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Abstract

Poor aqueous solubility of many prospective low molecular weight drug
compounds is a barrier to bioavailability and hence therapeutic effectiveness
and commercial potential. Multiple formulation-based approaches have been
studied to enhance effective solubility, one of which is the formation of the
drug in a solid dispersion, whereby the drug is dispersed in a soluble matrix.
3D printing has capabilities to produce personalised medicines and is a
manufacturing technique for pharmaceuticals well suited to the creation of
solid dispersions. Multiple 3D printing technologies are available, with material
extrusion approaches most often used in pharmaceutical research to date.
With such advances in 3D printing, there is also the opportunity for studies of
patient-perceptions of printed tablets in the context of tablet properties such

as size, shape, and colour.

As a new manufacturing technology, understanding patient acceptability of 3D
printing of medicines is required to understand the public perception toward
future market along with policy shaping. As part of this study a public study is
carried out on the acceptance of 3D printed tablets.

The aligned main aim of this study was to study the potential of polymeric-lipid
formulations to enhance drug water solubility in extrusion 3D printed solid
dosage forms, designed according to the most acceptable geometries of the
public. Such formulations have rarely been studied in 3D printing of tablets.
Specifically, | investigated the poorly water soluble drug felodipine and its
inclusion in a polymeric-lipid formulation. An immediate-release formulation
was developed and tested for printability and compatibility. The developed
formulation exhibited enhanced solubility, excellent printability, and
compatibility. Subsequently | describe the study of sustained-release
formulations with altered ratios of drug and excipients. A significant difference

was present between formulations with variable drug content. As most lipids



undergo physicochemical changes over time, stability determination is
considered. The samples were tested under various storage conditions.
Several analytical techniques were used to verify any changes that occur
during the stability analysis. Samples stored at room temperature and 0% RH
showed rapid crystallisation of felodipine, whereas those stored at 37 + 1°C
and 75% RH maintained their amorphous and dispersed state. Augmentation
of the drug release rate was observed in all aged samples compared to the

freshly printed samples.

Multiple complementary methods were used to study formulation behaviour
and structure. Employment of social study results in the design of future
medicines can enhance their effectiveness. Additionally, lipids with their
versatility as drug carrier are ideal for extrusion 3D printing for the use in

pharmaceutical manufacturing, particularly clinical trials.
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1 Introduction

1.1 Oral drug delivery

The oral route for drug delivery is the preferred route of medicines
administration for most patients. Approximately 90% of marketed drug
products are for the oral route [1], despite the availability of various
formulation types to be delivered via other routes such as pulmonary, topical,
rectal and parenteral (intravenous, intramuscular, transdermal). This
preference results from convenience, being non-invasive, generally excellent
patient compliance, cost-effectiveness, and limited sterility requirements [2-4].
The main barriers for success of oral delivery are drug solubility, permeability
and stability within the gastrointestinal (Gl) tract [5].

Many drugs can be delivered via the oral route in either liquid or a solid form.
The preference of dosage form varies by age and individual predilection. For
better adherence in paediatric patients, liquid dosage forms are usually
prescribed due to swallowability concerns [6]. Geriatric patients might have
swallowability concerns, however, highly sweetened liquids would not be
suitable either to palatability or medical condition [7], so oral dispersible

tablets can be used, for example.

For the active ingredient to be pharmaceutically available, tablet based solid
dosage forms generally need to disintegrate, allowing the drug to dissolve in
Gl fluids and permeate through intestinal mucosa and epithelium, and then be
available in blood circulation. Disintegration time is dependent on the
developed solid formulation [8]. Oral liquid dosage forms omit this step.
Dissolution, the release of drug from the solid material, is mainly the rate
limiting step of bioavailability of poorly water soluble drugs [9]. Permeability
through the wall of the GI primarily take place in the intestine, this can be by

passive diffusion or by a carrier [10]. Solubility and permeability are drug



specific characters that have been used by the Food and Drug Administration
(FDA) to create the Biopharmaceutics Classification System (BSC) [11] (Table
1.1).

Table 1.1 Biopharmaceutics Classification System (BSC) [12]

Class Solubility Permeability

I High High
I Low High
11 High low
v low low

Additionally, bioavailability of many drugs taken via the oral route can also be
affected by first-pass metabolism, where the active drug undergoes
metabolism in the liver before reaching the systemic circulation [13].

1.2 Drug solubility

Drug solubility is one of the most critical aspects considered in drug
development to avoid later failure. Solubility issues can be resolved by using
an appropriate salt of a drug or by formulation approaches. A drug is
classified as poorly soluble (Table 1.2) if 250 ml of solvate at pH range of 1-7

cannot dissolve the highest dose strength [14].



Table 1.2 Range of solubility for each solubility detention (USP) [15]

Solubility Solubility range (mg/ml)
Very soluble >1000

Freely soluble 100-1000

Soluble 33-100

Sparingly soluble 10-33

Slightly soluble 1-10

Very slightly soluble | 0.1-1

Practically insoluble | <0.1

1.3 Solubility enhancement methods

Solubility enhancement can be achieved by various means: chemically,
physically or by mixed methods.

Salt formation is one of the widely used methods to enhance the solubility of
weak acids and bases in the form of acetate, hydrochloride, fumarate,
calcium, sodium, potassium and others. Proper selection of the counterion is
necessary to maintain a drugs properties such as hygroscopicity, particle size
and flow properties [16]. Counterion properties will directly affect drug-ion

(salt) physical properties.

Prodrug also known as molecular modification where a physiochemical
modification of drug product is made to improve the solubility and decrease
the toxicity. Prodrug is an option when the parent drug has toxicity issues. A
prodrug is generally inactive or of limited activity when administered and

undergoes chemical modification in vivo to produce the active drug [17].



pH modification, many drugs have pH dependent solubility, where it
solubilised in certain pH while not in other. Incorporation of a pH modifying
agent e.g. sodium carbonate, together with poorly soluble active can create a

pH suitable microenvironment that facilitate drug solubility [18].

Complex formation with drug molecules to improve their physicochemical
features without molecular alteration can be an attractive approach.
Cyclodextrin is an example of a material that is used in complex formation.
Combining the use of other pharmaceutical excipients such as surfactants
and water soluble polymers with drug complexes could synergise the solubility
of the formulation [19].

Particle size reduction can improve dissolution rate and effective

bioavailability via increase in surface to mass ratio [20].

Nanocrystals (NCs) are generally obtained by high-speed homogenisation or
precipitation. Due to their high surface to volume ratio, NCs improve
saturation solubility together with rate and extent of dissolution. NCs present
in uniform size particles of nano range size, those bespoke particles control
crystal growth, shape, size, anisotropy and crystallinity. With no need for
excipients NCs compose the active compound alone, and hence a high drug

loading capabilities [21].

Co-crystal is a solid multicomponent system that presents a single
homogenous crystalline phase. Typically these rely on hydrogen bonding
between the drug and the coformer compound [22].

The combination of nanocrystals and co-crystals has been shown to have a

synergistic effect on drug solubility [23].

Supercritical fluid preparation including Rapid Expansion of supercritical
solutions (RESS), Supercritical anti-solvent (SAS) and Patrticles from Gas

Saturated Solution (PGSS) is acknowledged as an environmentally friendly



technology that can improve physicochemical properties of drug particles in
the form of shape, size, density and hence effective solubility [24].

Solid dispersion is one of the utmost promising technology in solubilisation
techniques. Variety of hydrophilic, lipophilic or mixture of both can be used as
a carrier to enhance the aqueous solubility e.g. sugars, PVP, PEG, and
Gelucires [25].

Solid solution is formed from a drug uniformly distributed in a molecular and
amorphous form within a solid matrix. It differs from a solid dispersion in that
the later present in two phases. Enhancement of dissolution in solid solution is
gained by the high energy of an amorphous form. Due to their high energy

such formulations can be physically unstable and hence difficult to use [26].

Polymorphism is the capability of solid compound to differentiate in shape
into multiple crystal forms. Molecular arrangement varies between
polymorphs, which results in variable physical and chemical properties.
Polymorph screening can lead to discovery of new crystal form that have
better solubility [27].

Amorphous solid state provides enhanced apparent solubility and dissolution
rate due to the low energy requisite to dissolve particles. This method is

widely used for solubility enhancement [28].

Surfactants are hydrophobic substances that can form a micelle to
incorporate insoluble hydrophobic drugs and hence enhance its solubility.
Many factors can affect solubilisation efficacy of the surfactant, of which;
solubilised material, hydrophilic-lipophilic balance (HLB), pH of the media,
morphology of aggregates and presence of other additives [29]. HLB is the
balance between hydrophilic and lipophilic parts of the surfactant in reference
to size and strength. The value of HLB represent the type of emulsion can be
created (W/O or O/W) [30].



Lipid-based drug delivery system, where hydrophilic, lipophilic and
amphiphilic excipients could be used to solubilise a hydrophobic compound
e.g. lipids, surfactant, cosurfactant and cosolvents. This has the advantage of
reducing the effect of food that specially affect class Il and IV BSC, due to
stimulation of Gl secretions similarly to physiological effects of food
consumption, along with lymphatic drug absorption [31-33]. It is categorised
as liquid and solid lipids according to their physical state. Liquid lipids include;
lipid solution, emulsions of variable sizes (fine, micro, nano) and self-
emulsifying drug delivery system. While solid lipids are represented in solid
lipid nanoparticles of glycerides, glyceride mixtures, and waxes [34].

Lipid-based drug delivery system could also be classified according to their

composition and further its properties into four types described in Table 1.3.

