table 4.21. Percent weight loss and dose accuracy data of

tablet halves and quarters are shown in tables 4.22-4.23.

Table 4.21. Weight accuracy of whole tablets (weight,), halves (weight,) and quarters
(weights). Results are expressed as mean weight + standard deviation (SD) and relative

standard deviation (RSD).

Formulation Tablet weight: % Tablet weight % Tablet weight; %
ormufatio mean + SD RSD mean + SD RSD mean + SD RSD

WaNa 1 mg 159.46 + 4.36 2.74 79.63+833 1046  39.64+10.86  27.40

WaNa 5 mg 161.33 £3.72 2.30 80.54 = 7.00 8.69 40.70+7.04  17.30

Table 4.22. Percent weight loss of tablet halves and quarters. Results are expressed as mean

% weight loss + standard deviation (SD) and relative standard deviation (RSD).

Formulation % Weight loss (halves) + SD % RSD % Weight loss (quarters) £ SD % RSD
WaNa 1 mg 0.12+0.10 77.58 0.51+0.12 24.14
WaNa 5 mg 0.16 £0.10 65.40 0.33 +£0.04 11.06
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Table 4.23. Percent dose accuracy calculated for tablet halves and quarters. Results are

expressed as mean % dose accuracy and relative standard deviation (RSD).

Formulation % Dose accuracy (halves) % RSD % Dose accuracy (quarters) % RSD
WaNa 1 mg 99.88 10.08 99.49 27.13
WaNa 5 mg 99.84 8.33 101.31 17.05

According to the data presented in table 4.21, the weight of whole tablets was relatively
uniform and a RSD of 2.74% and 2.30% was recorded for 1 mg and 5 mg tablets,
respectively. On the contrary, weight uniformity of tablet halves decreased sharply and a
RSD of 10.46% and 8.69% was observed for 1 mg and 5 mg tablet halves, respectively.
Weight uniformity worsened substantially in tablet quarters, where a RSD of 27.40% and
17.30% was calculated for 1 mg and 5 mg warfarin sodium formulations, respectively.

Obviously, such results can cause high dose variability, as shown in table 4.23.

Indeed, neither tablet halves nor quarters showed a RSD for dose accuracy within
acceptable limits (RSD < 6%) (Teng et al., 2002), hence highlighting the risk of lack of
dose uniformity associated with manual tablet splitting. Also, it should not be neglected
that manual splitting is also associated with weight loss (table 4.22), which could result in

the further risk of underdosing.

It is clear that these results underline the need for novel manufacturing platforms able to
deliver dose flexibility in a convenient yet reliable way, requirements making

pharmaceutical 3D printing a potential frontrunner (Cui ef al., 2021).

4.4.16 Fourier-transform infrared spectroscopy

A major drawback of SLA 3DP is related to the presence of uncured monomers and/or
oligomers in the final product generating toxicity concerns (Curti, Kirby and Russell,
2020). Indeed, it is widely reported that (meth)acrylates used in SLA have a low degree of
conversion (DC) after the 3D printing process, generally between 60 — 90 %, (Oesterreicher

etal.,2016; Xu et al., 2021), and that the uncured photoreactive molecules still present in
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the 3D printed part will then be able to leach out of the crosslinked structure (Oskui et al.,
2016). As a result, it is a priority to investigate the DC after printing and to assess the

potential presence of unreacted molecules.

FTIR spectroscopy has been widely used for such purpose (Shin et al., 1993; Galvao et al.,
2013), and lately applied to photopolymerised 3D printed dosage forms (Clark et al.,2017a;
Kadry et al., 2019). In this research, FTIR was used to investigate the presence of unreacted

PEGDA 700 in the 3D printed tablets.