Table 1.3 Types of lipid-based formulations (composition and properties) [35]

Excipients Properties

Type | Oils only Non-dispersing

Type Il | Oils + water insoluble surfactants | SEDDS

Type lll | Oils + surfactants+ cosolvents Clear dispersion

Type IV | Water soluble surfactants + High solubilisation efficiency
cosolvents (without oils)

Further classification according to composition and properties describes as

follow:

Nanoemulsion where two immiscible liquids are dispersed as a biphasic
system with the aid of an amphiphilic surfactant in the form of either water in
oil or oil in water droplet. Nanoemulsions can be manufactured by a high-
energy method; sonication, or a low-energy one; spontaneous emulsification

which gives more stable system. Nanoemulsions have proved their ability to



improve the solubility by encapsulating lipophilic drug via decreasing droplet
size [36].

Solid lipid nanoparticles (SLN), are a substitute to ordinary polymeric
nanoparticles that combine the benefits of liposomes, lipid-emulsion and
polymeric nanoparticles. Nanoparticles are particles of lipid origin that present
in solid state at ambient temperature. They have a size range of 50- 1000 nm,

generally produced by high-pressure homogenisation [37].

Nanostructured lipid carriers (NLC), a combination of the two previously
mentioned lipid based drug delivery systems; liquid emulsion and solid lipid
nanoparticles forms a synergistic hybrid of solid-liquid lipid hybrid [34].

Self-emulsifying drug delivery system (SEDDS), an isotropic mixture of
lipid, surfactant, cosurfactant or cosolvent along with the active compound.
Such system is simultaneously able to form a fine emulsion upon mild

agitation and contact with Gl fluids [38].

Table 1.4 displays many marketed pharmaceutical products that been
developed by previously mentioned techniques to enhance their water

solubility.



Table 1.4 Some marketed products of poorly water soluble medicines using

variable solubility enhancing techniques

Solubility Active compound Referenc
mechanism e
Salt Topical Voltaren | Diclofenac (sodium) [16]
formation gel c
Prodrug A Arranon® | Nelarabine (prodrug) [39]
Injection arabinofuranosylguanin
e (ara-G) (active)
pH Tablet Prandin® | Repaglinide [40]
modification (meglumine)
Complex Chewabl | Cetrizin® | Cetirzine [41]
formation e tablet
Solid Spray- Crestor® | Rosuvastatin [42]
dispersion dried
tablet
Amorphous Oral Kaletra® | Lopinavir/Ritonavir [42]
solution
of HME
Nanocrystal Tablet TriCor® Fenofibrate [43]
Nanoemulsio | Tablet Aemcolo | Rifamycin [44]
n ®
SEDDS Soft- Neoral® | Cyclosporine [45]
gelatine
capsule




1.4 Pharmaceutical lipids

Lipids are organic materials with a hydrocarbon backbone, often sourced by
extraction of a natural material using solvents of low polarity. Oils, waxes,
mono/di/tri-glycerides, cholesterol and phospholipids are examples of lipids
[46]. Lipidic materials are generally highly flexible and biocompatible, and this
allows versatility in dosage forms and routes of administration including oral,
topical and parenteral. Relying on their chemical composition lipids can be
classified as; homolipids (e.g. cerides, glycerides), hetrolipids (phospholipids),
and complex lipids (lipoproteins) [47].

1.4.1 Advantages of lipidic materials in pharmaceuticals

The range of commercially available pharmaceutical lipid excipients
empowers versatile formulation design of various drug delivery systems to
enhance drug bioavailability of which; emulsion (micro-, nano-), liposomes,
micelles and SEDDS [48]. A large variety of marketed lipid excipients are
classified as GRAS (Generally recognised as safe), and hence suitable for
human use in formulations. Lipid-based drug delivery systems have proven
their superiority over other delivery systems in reducing certain drugs toxicity
[49, 50]. For example, incorporation of drugs in a lipidic formulation can
enhance drug bioavailability over other solubilising techniques [51]. Moreover,
dose variation in such systems appears to be minimal [52]. Lipid-based topical
delivery systems can show remarkable permeation enhancement due to
multiple mechanisms of skin penetration which include: polarity alteration,
fluidisation, and lipid exchange [53]. Solid lipidic excipients with high melting
points can be used as a matrix to control drug release where water diffusion
and tablet porosity mainly control the drug release [54]. Solid lipid matrices
can incorporate labile drug substances to protect them from specific
environmental challenges and can facilitate drug targeting [55].
Pharmaceutical lipid drug delivery systems have the potential to deliver both
lipophilic and hydrophilic moieties. Lipophilic drugs follow the concept of

solubilising similar materials, while hydrophilic substances are usually present



in a double emulsion [56]. Lipid excipients are considered non-immunogenic,
physiologically biodegradable and highly tolerable, that minimise the adverse
effects accompanied with similar polymeric delivery systems and prevent
invasive removal [57]. Production of lipidic formulation also has a
straightforward scaling ability along with possible sterilisation by various
techniques [50, 58] and hence is an attractive route for practical

manufacturing reasons.

1.4.2 Mechanism of possible drug transport of lipid-based drug delivery
system

In paracellular absorption, molecules transfer passively through
neighbouring epithelial cells controlled by tight junction between cells and
drug concentration gradients [59, 60]. lipid-based materials interact with
membrane protein and lipid which result in membrane perturbation and further
permeation enhancement [60]. The mechanism behind lipid-membrane
interaction was suggested that phospholipase C stimulate the release of Ca?*
followed by protein kinase C activation [61]. Additionally, presence of medium
chain fatty acids results in reduction in ATP (Adenosine triphosphate) levels
together with cellular dehydrogenase activity in a concentration dependent

manner [62].

M cell mediated transport (Microfold cells) is responsible for
macromolecules transport by the mechanism of transcytosis [63]. Particles of

up to 500 nm in diameter can be transferred by M cell transport [64].

Fluid phase macropinocytosis, an extended plasma membrane connected
to a non-extended plasma membrane results in droplet engulfment of
extracellular fluid in the form of large vacuoles. Dietary lipids of variable states
are absorbed through pinocytosis, and lipid-based drug delivery can utilise the

same pathway [47, 65].
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Endocytosis (protein-mediated) the process of material passage via
membrane vesicle through plasma membrane invagination [66]. Particles of

200 nm diameter or less can be transported via endocytosis [67].

Ligand mediated transport is considered a type of endocytosis and
represented by interaction between a ligand complex and a cell membrane
that leads to internalisation of a foreign substance. Vitamins, proteins, and
fatty acids are examples of nutritional ligands. A number of lipid-based

systems have exploited transport by this mechanism (Figure 1.1) [68].
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Figure 1.1 Mechanism of drug transport to the systemic circulation via lipidic
materials [47]

1.4.3 Challenges with lipidic materials

Dealing with lipid-based materials is challenging as a dosage form and within
the body as they are considered unstable and prone to oxidation [69].
However, oxidation can be minimised or prevented by different measures,

such as flushing lipid containers with nitrogen after use to avoid the interaction
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with the atmospheric environment [70], and the addition of an anti-oxidant
(e.g. ascorbyl palmitate) [71]. Moreover, inclusion of chelating agent such as
ethylenediaminetetraacetic acid (EDTA) is also recommended to maintain
stability [72]. Chelating agents as a secondary antioxidants inhibit oxidative
reactions by oxygen scavenging, transition metals sequestering along with
providing the hydrogen atoms lost from primary antioxidants to prevent its
depletion [70].

1.4.4 Solidification of lipid

As described, lipid-based formulation can be in the form of a liquid or a solid.
Liquid and semi-solid forms are prone to physical, chemical and microbial
instability. Solidification can solve these problems [48]. Filling a capsule (hard/
soft gelatine) was one of the first methods used to form a solid oral dosage
form with liquid lipid formulations [73]. Newer techniques have been
investigated in order to solidify liquid lipid formulations including; adsorption to
solid carriers, spray drying, lyophilisation, rotatory evaporation, melt

granulation and melt extrusion [48].

1.5 Problems with conventional solid dosage form manufacturing

Conventional solid-dosage form medicines manufacturing generally uses
complex and multiple step processes to produce a product suitable for the
market, including for example, powder feeding, mixing, granulation, drying,
dosage manufacture and packaging. Characterisation of each step in this
batch manufacturing process for the purposes of quality control and patient
safety is a time consuming and expensive process [74]. The dosage forms
produced align with the phrase “One dose fits all” as generally seen as not
applicable to meeting the needs of personalised medicines via genetic driven

variation through the population.

Using conventional tablets, dose adjustment is usually carried out by

dispensing numerous small doses to achieve a larger dose, or

12



clinicians/patients dividing a larger dose tablet either by hand, knife or by
tablet splitter. These approaches can lead to unequal dosages and hence
different pharmacological effects. In addition, the splitting of tablets cannot be
applied to all kinds of tablets, for example, controlled and extended release

tablets can lose their functionality on splitting [75].

The use of liquid dosage forms has been used as a way to achieve
personalisation. Despite the ease of dose adjustment by alteration in volume,
liquid dosage forms cannot be offered on large quantities, as well as the
increased possibility of physiochemical instability and microbial contamination
of the liquid form versus equivalent solid dosage forms [75].

Although conventional large-scale manufacturing is cost effective, they are
time consuming and resource intensive, additionally, large batch sizes lead to
dose inflexibility [76], a potential area where three-dimensional (3D) printing
could provide a better solution.

3D printing is one of the most rapidly growing manufacturing technologies in
many fields [77] due to its ability to manufacture bespoke multi-material items
with complex geometries. 3D printing is found to be promising in
pharmaceutical industry, with some products having received regulatory

approval [78].

1.6 3D printing
1.6.1 Definition of 3D printing

3D printing, or additive manufacturing (AM) can be defined as the production
of an object by addition of consecutive layers of the printed material over each
other guided by a computer system (Figure 1.2) [79]. 3D printing is also
named as rapid prototyping due to its use for many years as a tool for the
manufacture of early bespoke prototypes before using more rapid
conventional mass manufacture [80]. According to the American Society of
Mechanical Engineers, the term additive manufacturing is preferred rather

13



than 3D printing, however, from a pharmaceutical point of view this could be
confused with the process of adding different coating layers [81].