Dosage forms produced from formulations WF3, WF6, WF9, WF12, WF15, WF35, WF36

and WF37 were analysed and FTIR spectra are shown in figures 4.60-4.62.
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Figure 4.60. From top to bottom: FTIR spectra of uncured PEGDA 700, warfarin, warfarin
sodium, 3D printed warfarin (WF3), 3D printed warfarin sodium (WF6). PEGDA chemical

structure is reported in the top-right corner as a reference.
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Figure 4.61. From top to bottom: FTIR spectra of 3D printed WF9, WF12 and WF15.
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Figure 4.62. From top to bottom: FTIR spectra of 3D printed WF35, WF36 and WF37.

Figure 4.60 shows typical peaks of PEGDA at 1720 cm™! (acrylate C=O stretching), 1635
cm! (acrylate C=C stretching), 985 cm™ (=CH wag) and 810 cm™ (=CH, twist) (Lin-Vien
et al., 1991; Hwang et al., 2015). Interestingly, signals related to such peaks could be
detected in all 3D printed formulations, suggesting that uncured PEGDA residues could
still be present (figures 4.61-4.62). These peaks should not be attributed to warfarin, which
exhibits characteristic bands at 2954-2922 ¢cm™! (asymmetric -CH, stretching), 1681 c¢cm’!
(lactone C=0 stretching), 1617 cm™ and 1570 cm™ (phenyl rings C = C stretching), 1451

cm and 1327 cm™! (asymmetric and symmetric -CHs bending), at 882 cm™, 764 cm™! and
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700 cm (phenyl rings -CH bending), and at 1222 cm™ (hemiketal hydroxyl in-plane
bending) (Rodig, 1963; Amalanathan, Joe and Kostova, 2010; Khalil et al., 2012;
Parfenyuk and Dolinina, 2017). These results, in contrast with previous works from Kadry
et al., 2019 and Clark et al., 2017, underline the importance of further investigation
required to precisely evaluate the DC and the quantification of uncured residues. It could
be hypothesised that the low amount of photoinitiator used (0.05 % w/w) and the lack of
UV or thermal post-curing have not allowed a total conversion of the C=C in PEGDA.
Moreover, it may be speculated that propylene glycol (WF9, WF12, WF15) and PEG 300
(WF35-WF37), used as liquid fillers, might have acted as a reservoir of unreacted PEGDA
molecules by mixing and surrounding the reactive photopolymer. Also, as it has been
previously proved that liquid fillers leach out from 3D printed dosage forms over time, it

could be possible that they also act as carriers of unreacted residues.

It is clear that such issue requires more attention, and the application of accurate techniques,
such as Raman spectroscopy (Shin et al., 1993; Gauthier et al., 2005), can be particularly
helpful to tackle the undetected presence of uncured (meth)acrylates in SLA 3D printed

devices.

In fact, leaching of uncured residues can be particularly evident in the case of solid oral
dosage forms, due to the presence of physiological fluids and movements in the
gastrointestinal tract that may promote such phenomenon. This should be avoided due to
the high reactivity of (meth)acrylates present in photopolymerisable resins, expressing their
cytotoxicity by reacting towards amino- and thiol-groups of proteins and DNA

(Oesterreicher et al., 2016).

Ways of reducing the potential toxicity of SLA 3D printed devices are available, and are
mainly based on increasing the DC by post-processing either using UV light or heat (Oskui
etal.,2016; Xu et al.,2021). However, while post-processing can be done on certain types
of products, particular attention should be paid in the case of drug loaded devices due to

the risk of degrading the APIs or to alter core features such as drug release (Xu e al., 2021).
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4.4.17 Differential scanning calorimetry

Thermal analysis was carried out on pure warfarin and warfarin sodium, and on drug loaded
3D printed dosage forms fabricated from formulations WF3 and WF6 to investigate

samples’ physical state. DSC thermograms of samples analysed are shown in figure 4.63.
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Figure 4.63. DSC thermograms of warfarin sodium, warfarin, 3D printed 5.0% w/v

warfarin sodium (WF6) and 3D printed 5.0% w/v warfarin (WF3).