. Slicing =% Printing
—r —_—> (Y —_—

File

Figure 1.2 Generic 3D printing approach (BioRender.com)

1.6.2 3D printing original principle

Hideo Kodama presented a new approach for the automatic development of
solid 3D printing. Kodama used a photo-hardening polymer then applied

either a mercury or a xenon lamp as a source of UV radiation [82].

The main idea of this method is construction of a solid object by stacking
layers over each other. The desired accuracy and complexity of the final
shape is determined by number of layers constructed. In addition, thickness of

each layer is a result of UV intensity and time of exposure [82].

1.6.3 History of 3D printing

Standard manufacturing practice in industry is termed subtractive fabrication,
in which the process is the removing of material from a solid object to reach
the required shape. In contradiction, adding material layer by layer to form the

prescribed shape is called additive fabrication or 3D printing [83].

The birth of 3D printing was at the end of 1970s. Ross Housholder illustrated
the concept by binding layers of sand by a variety of materials, while Carl
Deckard established an approach of powder solidification using a laser, called

selective laser sintering [77]. Moreover, the first commercial object fabricated
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by 3D printing was in 1984 by Charles Hull; a 5¢cm tall plastic cup built using
stereolithography technique that took months to finish [84].

Two-dimensional (2D) printing is the printing of a huge number of dots on a
flat surface. Using 2D printing could be helpful for screening the optimised

parameters to develop a 3D object. While the addition of a fourth dimension
(4D) is described as self-change of printlet architecture after manufacturing

consequently to alteration of pressure, temperature, water or enzymes [85].

1.6.4 The 3D printing process
1.6.4.1 Computer aided design programs (CAD)

AutoDesk, AutoCAD, SolidWorks, or Creo Parametric are examples of CAD
software which is used to define the object to be printed. Colour, texture and

transparency are the main dissimilarity features between each program [86].

1.6.4.2 Ink Material

Each 3D printing technique relies on distinctive printing materials, or inks,
such as polymers, thermoplastics and metals [85]. The most used materials in
3D printing of pharmaceuticals are polymers, such as polylactic acid (PLA),
polyvinyl alcohol (PVA), cellulose derivatives, polyethylene glycol (PEG) and
others [77]. In pharmaceutical applications, the printing material should be
non-toxic, biocompatible and biodegradable [87]. 3D printability of powders
usually relates to two properties: (1) powder geometrical characteristics which
includes patrticle size, particle size distribution, surface area and morphology;

(2) reactivity between the printed material and the binder [87].

1.6.4.3 3D printing tools

Generically, 3D printers consist of a printing head on a dual horizontal x-y

axes and a vertical z axes yielding a three-dimensional motion [88]. 3D
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printers range in size and cost. For each printing technique a specific printer is
used.

1.6.5 Types of 3D printing

3D printing technologies can be categorised by the state of starting material
as either liquid, powder, solid or paper-based. Solidification of liquid is a
requirement of liquid-based processes. While powder processes require the
unification of loose powder to form a freestanding object. Solid-based
processes usually use high temperature to melt or soften solid material and
re-join it in desired geometries. Paper-based printing is limited to arrangement

of sheets over each other with lamination of external structure [89]

The main 3D printing technologies are discussed in the following section.

1.6.6 3D printing techniques
1.6.6.1 Stereolithography (SLA) or Photopolymerisation

SLA was the first marketed additive manufacturing technique. An ultraviolet
beam from a laser or lamp is applied to a photosensitive material to locally
polymerise the printed material (Figure 1.3). Excellent spatial resolution and
little treatment of the printing materials (incorporation of active/non-active
ingredients into the resin whereas they are miscible together) are the main
advantages of this technique [90]. Single point solidification at a time
contributes to a long time for printing is considered a drawback. To overcome
this problem, digital projection lithography (DLP) has been developed, in
which a digital mirror device slices and rapidly directs the light source allowing
surface rather than one-point curing [91]. SLA currently has limited use in

medical field as the resins typically used are potential carcinogens [75].
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Figure 1.3 Schematic drawing of Stereolithography (SLA) [92]

Combining the advantages of material engineering to develop biocompatible
photocurable materials and implement SLA printing can enhance the
development of personalised pharmaceutical products with versatile drug

release.

1.6.6.2 Continuous liquid interface production (CLIP)

CLIP is an improvement of SLA. Inhibition of oxidation during
photopolymerisation avoids partial curing. CLIP provide an oxygen permeable
membrane which creates a dead zone allowing a persistent liquid interface

leading to faster printing and better resolution (Figure 1.4) [93].
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Figure 1.4 Continuous liquid interface production (CLIP) schematic drawing
[93]

\f

1.6.6.3 Binder deposition or binder jetting

This process is parallel to conventional pharmaceutical granulation [81]. In
binder jetting, layers of solid particles are stacked together upon ink-jet of
liquid binder substance to build up 3D object (Figure 1.5). Inkjeting of liquid
binder to fuse the particles can be continuous or drop-on-demand printing.
The main difference between the two categories is that the size and spacing
of the droplet is defined by the pressure wave pattern used to create droplets
in the initial category. While in the second method, a voltage induced pressure

via a piezo-based doser is used to create separate droplets on demand.

LEVELING ROLLER

POWDER SUPPLY

f —

POWDER FEED PISTON BUILD PISTON

BINDER FEEDERS

Figure 1.5 Schematic drawing of binder deposition 3D printing [94]
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In the pharmaceutical field, binder jetting can yield good reproducibility and
rapid output [91] as used by Aprecia, the developer of the only US Food and
Drug Administration (FDA) validated 3D printed medicine to date, Spritam®
[95].

1.6.6.4 Material jetting

In material jetting, the whole formulation is prepared and jetted together
(Figure 1.6). UV-curable resins, suspensions, solutions and molten polymers
are commonly used in material jetting [81]. Material jetting is able to formulate

micro-particles with a low layer thickness [85].
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Figure 1.6 Schematic drawing of material jetting [96]

1.6.6.5 Aerosol jet printing (AJ-P)

AJ-P also named maskless mesoscale materials deposition (M3D), uses
ultrasonic vibration or pneumatic atomisation to atomise the printing
substance before spraying in layers onto a substrate (Figure 1.7). Aerosol
jetting can be scaled up by addition of more nozzles in addition to expansion

of the printing platform [80].
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Figure 1.7 Schematic drawing of aerosol jet printing [97]

1.6.6.6 Powder bed fusion

Powder bed fusion is faster and complex substitution of extrusion of
thermostable materials where multiple printing elements (part bed
temperature, laser power, scanning speed) can be adjusted to produce the
required features of the building structure. The process comes through laser
heating of a mixture of high melting point substance and a low melting point
binder which are then printed (Figure 1.8) [81, 98].

Controlled
laser mirror

Laser System

Powder
coater

Object to build

Loose powder

Build Plate

Build station piston

Figure 1.8 Schematic drawing of powder bed fusion [99]
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1.6.6.7 Selective laser sintering (SLS)

SLS is a powder-based method resembles binder jetting, however, it differs in
that inkjet printing using liquid to bind the solid particles while the SLS uses
laser to bring powder particles together (Figure 1.9) [84].

Laser Scanner system
»
Roller

—_—

Powder-
delivery

Fabrication piston
system

Figure 1.9 Schematic drawing of selective laser sintering (SLS) [100]

SLS system is affected by two crucial factors, laser beam optics and steering
which permits the beam to be applied over each layer, along with powder
spreading that allows the powder to be spread evenly before the laser is used

to heat and sinter the particles [91].
1.6.6.8 Extrusion

Extrusion based approaches includes the most abundant 3D printing methods
used in pharmaceutical research, fused deposition modelling and semi-solid
extrusion. Extrusion 3D printing resembles ordinary pharmaceutical extrusion
somehow in heat application to join drug and excipients, however,
pharmaceutical extruded filament needs further treatment to develop a
dosage form, while extrusion 3D printing ends with the final drug product.
Indeed, not all 3D extrusion needs heat application. Due to the absence of

powder bed there is a need for support material “rafts” to hold the printlet in
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position while printing, so each layer must ideally solidify before the next is
printed [81].

Fused filament fabrication (FFF)

FFF is one of the most commonly used techniques in 3D printing. The 3D
object is built up by fusion of layer over layer of extruded semi molten
thermoplastic substance printed from a nozzle (Figure 1.10). This process has
the ability to use many different materials to print one object either via multiple
nozzles or exchange of ink cartridge, beside that it operates with low cost.
Moreover, no need of organic solvents in this technique [79]. Fused
deposition modelling (FDM™) is the trademark name for FFF [81].

o <—— Filament (polymer + API)

/

Rollers

<€—— Temperature control units
<—— Noazzle

’ €«——— Platform

Figure 1.10 Schematic drawing of fused filament fabrication [101]
Semi-solid extrusion (SSE)/ Pressure-assisted microsyringes (PAM)

PAM printing of gels or pastes by blending optimal percentages of polymers
with selected solvent/s to achieve a desirable printing viscosity (Figure 1.11).
Applying heat to the ink is possible via SSE to get an extrudable ink. The most
important aspect of this method is the rheological (printing) properties of the
used materials. While the challenge with PAM is the use of toxic organic

solvents needed for stability of some printed object. Those solvents are
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required to be removed from the final product for patient safety. However, the
Roberts group have successfully printed tablets using water as a solvent for
SSE. This technique commonly gives a relatively low resolution print as a

result of the nozzle orifice size which usually 0.4-0.8 mm [75, 79, 102, 103].

Pumped Air
Semi-solid dispensing
| Systems
i ﬁE Pneumatic Piston Rotating
i y | | pressure screw gear

Heating (optional)
Piston (optional)

UV light
(optional)

Temp controlled
stage (optional)

Figure 1.11 Schematic drawing of pressure-assisted microsyringes (PAM)
[104]

1.6.6.9 Laminated object manufacturing (LOM)

In LOM, (Figure 1.12) a sheet of material is cut by laser or razor and fused to
the next layer by thermal adhesion [105].
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Figure 1.12 Schematic drawing of laminated object manufacturing (LOM)
[106]

Recent advancement of pharmaceutical 3D printing will be discussed later in
this Chapter (1.6.13).