Pure warfarin DSC thermogram features a sharply defined melting peak at T = 162.96 °C
as reported in literature, thus confirming its crystalline state (Babhair, Tariq and Al-Badr,

1985; Parfenyuk and Dolinina, 2017).

A broad shoulder endothermic peak at Tonset (AHr) = 191.89 °C was observed in the DSC
thermogram of pure warfarin sodium, indicating that the API was in the crystalline state so
it could be detected by DSC (Gao and Maurin, 2001; Vuddanda et al., 2018; Sjoholm and

Sandler, 2019).

3D printed warfarin (WF3) thermogram features a small endothermic peak, suggesting that

some API is present in the crystalline state. This would be expected, considering that
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warfarin in formulation WF3 did not fully dissolve due to it low solubility in PEGDA (table
4.12) and suspended particles remained both in the liquid photopolymer resin and in the

3D printed dosage form.

No melting peak could be observed in the DSC thermogram of 3D printed warfarin sodium
(WF6), thus indicating that the API was fully dissolved in the liquid resin and remained in
its amorphous state after the 3D printing process. Such a finding is particularly interesting
because reveals that SLA 3D printing can enable drug amorphisation, a successful strategy
to improve the bioavailability of poorly water-soluble APIs (Buyukgoz, Kossor and Davé,

2021).

DSC results were further corroborated by the application of X-ray powder diffractometry.

4.4.18 X-ray powder diffractometry

X-ray powder diffraction analysis was performed in order to investigate any changes in the
physical form of the APIs resulting from the SLA 3DP process. XRPD data were collected
on pure as received warfarin and warfarin sodium, on a drug free SLA 3D printed tablet
used as reference, and on drug loaded dosage forms containing warfarin and warfarin

sodium in three different concentrations (WF1-WF6) (figure 4.64).
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Figure 4.64. X-ray powder diffractograms of pure warfarin and warfarin sodium and 3D

printed dosage forms. Signals were acquired over a 26 range of 5-70 degrees.

XRPD patterns of warfarin and warfarin sodium match well with those reported in the

literature (Nguyenpho et al., 2015; Siddiqui ef al., 2015), with a characteristic peak visible

at 8.25° 26. The absence of such peak in the diffractograms of drug loaded SLA 3D printed

dosage forms would suggest that the APIs are present in the amorphous state and that no

recrystallisation occurred after photopolymerisation. Such results were expected, as the

APIs were fully solubilised into the liquid photopolymer resin prior 3D printing.

The diffractogram of 3D printed formulation WF3, containing suspended warfarin

particles, showed a low intensity peak at 8.25° 20, suggesting that warfarin was present, to

some extent, in the crystalline form.

4.4.19 Scanning electron microscopy imaging

SEM imaging was employed to reveal the internal structure of a selected pool of SLA 3D

printed formulations.
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Images of dosage forms 3D printed from formulations WF3 and WF6 were taken to
visualise any differences in the internal structure, as a potential result of the presence of
suspended warfarin particles in formulation WF3 (figures 4.65-4.66). In figure 4.65A-B,
particles of warfarin can be seen dispersed in the photocrosslinked structure. On the
contrary, the internal surface shown in figure 4.66A-B appears much smoother, with no
evidence of drug particles. Interestingly, both figures 4.65D and 4.66D reveal the presence
of a network of fractures only visible at a magnification of x 5000, which could be caused
by shrinkage stress during the fast radical chain growth polymerisation (Oesterreicher et

al.,2016; Li, Cui and Li, 2021).

SEM HV: 10.0 KV WD: 16.51 mm | VEGA3 TESCAN  SEM HV: 10.0 kV WD: 15.84 mm
500 pm

SEM MAG: 100 x Det: SE SEM MAG:200x | Det: SE

C 'D

SEM HV: 10.0 kV WD: 15.81 mm VEGA3 TESCAN SEM HV:10.0kV | WD: 15.35 mm

SEM MAG: 1.00 kx Det: SE SEM MAG: 5.00 kx | Det: SE 10 pm

Figure 4.65. SEM images of cross-sectional view of a dosage form 3D printed from WF3.
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Figure 4.66. SEM images of cross-sectional view of a dosage form 3D printed from WF6.

SEM images of 3D printed formulation WF25 allowed to visualise structural changes after
dissolution testing as a result of the effervescence of coarse potassium bicarbonate in the
simulated gastric fluid. As visible in figure 4.67C-D, dosage form surface appears porous
and fractured after dissolution, with visible signs of fragments detachment. Similarly, the

internal section revealed the presence of fractures and small pores (figure 4.68).
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Figure 4.67. SEM images of top view of a dosage form 3D printed from WF25 before (A-
B) and after (C-D) dissolution testing.
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SEM HV: 10.0 kV WD: 18.75 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 17.03 mm

SEM MAG: 100 x Det: SE SEM MAG: 1.00 kx Det: SE

Figure 4.68. SEM images of cross-sectional view of a dosage form 3D printed from WF25
before (A-B) and after (C-D) dissolution testing.

In comparison with WF25, SEM images of 3D printed formulation WF28, containing
milled potassium bicarbonate, showed a highly fractured surface and the presence of

multiple pores after dissolution (figures 4.69-4.70).

C. Curti, PhD Thesis, Aston University, 2021



SEM HV: 10.0 kV 'WD: 18.34 mm VEGA3 TESCAN SEM HV: 10.0 kV/ WD: 18.34 mm | VEGA3 TESCAN|
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SEM MAG: 40 x Det: SE 2 mm SEM MAG: 200 x Det: SE

Figure 4.69. SEM images of top view of a dosage form 3D printed from WF28 before (A-
B) and after (C-D) dissolution testing.
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Figure 4.70. SEM images of cross-sectional view of a dosage form 3D printed from WF28
before (A-B) and after (C-D) dissolution testing.

SEM images of 3D printed formulation WF31 allowed to visualise structural changes after
dissolution testing as a result of the solubilisation of coarse sodium chloride in the
dissolution medium. As visible in figure 4.71C-D, dosage form surface appears fractured
after dissolution, while only minor fractures could be observed in the internal section

(figure 4.72).
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SEM HV: 10.0 kV 'WD: 18.54 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 18.53 mm VEGAS3 TESCAN|

SEM MAG: 40 x Det: SE 2mm SEM MAG: 200 x Det: SE 200 pm
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SEM MAG: 40 x Det: SE 2 mm SEM MAG: 200 x Det: SE

Figure 4.71. SEM images of top view of a dosage form 3D printed from WF31 before (A-
B) and after (C-D) dissolution testing.
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SEM MAG: 40 x Det: SE SEM MAG: 100 x Det: SE

-

SEM HV: 10.0 kV WD: 19.39 mm VEGA3 TESCAN  SEM HV: 10.0 kV/ WD: 18.39 mm VEGA3 TESCAN|

SEM MAG: 40 x Det: SE 2mm SEM MAG: 100 x Det: SE 500 pym

Figure 4.72. SEM images of cross-sectional view of a dosage form 3D printed from WF31

before (A-B) and after (C-D) dissolution testing.

In comparison with WF31, SEM images of 3D printed formulation WF34, containing
milled sodium chloride, showed a highly fractured surface and the internal presence of

minor fractures and pores after dissolution (figures 4.73-4.74).
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SEM HV: 10.0 kV WD: 18.47 mm | VEGA3 TESCAN SEM HV: 10.0 kV WD: 18.47 mm : VEGA3 TESCAN
SEM MAG: 40 x Det: SE 2mm SEM MAG: 200 x Det: SE