1.6.7 Applications of 3D printing

The applications of additive manufacturing are broad and rapidly expanding
including; medicine [107], moulds [108], toys [109], art [110], food [111],
furniture [112], clothes [113], education [114] along with the fabrication of 3D
printing printers themselves [115] and much more.

1.6.8 Types of 3D printed dosage forms and therapeutics

Substantial innovations in drug delivery systems have been succeeded
employing various formulation approaches that mostly relies on excipients
and their properties [116, 117]. Commercial availability remains low despite of
scientists efforts, due to manufacturing and scaling-up challenges. 3D printing
with its advances offers alternative approaches that resolve current
challenges [118]. Table 1.5 presents some applications of 3D printing of

pharmaceuticals.
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Table 1.5 Examples of 3D printing applications (dosage forms and therapeutics)

Application Description Reference
Immediate release tablet | Variable hydrophilic polymers and infill density were printed by FDM to control [119]
dissolution
Bi-layer (immediate and | - Each layer is fabricated from a different material composition that produces the [120, 121]
sustained release) desired release profile
- A sandwich like scaffold of medicated and drug-free layers are 3D printed to avoid
burst drug release
- Scaffold printed pattern is selectively designed to disintegrate at certain intervals
Capsule (caplet) Prototyping a body that hold liquid or solid formulation in a controlled release system [122]
Polypill - A combination of more than one drug in one tablet which can improve patient [123, 124]

adherence for those taking multi-drugs for chronic diseases

- Five medicines of variable release profile were successfully printed with acceptable

tablet size
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Wound Dressing

- Building an individualised dressing with a biocompatible polymer with the appropriate

anti-microbial agent

- 3D printing allow usage of various polymers (natural, synthetic) together with possible

addition of viable cells to promote healing

- A thermoresponsive hydrogel with novel polymers incorporated compatible
antimicrobial agent. Upon application at body temperature this bioink showed the ability

to swell and reform its structure

[125, 126]

Implants

- Customised drug loading and with site-specific physical and mechanical features

- Sustained release implants in the form of polymer eluting or core-shell was developed

to reduce the burden of frequent administration of medicines

[77, 107]

Microneedles

- Development of biocompatible microneedles in the form of patch that deliver a

constant dose in a non-invasive manner

- Photopolymerisation was used to print the structure of the patch in a cone or pyramid

design, then insulin containing ink was ink-jetted over the patch to allow fast release

[127]

Floating device

- A tablet shape with modifiable floating time

- Adjustment of polymers and internal architecture plays a role in water diffusion and
floating time

[128]

26




- High accuracy printing is essential to unify the floating time of all printed tablets

Ocular device Fabricated as biodegradable contact lenses, due to eye limited dose capacity and the | [129, 130]
need of frequent administration
Mucoadhesive - Drug delivery systems have been developed for buccal and vaginal delivery [131, 132]

- Suitable for local drug delivery and for drugs undergo first pass metabolism
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1.6.9 Advantages of 3D printing

3D printing offers many potential advantages for pharmaceuticals. High drug
loading can be achieved due to the flexibility in printer type and wide ranges
of properties that can be achieved to accommodate high loading [78, 133-
136]. Khaled et al. showed using common pharmaceutical excipients in
extrusion 3D printing of paste formulation can achieve drug loading of tablets
up to 80% w/w [78].

Dose flexibility in which the dose can be modified by adjustment in printlet
geometry. Since the dose is reflected by the size of the printlet, modification of

the software design can be used to alter the dose [137].

3D printing is considered a cost-effective manufacturing technique in the right
circumstances, since it applies product flexibility, operational flexibility, and
capacity flexibility. The capability to produce many products using the same
machinery is referred to product flexibility (subject to compliance with GMP
standards). Moreover, operational flexibility is the qualification to synthesis a
product while utilising variety of equipment, materials, and techniques. The
capacity flexibility includes the ability to control the volume of production [138].

3D printed formulations developed with dimensions that promote ease of
administration can increase patient compliance. The required shape, size, and
colour could be determined by software design. According to Goyanes et al.,
participants of their study prefer to take ordinary shapes, capsule and disc
rather than diamond shape medicine, along with choosing the smallest size
printlet [139].

As the simplicity of dose alteration and feasibility for in-process adjustment,
3D printed formulations are particularly attractive for potential use in first-in-

human (FIH) trials and in frontline medical care [76].
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Rapid manufacturing enabled by 3D printing promotes on demand production
of a desired medication. For example, as in the case of nitroglycerine, a drug
intended for the treatment of angina pectoris, is one of the most known drugs
that undergoes degradation while on storage. However, if it is produced just

prior to use, this problem can be reduced significantly [103].

Customisation allows the transfer of the dosage from human to animal size
regarding their pharmacokinetics and pharmacodynamics. Testing ordinary
medicine in animals has difficulty in delivering the intact dose to the animal.
Researchers tend to crush the tablet or dissolve it in order to give it to the
animal, which would alter product pharmacokinetics. 3D printing design
adaptation could assist delivering the intact dosage form to the tested animal

without affecting the integrity of the dosage form [140].

Rapidly changed drug dosing such as for patients on corticosteroids (e.g.,
prednisolone and budesonide), could be accommodated more simply through
3D printing [76], since each desired dose will be printed regarding to a
patient’s needs. There are many treatment regimens of corticosteroids that
need a variety of dosing during the course starting with high dose and

decreasing with time.

Due to capability of 3D printing to control dosing accurately and to very low
levels, dosing of high potent and/or narrow therapeutic index drugs could be
attractive. Medicines that have narrow window between therapeutic and toxic
effect usually have small doses and need to be delivered in accurate, precise,

and reproducible doses, such as can be achieved by ink-jet printing [141].

Additive manufacturing gives the ability to build up an easily swallowable
multi-drug formulation. Khaled and co-workers have prepared a
cardioprotective dosage form using paste extrusion 3D printing consisting of
five un-identical APIs with different release mechanisms, separating one from
another with a shell to prevent drug interactions. This polypill was designed

with dimensions of 5.85 mm x 6 mm [123].
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Powder-based 3D printing can produce a highly porous product that
contribute to faster disintegration than conventional tableting. As in binder
jetting, the binder act like a glue that applied over a bed of loose powder to
produce the structure of the printlet rather than compression force. The
resulting formulation contains high degree of porosity allowing water to easily
penetrate and further disintegrate in a matter of seconds, as is the basis for
the medicine Spritam® [142].

1.6.10 Disadvantages of 3D printing

Like any technique, 3D printing has some disadvantages. Thermolabile
substances might degrade under printing if heat is required for a specific
printing technique. Moreover, 3D printing is currently considered time
consuming when applied to large-scale production. Additionally, shortage of
formal regulations for 3D printing inhibit uptake by the pharmaceutical market
[76].

Similar to other powder-based industries, powder-based 3D printing needs
specific handling in removal of excess powder as it is considered as a health
hazard. Together with nozzle obstruction, migration and bleeding of the
binder, all are problems that require interventions. Stacking layer over layer
could affect the morphology of the final product in the form of surface defects

leading to consumer un-satisfaction [75].

1.6.11 Consideration about printing materials

Material properties, such as crystallinity state, melting point, density,
flowability, and ability to segregate directly influence the mechanical
properties and anisotropy of the printed object. This is reflected in the

strength, hardness and visual appearance of the end product [143].

High resolution control of printlet printing is important for its physical
appearance. Different printing technologies have a range of resolutions, which

might be affected by printing orifice, layer thickness, and material properties
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[75].In binder jetting for example, the resolution is dependent on the droplet
size and the degree of adhesiveness of that droplet [144]. Indeed, in material
jetting the precision of printhead rotation plays a role in the resolution along
with number of nozzles and their diameter [145]. While extrusion mainly
affected by nozzle size and printing speed. Table 1.6 shows resolution and

printing speed of variable printing techniques.

Table 1.6 3D printing techniques speed and resolution [144]

3D printing Printing Resolution
technique speed (cm/h)  (element/mm?)
Binder jetting 1.58 1900
Extrusion 0.05 46

Ink-jet printing 0.4 15200

Powder bed 2.5 211

fusion

Stereolithography | 1.5 3152
Lamination 0.45 1907

From a safety perspective, materials used in 3D printing of medicines have to
be biocompatible. However, until this time, the approved biocompatible
polymers useful for 3D printing are few [146]. For internal delivery, the printed
object must degrade or eliminated from the body to avoid accumulation and
toxicity. Meanwhile, other routes of delivery such as patches and ocular

devices should be non-toxic as it absorbed to the systemic circulation.

1.6.12 3D printing from an economics point of view

Direct manufacturing generated using digital models from scratch without the
use of moulds or casts has significantly increased. The main limitation is slow

outcome, meanwhile, the time takes to build up a certain mould together with

31



its cost could be greater than 3D printing. From economical provision, 3D
printing is at its infancy, and likely with original computers which was very
expensive at early times but gradually with time the price reduced. 3D
manufacturing will expand due to two exclusive properties; large-scale

personalisation and minor adjustment is permitted during manufacturing [147].

Furthermore, while in early phase of drug development toward regulatory
approval the failure rate is high [148], additive manufacturing could play an
important role in reduction of time and cost loss resulting from later stage fail

of development of a new drug [79].

1.6.13 Advancement of 3D printing

Up to date, multiple polymers showed successfulness in 3D printing being
printed solely or with addition of low percentages of other excipients of which
PLA, PCL, PVA, EVA, PVP, Soluplus®, HPC, HPMC, HPMCAS and different
grades of Eudragit® [149]. Tian et al. demonstrated the printability of various
pharmaceutical fillers (lactose, mannitol, sorbitol), binders (EC, CMC-NA,
PEG 4000) and moisturisers (ethanol) of variable ratios and gave an insight
about appearance, hardness, friability and disintegration time. They discussed
the versatility in adjusting the printed material composition to compensate
printed object intended needs [150]. A personalised multivitamins developed
by extrusion 3D printing is available in the market with the name Nourished
[151].