D >
q

SEM HV: 10.0 kV WD: 19.04 mm | VEGA3 TESCAN SEM HV: 10.0 kV WD: 19.04 mm |

SEM MAG: 40 x Det: SE 2 mm SEM MAG: 200 x Det: SE

Figure 4.73. SEM images of top view of a dosage form 3D printed from WF34 before (A-
B) and after (C-D) dissolution testing.
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SEM HV: 10.0 WD: 18.29 mm VEGA3 TESCAN  SEM HV: 10.0 kV WD: 17.45 mm

SEM MAG: 40 x Det: SE 2 mm _SE - | Det: S

SEM HV: 10.0 kv ‘WD: 19.98 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 18.42 mm VEGA3 TESCAN|
SEM MAG: 40 x Det: SE SEM MAG: 200 x Det: SE

Figure 4.74. SEM images of cross-sectional view of a dosage form 3D printed from WF34
before (A-B) and after (C-D) dissolution testing.

4.4.20 Raman spectroscopy imaging

Raman spectroscopy was used to map the surface and the core of SLA 3D printed dosage
forms before and after dissolution testing to investigate the mechanism of drug release. In
fact, the limited drug release previously described would suggest that, due to the highly
crosslinked nature of SLA 3D printed dosage forms and their inability to disintegrate, the
API near the tablet surface would easily diffuse out, while the drug at the core of the tablet

could remain trapped.

Prior to map the drug loaded dosage forms, reference spectra for warfarin sodium and a

drug free PEGDA 700 3D printed tablet were collected (figure 4.75).
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Figure 4.75. Raman spectra of (A) pure warfarin sodium and (B) drug free PEGDA 700
SLA 3D printed tablet (red) compared to PEGDA spectrum from Renishaw database (blue).

Raman maps of surface and core of an SLA 3D printed dosage unit produced using
formulation WF6 were collected before dissolution testing, revealing the presence of the

API in both areas investigated (figures 4.76-4.77).
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Figure 4.76. Raman map (top) and spectra (bottom) collected from the surface of a
warfarin sodium loaded SLA 3D printed tablet before dissolution testing. Warfarin sodium

and PEGDA 700 spectra are coloured in blue and red, respectively.
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Figure 4.77. Raman map (top) and spectra (bottom) collected from the core of a warfarin

sodium loaded SLA 3D printed tablet before dissolution testing. Warfarin sodium and

PEGDA 700 spectra are coloured in blue and red, respectively.
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As shown in figure 4.78, repeating Raman mapping of the tablet surface after dissolution
testing in water for 24 hours revealed no API at the surface of the dosage form, thus
indicating that warfarin sodium present on the surface had completely diffused out in the
dissolution medium. NNLS component analysis allowed to quantify a concentration

estimate of the drug at the surface as 0.06%.

On the contrary, mapping tablet core allowed to visualise a certain amount of warfarin
sodium (figure 4.79), thus confirming the hypothesis of a limited drug release due to
entrapment of the API at the core of the photocrosslinked tablet matrix. A concentration

estimate of such drug amount was quantified through NNLS component analysis as 0.69%.
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Figure 4.78. Raman map (top) and spectra (bottom) collected from the surface of a
warfarin sodium loaded SLA 3D printed tablet after dissolution testing. PEGDA 700

spectrum (red) was compared to PEGDA reference spectrum from Renishaw database

(blue).
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Figure 4.79. Raman map (top) and spectra (bottom) collected from the core of a warfarin
sodium loaded SLA 3D printed tablet before dissolution testing. Warfarin sodium and

PEGDA 700 spectra are coloured in blue and red, respectively.
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4.5 Conclusion

In summary, this Chapter reports the design of 43 drug loaded photopolymer formulations
for SLA 3DP including theophylline, warfarin, or warfarin sodium as APIs. Of these, 34
were successfully 3D printed into solid oral dosage forms, demonstrating the suitability of

low concentrations of PI to produce drug loaded tablets with sufficient crosslinking.