Continuous manufacturing (CM) is highly encouraged in pharmaceutical
manufacturing (Figure 1.13). It denotes to single step manufacturing without
any intermediate steps while quality control maintained along the process. CM
reduces materials and energy consumption and therefore costs, along with
increase the consistency of the process and product quality. Quality by
Design (QbD) where “quality should be designed into a product” and Process
analytical technology (PAT) which founded by FDA, mainly focuses on in-

process monitoring that would boosts continuous manufacturing while the
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quality of the product is insured. Hot melt extrusion (HME) is a pharmaceutical
process easily accompanied CM theory, it has the benefit of enhancing the
solubility of poorly water soluble compounds, besides it have decent process
control and easily scalable [152-154]. Extrusion 3D printing is highly
comparable to CM HME, where manufacturing occurs in a single step, along

with feasibility of printer built-in product quality measuring tools.

A typical batch manufacturing process
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Figure 1.13 Comparison between typical pharmaceutical batch manufacturing

and continuous manufacturing illustration [155]

Many companies are working on developing new 3D printing technologies in
the pharmaceutical field. With approval of numerous of product serving patient
global wise [156], the encouragement of further research is approached.
Oxford Performance Material, Inc. (OPM) have synthesised a 3D printed bone
scaffold OsteoFab® from multiple grades of OXPEKK polymer. Those
scaffolds have highly comparable mechanical and functional features to
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human bones with biocompatibility and microbial resistance properties.
Selective laser sintering was used to build up a personalised bone structure.
The stl. file is generated from Computed Tomography (CT) scan images of a

specific patient [157].

Triastek have received Investigational New Drug (IND) approval by US FDA
for several 3D printed pharmaceutical products together with others in the
approval pathway. They are working in various clinical directions, of which;
chronotherapy, single daily use formulation of poor solubility drug, site-specific
gastrointestinal delivery and adherence enhancement. Triastek developed
Melt Extrusion Deposition (MED) as new technique of 3D printing. This
technique relies on mixing API with excipient, melting them together, and then

depositing multiple layers by extrusion [158].

Aprecia, the manufacturer of the only approved 3D printed medicine, is now
developing more formulations using its ZipDose™ technology platform in 3D
printing sector by printing directly within the packaging strip rather than stand
alone. At this time point, this system is being tested for GMP suitability. In Z-fill
a cup-shaped structure is printed directly in packaging strip (Figure 1.14).
Loose powder of API then fills the cup. A lid is printed over to close the tablet.
The tablet shell could be either medicated or API free. This Z-fill approach is

recommended for heat and moisture sensitive actives [159].
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Figure 1.14 Schematic representation of Z-fill technology. Capsule-like
structure directly printed in packaging strip and filled with metered dose of
powder API [159]

Laxxon Medical has developed a new 3D printing technology, similar to that
used for the manufacture of flat screen displays. 3D screen printing (3DSP) is
considered as extrusion printing where a medicated semi-solid paste extruded
through screen mesh into a substrate. The first layer has to dry before
applying the next. The mechanism by how the selected geometries been
printed is by blocking the area where no materials needed using a stencil.
Small batches along with mass production are achievable using 3DSP, as it is
capable of building-up thousands of printlets per screen. The number of
products is dependent on the ratio of screen size to unit size. The building-up
time could be increased if more than one paste is used in the printing. This
includes the cleaning up of the mesh and the squeegees. This technology is
dependent on the rheology of the paste. Additionally, Laxxon Medical Corp.
have added QR codes to printlets as small as 5 mm radius for easy
identification of the printlet content [160, 161].

A recent study summarised the clinical trials of 3D printed devices, finding that
around half of the ninety-two of the trials were run in China, 10 multicentre, 2

international (collaboration of scientist in multiple countries) while others were
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distributed around the world with majority in USA and Egypt. Just above
guarter of the studies were related to orthopaedic surgery. Dentistry and
maxillofacial surgery come second in number of clinical trials. Most of the
trials were in the last three years from the study. Six thousand patient were
enrolled in the studies that demonstrate the popularity and trust of 3D printing
[162]. Another study was conducted in the same year; however, this studied
the efficacy of 3D printed devices. In contrary to the previous study, here the
maxillofacial devices were the majority of the studies. The systematic review
concluded that the efficacy and effectiveness of the 3D printed devices was
not proven for most of the examined devices and requires further
assessments [163]. A difference of this study in relation to ours, that it is
mostly associated to surgical devices rather than pharmaceutical dosage

forms.

Several patents were gained recently for 3D printed devices including drug
delivery systems [164]. Nevertheless, it has been reported that lack of
scientific evidence is main barrier for 3D printing in clinical trials rather than
the cost, which commonly described as the bottleneck of the practise. Most of
the reported studies are case reports or series that do not consider scientific
evidence; however, it is essential for hypothesis generation for a new subject.
Moreover, additional information of the 3D printing technique, parameters and

materials used should be reported [165].

1.6.14 Sustainability of 3D printing

Sustainability is broader than environment considerations alone; it also covers
other areas such as social, legal and economic views. A major challenge is to
reduce the consumption of energy and materials. It has been proved that
certain 3D printing technology are capable to perform at lower energy levels

and less materials than conventional manufacturing [166].

Cost, waste of materials and labour effort could be reduced by implementing

3D printing in first-in-human and early phases clinical trials. As the number of
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doses at early stages of clinical trials are minimal and the ordinary tableting
machines require materials of hundreds of tablets to operate. Whereas, 3D
printing could work with only the required materials, with no extra materials to
waste. It also capable to produce thousands of tablet per day if needed, which
make it practically when scaling up through clinical trials stages [167]. It has
been reported that applying 3D printing in early stages of clinical trials could
reduce the cost of tableting processes up to 70%, where 50% of APl would be
saved, and 60% in time [168].

Drug delivery in clinical trials is mostly in liquid form, as no development
techniques needed. However, if a controlled release delivery is required here
comes the challenge. Liquid drug formulations are easy to develop along with
possible small scale production contrary to solid forms that needs excipients
of specific characters and relatively developed in larger batches. Certain
medications necessitate modification of its release which is not possible in
liquid forms as the drug is needed to be available in solidified state and a
release retardant can modify its release. Smith et al. suggested printing a
capsule-like structure that could be filled with liquid or powdered API, the
printed capsule shell could be modified in accordance to the delay needed
[169].

1.6.15 Reasons for the dearth of 3D printed pharmaceuticals in the
market

The limitation of 3D printed materials flexibility, biocompatibility and FDA
approval are the main barriers facing the expansion of 3D printing in
pharmacy. Most of printable objects cannot tolerate high temperatures used in
post-manufacturing sterilisation protocols (121° C- 132° C). In addition, the

regulations of personalised 3D printed objects are not clear [170].

1.6.15.1 Regulatory considerations

The release of guidance around the additive manufacturing of medical

devices and implants in 2017 is evidence of the progress done by the FDA

37



after the establishment of the Emerging Technology Team (EET). It has been
stated that the evolution of complex dosage form and manufacturing
techniques adopting science and risk-based approaches is highly encouraged
by the FDA, which make the approval of 3D printing of pharmaceuticals on its
way [171]. Similarly, an organisation has been established by the European
Medicines Agency (EMA), called Innovation Task Force (ITF), which aid the

development of new technologies at early stages [167].

Macromolecules actives are becoming new generation therapeutics. Such
compounds fail to reach the market due to their instability. However, on-
demand drug production would omit the need for long time stability, as the
medicine would be received by the patient immediately after manufacturing
[172].

FDA has released a discussion paper on point of care manufacturing at late
2022. 1t did not include additive manufacturing in words, however, it discussed
possible use of different drug concentration and multi-active formulations
[173].

In early 2023, UK government have released consultation on point of care
manufacturing gathered from the Medicines and Healthcare products
Regulatory Agency (MHRA) which include 3D printing in discussion. They
proposed establishment of regulatory framework for point of care
manufacturing with assurance of products safety, quality and efficacy. In this
consultation patients and public were involved. This framework was formed to
complement existing regulations but bypass unnecessary regulatory barriers
[174].

1.7 An introduction to materials used in this study

Some methods of solubility enhancement of the used API along with
implementation of API and excipients in 3D printing are discussed here.
Further details about the materials is available in Chapter 2.
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1.7.1 Felodipine

Various techniques have been used to enhance the effective solubility of
felodipine. Sahu and Das discussed felodipine solubility enhancement through
preparation of nanosuspension, which is further increased by ultrasonication
[175]. Additionally, solubility of felodipine was increased when developed as
an amorphous solid dispersion via hot melt extrusion. As reported, 10% w/w
loading yielded complete amorphisation (and hence solubility enhancement),
while higher drug loading resulted in partial crystallisation of felodipine when
dispersed in an amphiphilic polymer [176]. A solidified self-microemulsifying
formulation developed by Jing et al. has proven the potential to increase
felodipine solubility [177]. Spherical agglomeration was also shown to
enhance felodipine solubility due to conversion into amorphous form [178].
Spray drying has also been used to enhance felodipine solubility via

amorphisation [179].

Drais and Hussein have developed hybrid lipid-polymer nanocarriers to be
administered in the form of nanovesicles prepared by two distinct methods;
single emulsification solvent evaporation technique and a microwave-based
method. They demonstrated the microwave based method appeared to be
significantly superior compared to traditional methods in dissolution rate and
permeability enhancement of felodipine [180]. A pharmacokinetic study done
by He et al., revealed an increase in the area under the drug release curve
over free felodipine by more than three folds of lipid nanopatrticles developed
by effervescent dispersion technique [181]. Sastri and Radha stated that the
improvement of oral bioavailability of felodipine incorporated in self nano-

emulsifying system in rats [182].

3D printing via FDM was used to develop a felodipine formulation of
felodipine/PVA core and PLA shell of different geometries. Cumulative release
ranges from 80 -100% were achieved. Various release profiles were seen due
to geometrical alteration (and hence surface area) as release is relative to

specific surface area to volume ratio [183]. Another study combined hot melt
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extrusion and FDM for the development of 3D printed felodipine controlled
release tablet. Using different felodipine loadings and printing with variable
infill density, lovanov et al. demonstrated sustained felodipine release with
increasing drug loading and infill percentage [184]. Another study also used
FDM to print felodipine dispersed in multiple polymers. They demonstrated
that the release is highly dependent on polymer composition [185].
Additionally, a proof of concept work, demonstrated potential control of

felodipine release molecularly dispersed in PVP using inkjet printing [186].

1.7.2 Gelucires

Many grades of gelucire have been used in 3D printing. Either Gelucire®
44/14 or 48/16 in combination with coconut oil was used to formulate
suppositories for local action by extrusion 3D printing [23]. The study exposed
variable disintegration and release profile, however, it demonstrated that both
grades resulted in 80% drug release within 120 min [187]. A melt solidification
printing technique was implemented to create an optimum model for a
sustained release floating system of ricobendazole using variable ratios of
Gelucire® 43/01 and 50/13 [188]. Moreover, Gelucire® 48/16 was printed with
other excipients as a chewable tablet for paediatric use using FDM technique
[189]. As a proof of concept, the Basit group proved the suitability of lipid-
based formulations such as solid self-microemulsifying drug delivery system
containing variable gelucires together with Kolliphor® P 188, to be 3D printed

in different geometries [190].

1.7.3 Polyethylene glycols (PEGS)

PEGs of different grades have been widely used in 3D printing of
pharmaceuticals. PEG 4000 with other polymers was successfully printed by
FDM, with drug release associated with the disintegration behaviour of the
polymers [185]. A medicated candy-like formulation (Starmix®) was printed
with taste masking properties, using PEG 6000 via FDM printing [191]. Zero-

order sustained release delivery of antiviral medications was effectively
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achieved using FDM printing of a dispersion containing PEG [192]. Another
PEG grade (PEG 400) was used to print a topical delivery film by SLA printing
technique. Along with its non-irritant properties, PEG enhances ex-vivo flux
and skin diffusion for topical applications [193]. PEG can also be used as an

additive in 3D printing to facilitate filament printability [194].

1.7.3.1 Kollisolv®8000 (PEG 8000)

Biswal et al. demonstrated the enhancement of dissolution of gliclazide when
dispersed or physically mixed with PEG 8000, the observed increase in the
dissolution is directly proportional to PEG amount [195]. Likewise, Newa et al.
preliminary study shows promising data in improving solubility, dissolution and
bioavailability of ibuprofen [196].

1.7.3.2 Kollisolv® 1450 (PEG 1450)

Krasnyuk et al. discussed the advantage of PEG 1500 over other excipients in
dissolution enhancement of ampicillin [197]. The same scientific group have
confirmed the improvement of solubility and dissolution of indomethacin when
incorporated with PEG 1500 [198].

1.7.4 Precirol® ATO5

Das et al. demonstrated solubility enhancement and prolongation of drug
release when precirol was used in oral preparation of solid lipid nanoparticles
[199]. It also has a similar effect when included in transdermal drug delivery
systems [200].

In order to support the future of 3D printing of pharmaceuticals, a social study

of public perception toward the new technology is needed.
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1.8 Public perception toward a new technology

As discussed before regulations of 3D printed medicines are currently
developing and, in some areas, remain poorly defined. Public perception
towards 3D printed medicines could play a major role in forming policies and
this is a reason why it was included in the MHRA recent policy work [174].
Exploring future patients thoughts would help researchers in meeting patients
expectations. Multiple guidelines from different international authority have
been released recently [173, 174]. Acceptability of a certain technology or
product is related to many drivers. Understanding these drivers would

facilitate the development of needed products.

1.8.1 General patient perception

The EMA has described acceptability as a patients’ overall ability and
willingness to use and administer a medicine as intended [201]. The
acceptability of medicines is highly related to patient characteristics and drug
product features (Figure 1.15) [202]. Failure to achieve patient acceptability
can result in poor compliance and further treatment failure [203]. Ternik et al.
discussed the importance of combining the expertise of academics,

manufacturers and regulators to develop acceptable dosage forms [204].

Age

Patient

L Health state
characteristics

Accessibility

Acceptability
\ Swallowability
Dosage form

Dose

Container

Figure 1.15 Drivers of acceptability of an oral medicine [205]
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1.8.2 Patient perception toward 3D printed medicines

Many studies have been performed to understand public perception toward
3D printed medicines in the form of questioners, interviews and focus groups.
From a healthcare view, Rautamo et al. revealed the possible advantages of
3D printed medicines for paediatric populations of which are possible
personalisation of drug dose and dosage form, in addition to precise dose
production [206]. Furthermore, participants of multiple acceptability studies
preferred printed tablets to be in a disc-shape similar to standard tablets, in an
easy swallowable size and of a light colour [139, 207]. Table 1.7 gives
examples of acceptability studies performed in variable settings and their

results.
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General

Table 1.7 Acceptability studies of pharmaceuticals in general and 3D printed medicines

Aim of the study

Participants

Study design

Results

To determine the 156 participants | 15 questions questionnaire The results show that [208]
acceptability of solid Age 74+5.7 divided in 3 topics (first topic; patients with dysphagia
oral medicines in years general health, number of symptoms accompanied high
elderly patients with 80 female /76 currently used oral medicines, | acceptability scores in easy
dysphagia and without | male and difficulty in swallowing to swallow dosage form
In community those medicines if any. Second | rather than non-dysphagic
pharmacy topic; perception toward patients.
different sizes and shapes of
tablets and capsules. Third
topic; acceptability of other
easy to swallow formulations)
Open-ended questions
regarding participant’s
impressions toward each given
formulation.
Assessment of Children Five analogous discussions The need for collaboration [204]
acceptability Age (0-18) with promoted breakout. A between industry, academia,

(swallowability and
palatability) of solid oral
medicines

presentation was delivered by
a representative from
industrial, academic, and
regulatory agencies during
breakouts.

and regulators to assess and
develop swallowability and
palatability methodologies.
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and preferences of
polypharmacy patients

patients

regarding shapes, colours,
polypills, and patient self-
designed printlets

printlets that were similar to
conventional medicine in
shape. The idea of polypill

To find out the age- 132 A scaled questionnaire is Children across ages prefer [209]
appropriate and child/adolescent | provided to participants to fill chewable and orodispersible
acceptable solid oral 6-18 years independently. Followed by formulations. On the other
dosage form in 8 caregivers assessing the willingness to hand, multiparticulates
paediatrics In hospital and administer various sizes of appear barely favourable.
other community | tablets and capsules without More than half of children
facility being administered. and one third of caregivers
expressed that 10 mm
diameter tablet is convenient
to take.
To explore the effect of | 50 adults Three concise sessions to Torus printlets beside [139]
size, shape, and colour | 18-45 years examine the willingness of printlets that resembles
of various 3D printed participants to take the ordinary tablet and capsules
tablets developed via printlets, their picking and shape recorded to be easy to
fused deposition swallowing ability, and their pick and swallow. Smaller
modelling on final thoughts about alteration of the | size printlets seen to be
consumer concerning size and colour of the printlet. preferred. Additionally, the
@ choosing and This was documented by facial | colour of the prinlet had an
£ swallowing hedonic scale on a effect on participant’s
% computerised questionnaire. perception.
o Followed by a semi-structured
_g interview.
‘GE) To seek the perception | 8 polypharmacy | Two semi-structured interviews | Participants preferred [207]
S
a
™
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with regard to 3D
printed medicines

were felt to be nice because
the number of medicines to
be taken will be less.

To inspect healthcare

19 patrticipants;

A presentation about 3D

Healthcare providers find

providers’ perception 8 physicians printing followed by focus many benefits in

toward 3D printed 6 pharmacists group discussions pharmaceutical

medicines in 5 nurses manufacturing utilising 3D
paediatrics printing for paediatric patients

[206]

46




1.9 Conclusion

3D printing is (generally) building a bespoke object layer by layer guided by a
computer system. Through the years since its invention in the 1980’s, various
3D printing processes have been developed. Stereolithography, material
jetting, selective laser sintering, powder-bed fusion, and extrusion are
examples of 3D printing techniques. In-order to produce a 3D object, a
printable material (ink) is needed to feed a printer. Additive manufacturing has
been used in many fields including education, medicine, food, clothes, and so
many. In the pharmaceutical field it is been used to manufacture at a small
scale diverse delivery systems such as tablets, capsules, implants and
polypills. At the time of writing this thesis, Spritam® from Aprecia is the only
3D printed medicine that has been approved by the FDA, in this case for the
treatment of epilepsy. 3D printing of medicines can encompass many benefits
like low cost, high drug loading and personalisation. In contrast, it possesses
some disadvantages such as long printing time and lack of scalability. Other
challenges include limited range of printable biocompatible polymers along
with absence of a regulatory framework. However, 3D printing of medicine
shows superiority over conventional drug manufacturing in formulation
complexity, personalisation, and on-demand manufacturing. From an
economic prospective, 3D printing can reduce the time and cost resulting from
late-stage failure through new drug development.

3D printing of pharmaceutical is promising, considering the advantages over
conventional dosage form manufacturing. Development of regulations will
promote 3D manufacturing of pharmaceuticals. Along with the adaptation of

low cost non-invasive in-process quality control.

1.10 Aims and objectives of this thesis

The aim of the research presented in this thesis is to explore public

acceptability of 3D printed medicine as a new technology and to investigate
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the effect of excipients in the printability and delivery of poorly water soluble
drug, felodipine in a lipidic based formulation.