Theophylline formulations with clinically relevant dosages were not printable, while
warfarin did not show such limitation. In particular, warfarin sodium provided better

printability outcomes due to its higher solubility in the photopolymer resin.

The investigation of dosage forms hardness and friability provided understanding of the
mechanical properties of such 3D printed devices, which met the Pharmacopoeia

requirements for conventional solid oral dosage forms.

Drug release from the SLA 3D printed tablets in biorelevant media was found to be
incomplete after 8 hours, highlighting the need for future development and optimisation.
Among the various agents investigated for their drug release-tuning properties, solid fillers
such as sodium chloride and potassium bicarbonate were successfully included in different
concentrations and 3D printed in the dosage forms and were found to modulate drug release

by dissolution and effervescence mechanisms, respectively.

FTIR analysis allowed to identify the potential presence of uncured resin in the SLA 3D
printed tablets, which will require future work to investigate any toxicity implications.
Moreover, preliminary data evidenced potential issues related to leaching of liquid fillers,

which demand further attention.

XRPD showed that drug amorphisation occurs in the SLA 3D printed tablet, which can

therefore be considered as delivery devices of low-solubility drugs.

Finally, Raman spectroscopy allowed to observe residual drug at the core of the 3D printed
tablets after dissolution testing, suggesting that the API remains entrapped within the

photocrosslinked matrix.
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- Chapter V -

CLOSING COMMENTARY AND FUTURE WORK

The research project described in this Thesis aimed to investigate the potential of
Stereolithography (SLA) 3D printing to manufacture quality solid oral dosage forms, with
the view to inform about the opportunities and challenges of such technology to deliver

personalised medicines in a clinical setting.
The work conducted in this research can be categorized in four main areas, namely:

1. Review of the scientific literature describing 3D printing of solid oral dosage
forms, to identify challenges and areas of development of pharmaceutical SLA
3D printing.

2. Optimisation of a commercial SLA 3D printer to enhance throughput and
improve formulation development cost-effectiveness.

3. Systematic screening of novel photopolymer resins for SLA 3D printing, to
identify lead formulations with optimal printability for drug loading studies.

4. Development and characterisation of stereolithographic 3D printed tablets,

loaded with clinically relevant drug dosages.

The literature review highlighted the lack of photopolymers available for pharmaceutical
stereolithography (Wang et al., 2016a; Xu et al., 2021) and the need for in-depth physical
characterisation of SLA 3D printed tablets (Healy et al., 2019) as core areas to address
from a formulation development point of view, while limitations of SLA 3D printers also

emerged (Kadry et al., 2019a).

Therefore, prior to conduct a systematic printability screening of photopolymer resins, a
novel SLA apparatus was designed to optimise throughput and cost-effectiveness of the
process. Such apparatus was developed by reshaping the resin tank and the build platform

thus enabling to simultaneously use up to 12 different photopolymer resins. Moreover, the
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compartmentalization of the resin tank allowed to drastically reduce the amount of

formulation required from 200 mL to 10 mL.

The capability of the novel SLA apparatus was fully exploited by carrying out the
systematic printability screening of 156 photopolymer formulations, which was completed
in 96.42 hours using 1.56 L of sample worth £292.21. In contrast, the original SLA
apparatus would have required 1157 hours to complete the screening and 31.20 L of sample
worth £5844.19, undoubtedly resulting less cost-efficient in comparison with its improved

version (Curti, Kirby and Russell, 2021).

The printability screening allowed to identify PEGDA 700 as the best performing
photopolymer, and propylene glycol as the liquid filler providing best printability outcomes
at concentrations of 12.5%, 25%, and 50% w/w. Therefore, these materials were selected
as main excipients to assemble drug loaded photopolymer resins in combination with the
photoinitiator TPO, which was found most effective when used as 0.05% w/w. Other
materials, namely glycerol and N-vinyl pyrrolidone, were found unsuitable for SLA 3D

printing and were consequently excluded from further investigation.