This thesis demonstrates the following objectives:

e Study public perception toward 3D printed medicines
e Develop 3D printed tablets using a lipidic based solid dispersion
approach for
= Immediate release delivery
= Sustained release delivery
e Analytical testing to confirm the suitability and compatibility of
developed formulations
e Evaluate solubility enhancement of felodipine by dissolution testing

e Stability determination of developed formula

1.11 Thesis organisation

The following illustration demonstrates the organisation of this thesis:
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public acceptance toward 3D printed medicines

~

sFelodipine solubility enhancement via polymeric-lipid extrusion 3D printing, and

J

eUnderstand public perception toward 3D printed medicines

~

eDevelop 3D printed tablets with public percept features with enhancement of
solubility, in an immediate release form

Chapter 4

eDevelop 3D printed tablets on a sustained release form, and stability
determination

eConclusions and future work
Chapter 6
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2 Materials and Methods

This chapter combines the methodologies of the social study (acceptability)
and laboratory work conducted.

2.1 Materials
2.1.1 Felodipine

Felodipine (Figure 2.1) is a dihydropyridine calcium channel blocker used to
treat hypertension through arterial dilatation followed by smooth muscle
relaxation [210]. Calcium channel blockers act by inhibiting voltage dependent
I-type calcium channels in heart and vascular smooth muscles [211].
Felodipine is lipophilic, crystalline in nature, and classified as class IIB BCS
i.e. poor aqueous solubility (Log P 3.8) and high permeability (-4.64) [212-
214]. Felodipine in vivo also encounters extensive first-pass metabolism,
adding to the observed poor bioavailability following oral administration (15-
20%) [215]. It has been recorded that felodipine water solubility is 7.2 mg/L
(Human Metabolome Database) and 19.7 mg/L (DrugBank) [214], however, a
technical report issued by AstraZeneca indicates that felodipine solubility is
0.5 mg/L at 22- 25 °C [216]. Despite the variability in reported values all
literature agrees that felodipine has poor aqueous solubility.
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Figure 2.1 Felodipine chemical structure

2.1.2 Gelucires

Gelucires are a group of surface active agents mainly synthesised by
esterification of polyethylene glycol and fatty acid. They have a wide range of
HLB values and melting points depending on the molecular weight of PEG
and fatty acids used which facilitates the selection of an optimised formulation
depending on intended use [217]. The type of drug release from gelucire
matrices is mainly dependent of gelucire composition; for rapid release,
gelucires having PEG esters only are used [218], whilst for prolonged release,
gelucires of glycerides only or mixture of glycerides and PEG esters are used
[219].

2.1.2.1 Gelucire® 44/14

Gelucire 44/14, also known as Lauroyl Polyoxyl-32 glycerides and Lauroyl
Macrogol-32 glycerides, mainly consists of PEG-32 (MW 1500) mono- and
diesters of lauric acid and a small fraction of mono, di- and triglycerides.
Gelucire® 44/14 is a yellowish-white waxy solid with a melting range 42.5 —
47.5 °C, and HLB of 11. Gelucire® 44/14 is a non-ionic water-dispersible
surfactant that primarily used to solubilise poorly water soluble actives and
further enhance the bioavailability. When used as a single excipient, it self-
emulsifies producing a microemulsion (fine dispersion). It also has wetting

properties and works as a binder in melt processes. Gelucires are approved to
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be used in pharmaceutical products [220]. Many studies have demonstrated
the beneficial effects of implementing Gelucire® 44/14 in various

pharmaceutical formulations [221-224].

2.1.2.2 Gelucire® 50/13

Stearoyl polyoxyl-32 glycerides, FDA names it PEG-32 hydrogenated palm
glycerides. It comprises mono, di- and triglycerides and PEG-32 (MW 1500)
mono- and diesters of palmitic (Cis) and stearic (Cis) acids with the following

molecular formula;

Glyceryl esters: CsHsOs. [- CO — (CHz2)n— CHs1,20r3

PEG-32 esters: CaHzn+102. (OC2Ha4)32 H

with n = 10 to 16 (personal communication, Gattefossé)

It is supplied as white pellets with a melting range of 46 - 51 °C, and an HLB
of 11. Similar to Gelucire® 44/14, it is a non-ionic water dispersible surfactant
that can form a fine dispersion (microemulsion) upon exposure to aqueous
media. It also shares the same characteristics of Gelucire® 44/14 of
enhancing the solubility of poorly water soluble APIs and lipid binding activity.
Additionally, Gelucire® 50/13 act as drug release modulator (personal
communication, Gattefossé). It has been established that Gelucire® 50/13
increases the dissolution rate via inclusion in various formulations of variable
APls [225-229].

2.1.3 Polyethylene glycols (PEGS)

Polyethylene glycols (Figure 2.2) are partially crystalline, highly water soluble,
non-toxic polymers. Due to their good solubilising efficiency, wetting and
surface active properties, they have been widely used in solid dispersion
formulations [230]. It has been reported that PEGs enhance the solubility of

poorly water soluble APIs [231], as well as dissolution, wettability and reduces
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drug crystallisation [232]. PEG is hence an efficacy enhancers [233] and
stabilising agent [234]. PEG absorption is dependent on molecular weight, the
smaller the molecular weight the higher the absorption. Low melting point
properties is advantageous in melting manufacturing methods, such as HME
[235]. Both PEGs used here Kollisolv® 8000 (PEG 8000) and Kollisolv® 1450
(PEG 1450), are white waxy solids and have an average molecular weight of
7000-9000 or 1305-1595 g/mol respectively [236].

O H
H o~

n

Figure 2.2 Chemical structure of polyethylene glycol (ChemDraw)

2.1.4 Precirol® ATO5

Precirol® ATO 5 is a glyceryl distearate, which consists of a combination of
palmitic and stearic acids esters, where the diester portion predominate.
Precirol is a white powder, with melting range 50 — 60 °C and HLB of 2.
Precirol categorised as GRAS (Generally Recognised As Safe) and has been
used in pharmaceuticals. It is used for its features such as; a modified release

matrix, a taste masking agent, and as a lubricant [237].

2.2 Methods
2.2.1 Social study

Social science is framed by epistemology; the way and degree of knowledge
and ontology; reality [238]. Social studies rely on appropriate choice of
methodologies which is key to generation of knowledge. Methodology defined
as the way to explain rationale of selecting a specific research method.
Practical considerations such as time, money and logistics have role in

selecting research methods in addition to purist methodological ideologies.
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Qualitative research can be relatively costly and time consuming compared to
guantitative research despite of the smaller sample size [239].

2.2.1.1 Qualitative research

Qualitative research, often described as interpretivist, seeks to demonstrate
the understanding of interpretations of people, and constructionist as its
believed that the created understanding is a result of interaction between
situation actors rather than absolute structure [240]. Qualitative studies often
use interviews and/or focus group methodologies but can also include

observational approaches [239].

Qualitative interviews

Qualitative interviews are either structured, semi-structured or unstructured.
Researchers seek to ask open-ended questions in a flexible way to

understand people experiences [239, 241].

Unstructured interviews

Resembles a conversation where the interviewer uses memory or a number of
self-prompts to ask questions, giving the interviewee space to answer openly,
with further questions developing based on interviewee responses [239, 242].

Semi-structured interview

A more guided interview of a specific topic and questions that does not have
to be in order. Nonetheless, the interviewee can give their feedback freely in
the direction they want [239, 243].
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Structured interview

A very strict interview technique that does not usually allow for deviation from
the proposed questions and is often used where individual’s expression of
choice is required that cannot be pre-categorised for assessment by methods
such as surveys [239, 244].

Focus groups

A form of interviews where more than one person (usually more than three)
are interviewed together at the same time, usually in a semi-structured format.
Focus groups combine the opportunity to ask questions to a number of
participants at once, also to enrich this with shared and discussed

experiences within the group [239, 245].

Focus groups can be cheaper and less time consuming than individual
interviews, however analysis can be considerably more difficult. They also
have an advantage over interviews in that participants can add on each

other’s ideas, which enriches the discussion [246].

2.2.1.2 Quantitative research

Quantitative research expresses objectivism as the existence of social reality
in a form of object that does not affected by people’s perceptions, where the
reality can be measured systematically. In quantitative studies, researchers
tend to test hypotheses to determine causality that refers to difficulty in
connecting causes to variable factors [247]. The most abundant data
gathering method in social sciences is survey research including

guestionnaires and structured interviews [239].
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Questionnaires

A relatively quick and cost effective method to examine multiple questions
standardised with minimum intervention from the researcher during data

collection time [239].

Structured interviews

Also known as standardised interview where a scheduled interview of specific
words and uniform delivery of questions is required. Following the same
structure in each interview within the study is crucial to get reliable results
[239, 248].

2.2.1.3 Qualitative vs. quantitative research methodologies

The main difference between these methods is that qualitative research tends
to use words and their explanations while quantitative methods is based on
numbers that are accurately collected and statistically analysed. Another
difference is that qualitative studies represent participant’s perspective, in
contrast quantitative methods require the researcher to lead and represent
their views. Additionally, in qualitative methods researchers develop theories
from gathered data in an inductive way, in contrary, in quantitative research a
deductive manner is used by researchers with a hypothesis in mind and test
its validity. Further, qualitative research concentrates on deep understanding
of meaning with detailed explanation, whilst, quantitative research tends to
describe the behaviour pattern from a large-scale sample in an unambiguous
way. Qualitative methods are usually not intended to be generalisable while

guantitative research seeks to produce generalisable understanding [247].

Qualitative and quantitative methodologies can be used together in-parallel or
sequentially. Where the multiple methods are utilised to explore the same
guestion, this is known as mixed methods research. Where questions are

linked but not exactly the same this is referred to as multiple methods [239].
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2.2.1.4 Sampling

Sampling in social research is classified as probability and non-probability
sampling. Probability sampling describes the process of sample selection with
each member of a population having an equal chance to be selected with a
view to ensuring representation of the population. Simple random sampling,
systematic sampling and stratified random sampling are examples of
probability sampling. Non-probability sampling accounts for a systematic non-
random sampling where members of population have higher chances than
others to be selected. Non-probability sampling can be subdivided into
purposive, quota, and convenience sampling. Convenience sampling is a non-
probability sampling where participants are proximate, available and willing to
participate. Generalisation is generally not possible using this sampling
method and mostly used in qualitative studies and pilot testing of quantitative
studies. Snowball sampling is a type of convenience sampling, where initial
sample is selected conveniently, and participants invite others then after [239,
249].