Finally, oral anticoagulant drugs warfarin and warfarin sodium were loaded as 0.5%, 2.5%,
and 5.0% w/v in liquid photopolymer resins enabling to fabricate SLA 3D printed solid
oral dosage forms with a final theoretical dosage of 1, 5, and 10 mg, respectively. A total
of 40 formulations containing warfarin or warfarin sodium were prepared, and 36 resulted
successfully printable. Alongside PEGDA 700 and propylene glycol, other materials were
also used; these included the reactive monomer triglycerol diacrylate (TGDA), the liquid
fillers polyethylene glycol 300 (PEG 300) and polyethylene glycol dimethyl ether
(PEGDME), and the solid fillers sodium chloride (NaCl) and potassium bicarbonate
(KHCO:3). Specifically, liquid and solid fillers were included in an attempt to modulate
drug release from the 3D printed dosage forms, which was found to increase more when
NaCl and KHCO; were used. This is particularly promising, as NaCl and KHCO; are

GRAS listed excipients (Hussien et al., 2018) conventionally used in solid oral dosage
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forms, and this research demonstrated their successful inclusion in photopolymer resins in

concentrations up to 4% w/w.

Nevertheless, drug release in biorelevant media over 8 hours was limited, indicating that
further optimisation is needed. Moreover, while warfarin and warfarin sodium loading were
adequate to 3D print tablets with clinically relevant dosages, limitations appeared when
theophylline was instead used, resulting unprintable when loaded as 5.0% and 50% w/v.
Furthermore, the detection of leachates from 3D printed tablets aroused toxicity concerns
that need to be thoroughly addressed before SLA 3D printing of pharmaceuticals can be

safely implemented in clinical settings.

The following sections will provide an overview of the areas of development identified
from this research project that may deserve to be investigated in the future, as well as a

general comment on the regulatory challenges of 3D printed drug products.

Cytocompatibility assessment of SLA 3D printed dosage forms

Despite the demonstrated advantages of SLA 3DP in the pharmaceutical field, the safety
profile of solid oral dosage forms produced with such technique remains unaddressed (Xu
et al.,2021). Indeed, unreacted mono/oligomers residues still present after the 3DP process
represent a concern because of the cytotoxicity induced from their reaction towards amino
and/or thiol groups of proteins and DNA (Oesterreicher et al., 2016). Furthermore, the free-
radical polymerisation process requires photoinitiator molecules to generate radical

species, whose safety also needs to be investigated.

In this research, it was found that liquid fillers used in SLA 3D printed dosage forms tended
to leach out over time, acting as carriers for drug molecules; therefore, it can be
hypothesised that liquid unreacted mono/oligomers may leach out in a similar way,
triggering cytotoxicity reactions. It is obvious that any toxicity-related issues must be

addressed to allow SLA 3DP to be implemented in clinical practice. This must include a
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thorough study of the effect on the GI tissues of fragments originating from the 3D printed

tablets.

Based on the work started in this project, the application of analytical techniques, such as
HPLC, to accurately quantify unreacted mono/oligomers in SLA 3D printed tablets and
leachates, can provide preliminary indications the toxicity induced by such chemicals

(Bural et al., 2011; Moldovan et al., 2019).

It is also imperative to assess the cytocompatibility of SLA 3D printed dosage forms via
cell-culture studies, which would represent the natural continuation of this research project.
A number of methods have been already applied for cytotoxicity testing of SLA 3D printed
samples, including direct contact techniques (ISO 10993-5) (Warr et al., 2020) and cell
viability and proliferation assays (Glass et al., 2018; Tang et al., 2019; Gonzalez et al.,

2020).

Raman spectroscopy analysis to determinate the degree of conversion

Raman spectroscopy is a powerful tool in pharmaceutical analysis (Verde et al., 2021), and
its use in determining the degree of C=C double-bond conversion in SLA 3D printed
structures has been investigated (Shin et al., 1993; Gauthier et al., 2005). More recently,
Raman spectroscopy has been used to determinate the degree of conversion (DC) in 3D
printed tablets (Clark et al., 2017b), and it has been proposed as a frontrunner analytical
technology to couple with vat photopolymerisation 3DP to assess safety and quality of 3D
printed dosage forms (Xu et al., 2021). Indeed, the low DC (60%-90%) typical of acrylate
resins (Xu et al., 2021) would cause the presence of unreacted mono/oligomers, whose
potential toxicity has been previously discussed. Despite some methods based on washing
and post-curing of the 3D printed tablets have been described (Januskaite et al., 2020),
reports on the determination of the DC in SLA 3D printed dosage forms are lacking.
According to this, Raman spectroscopy could be used to develop and validate reliable

methods to quantify the DC in SLA 3D printed tablets, thus enabling the systematic
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evaluation of factors such as type and amount of photoinitiator and liquid fillers, or process

parameters, on the final presence of unreacted material.

Development of machine learning tools to predict printability of medicines

Artificial intelligence has emerged in the pharmaceutical field thanks to its ability to
analyse and constantly examine large datasets, thus reshaping formulation development
(Elbadawi et al., 2020). SLA 3D printing can largely benefit from the application of
machine learning techniques to develop tools able to predict printability outcomes of novel
photopolymer formulations and various drug molecules. This is of particular importance
since the lack of materials available for pharmaceutical SLA 3DP (Curti, Kirby and Russell,

2021), making necessary to screen large formulation sets.

Software development for multi-material pharmaceutical SLA 3D printing

The novel, multi-material SLA apparatus described in this Thesis is controlled by the
proprietary software PreForm, which doesn’t allow to adapt process parameters to the
different photopolymer formulations used at the same time. Hence, a significant
improvement would consist in the development of a novel software allowing the operator
to tune process parameters to the characteristics of each single photopolymer resin
contained in the different tanks. This could allow to optimise printability while offering an

unrivalled manufacturing flexibility.

The regulatory framework

Currently, no regulatory pathway for personalised 3D printed medicines is established
(Curti, Kirby and Russell, 2020). Although Aprecia Pharmaceuticals introduced 3DP as a
novel manufacturing process, their 3D printed medicine Spritam® is not considered a

personalised product but rather it is mass manufactured similarly to conventional tablets.

C. Curti, PhD Thesis, Aston University, 2021




Therefore, even though 3DP can meet the requirements for pharmaceuticals manufacture,
it seems that approval can only be granted when the process is intended for mass
production. However, current research on 3DP in pharmaceutics is mainly focused on
personalised medicine, targeting the fabrication of dosage forms with properties varying
from batch to batch. This is inherently in conflict with the requirements of pharmaceutical
production processes, for which the inter-batch variability must be guaranteed to a
minimum. Given such limitations caused by legislation, it will likely take time for 3DP
processes to be awarded widespread regulatory approval, as changes in regulation will
likely be implemented incrementally. For the present, it is likely that the manufacture of
3D printed medicines will be limited to fixed dose units as has proven successful in the
case of Spritam® (Brandessence Market Research Company, 2019) and, more recently, of

T19 (Everett, 2021).

A further observation regarding the on-demand manufacturing of a wide range of
medicines, for example in hospital pharmacies, highlights the need of appropriate and
accurate analytical procedures to ensure final product quality. Whitin this context, process
analytical technologies such as near-infrared spectroscopy have demonstrated their
potential as valid techniques for the intended purpose (Trenfield et al., 2018a), as they can

be easily implemented in GMP pharmaceutical 3D printers (Algorri et al., 2021).

In conclusion, although it is necessary for the scientific community to build a solid
knowledge background to understand and improve the whole manufacturing process from
dosage form design to the relative quality control, it is also essential that regulatory
agencies issue guidelines that can promote development and safe application of 3D printing

technology in clinical scenarios.
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