2.2.1.5 Choice of methodology

The aim of the study is to explore the public thoughts of this emerging area of
pharmaceutical science. As this is exploratory in nature and non-hypothesis
testing, | chose to use a qualitative methodology. Non-probability convenience

sampling was used to maximise data acquisition.

Detailed study methodology is further discussed in the next chapter (Chapter
3).

2.2.2 Laboratory work

2.2.2.1 Extrusion 3D printing

As previously mentioned, extrusion 3D printing can be in different forms.

Depending on the final product requirement together with the material used,

57



selection of the extrusion technique is important. A BIO X (Cellink) printer
(Figure 2.3) was chosen in this study. This has a variable compatible
printhead to facilitate a range of applications such photocuring, high

resolution, thermoplastic, drop-on-demand and in-process control [250].

Figure 2.3 BIO X 3D printer

3D printers necessitate the availability of a 3D model to print. A software such
as TincerCAD® was used here to create an .stl file. Such models need to be
sliced to many layers in the form of G-code in order to be printed. BIO X has a
user-friendly built-in software for slicing. Moreover, printhead and printbed
temperature, pressure, infill pattern and density are easily selected via the
user interface (Figure 2.4).
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Figure 2.4 Image showing the BIO X user interface

2.2.2.2 Drop Shape Analyser (DSA)

DSA is a technique to measure drop shape by the concept of interfacial
tension. The drop shape is created by the balance of two forces; surface
tension and external forces such as gravity [251]. DSA is reflecting of contact
angle, which is the angle created in the margin between material interface and
surface [252]. Printing of semisolid ink would be affected by the force created
by the surface where it prints; hence, DSA was applied in this study to

understand and select materials to print over.

2.2.2.3 Thermographic analysis (TGA)

Thermographic analysis is considered a rapid and straightforward analysis
technique. It is generally destructive, as it heats the tested material [253]. It
measures thermal chemical and physical stability of materials by studying the

weight changes (e.g. due to water loss or degradation) in relation to
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temperature increase. The instrument has a highly sensitive thermostatically
isolated balance located above a programmable platinum furnace to thermally
control the sample. An additional infrared spectrometer could be equipped
with TGA to analyse any generated gases from sample degradation [254-
256]. Infrared thermography (IRT) applies the addition of infrared camera to
detect emitted infrared energy from an object. An image then created based
on the detector optically or thermally to give an indication of arise substances
[257]. Since temperature is used to 3D print in this study, determination of

possible material changes or degradation was relevant.

2.2.2.4 Differential scanning calorimetry (DSC)

The fundamental principal of DSC is measuring thermal energy changes of a
sample in reference to an inert material in accordance to temperature
changes [258]. DSC is commonly used in exploration, comparison, and
analysis of materials and products. Glass transition, crystallisation, phase
changes, melting behaviour and stability could be gathered from DSC data
[259]. Heat-flux DSC where sample and empty reference pans are expose to
thermal energy of the same source. The difference of heat flow between
sample and reference then recorded [260]. DSC is used in this study to
determine the thermal changes on excipients upon mixing and printing, along
with assessing felodipine inclusion in the matrices and possible

amorphisation.

2.2.2.5 Attenuated Fourier transform infra-red spectroscopy (ATR-FTIR)

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy
is a non-destructive, rapid, easy, cost-effective technique [261]. It relies on
functional group identification within molecules. Upon exposure to certain light
wavelength, vibration of chemical groups occur in the form of bond stretching
or bending. Furthermore, the vibration with its intensity then plotted against
the frequency of light that it had an exposure to in the form of absorption or

transmission. Fingerprint regions are part of FTIR spectrum that is unique to
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specific compound [262, 263]. FTIR also used quantitatively to determine
mechanism of bonding between compounds [264]. FTIR was used in this
study due its capability to recognise molecular degradation and chemical

bonding.

2.2.2.6 X-ray powder diffraction (XRPD)

X-ray powder diffraction is a non-destructive, quantitative measure and one of
the techniques that prominently used to characterise ordered (crystalline)
solids of variable origins including pharmaceuticals. Bragg’s peaks represent
diffraction of multiple peaks from a crystalline compound. An internally
disordered amorphous material which has no long-range molecular order will
lack characteristic diffraction peaks [265, 266]. XRPD has the ability to
determine polymorphism [267]. The amount of data gathered from x-ray
diffraction is dependent on the sample (degree of crystallinity, structure
imperfection, complexity) and quality of instrument [268]. pXRD was useful in
this study, as amorphisation and degree of crystallinity would affect felodipine

solubility and further drug release.

2.2.2.7 Scanning Electron Microscopy (SEM)/ Energy Dispersive
Spectroscopy (EDS)

Scanning electron microscope is commonly used as a high-resolution imaging
technique of materials morphology and microstructure [269, 270]. It is widely
used in research and development along with industrial labs [271]. In SEM,
samples are exposed to a low energy electron beam where various interaction
occur with the sample surface and near surface regions. As a result of such
interactions, photons and electrons emission arise at sample surface or
nearby, represented as signals which can be collected by a detector (x-ray,
backscattered electron imaging, and others) [272]. For a non-conductive
sample, the radiated electrons would stay within the sample and create

charges that could distort the image; hence, a thin conductive material such
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as gold is usually applied on non-conductive sample surfaces [273].
Alternatively a variable pressure SEM can be employed [274].

Energy dispersive spectroscopy also known as energy dispersive X-ray (EDX)
spectroscopy, is an elementally sensitive mode of SEM. It uses an electron
beam that creates an x-ray signal to identify and quantify chemical elements
in a detectable limit of approximately 1% per weight. It can be used for both
surface and near bulk measurement, however, the electrons have a limited
capacity of penetration to the bulk (up to 1 um). Element distribution and area
enrichment within the sample can be mapped. [275-277]. Carbon is usually
implemented to coat non-conductive samples for EDS analysis due to its low

atomic number [278] and hence very weak x-ray emission [279].

2.2.2.8 Raman spectroscopy

Raman spectroscopy (RS) is based on detection of vibrational mode of
molecules linked to polarisability rather than dipole moment (as in FTIR) [280,
281]. Each chemical component has a characteristics reflection wavelength
that gives chemical fingerprints to specific materials [282, 283]. To map a
sample hyperspectral chemical images can be built by collecting up to
thousands Raman spectra from different points of a sample to create a
chemical map that represent site and amount of variable sample

compositions. Raman is considered a non-destructive technique [283].

2.2.2.9 Tablet Friability

Friability testing is included in the United States (US) Pharmacopeia together
with the European and Japanese Pharmacopoeias and must be passed for
most marketed tablets. Variable dosage forms such as effervescent and
chewable tablets have other specifications [284]. The test aims to simulate the
external environment of packaging and shipping that could affect tablet
integrity and appearance. The acceptance criteria of friability according to US
Pharmacopeia is no more of 1% of tablet weight following a set amount of
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physical challenges [285]. Cracking and loss of tablet weight would affect the
total delivered dose, which can reduce therapeutic outcomes.

2.2.2.10 Dissolution testing: In-vitro drug release

In-vitro drug release which also known as dissolution testing, is an analytical
technique used to test and provide quality control on a final drug product to
measure the rate and extent of drug release in a defined media. It is
applicable to many dosage forms including tablets, capsules, ointments and
other pharmaceutical formulations. Dissolution testing is required during
medicines development to generate a defined drug release profile, additional
to be an essential test for quality control of developed formulation to insure
consistency between batches [286]. Continuous revision of products
monographs of different dosage forms are made periodically to meet their
requirements [287]. Drug monographs which provide detailed information
about crucial quality elements of a medicine are usually generated by legal
authorities. A monograph of other than injectables must contain the following;
documentation of procedure, an assay method to determine the content of
active ingredient, impurities detection assay and dissolution method to
measure the release rate of a drug from a dosage form [288]. The felodipine
extended release tablet monograph was used later in this research with minor
alteration [289]. To my knowledge, all oral felodipine drug products are

developed in sustained release form (Table 2.1).
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Table 2.1 Felodipine marketed products (UK), (all are available in 2.5, 5, and
10 mg strength)

Product name UK Supplier

Folpik XL Prolonged Release Tablets Teva UK Ltd
PLENDIL modified-release tablets AstraZeneca UK Ltd
Neofel XL Kent Pharma UK Ltd
Vascalpha modified-release tablets Accord UK Ltd

Cardioplen XL Prolonged Release Tablets | Chiesi Limited

Delofine XL Prolonged-Release Tablets Morningside Healthcare Ltd

Felotens XL Prolonged Release Tablets Genus Pharmaceuticals

Parmid XL Prolonged-release Tablets Sandoz Limited

Pinefeld XL (felodipine) Tablets Tillomed Laboratories Ltd

High performance liquid chromatography (HPLC)

High performance liquid chromatography is widely used as a composition
analysis tool in pharmaceutical research and development due to its high
sensitivity, versatility and relatively low cost [290-292]. HPLC is based on
passing a liquid through stationary phase. The liquid mobile phase is typically
composed of organic solvents and water with the analyte in question. While
the stationary phase is a stainless-steel tube packed with appropriately
chemically treated silica able to selectively interact with components of the
analyte. The composition resolution is dependent on the particle size of silica
and its chemical functionality. Versatile column length and silica specification
are available. Relying on hydrophobicity/charge of the material filling the

column four different types of HPLC are used; reverse phase, normal phase,
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hydrophilic interaction and ion chromatography [293]. Sample is injected into
the column with the aid of mobile phase. After sample separation by a
differential migration process, a suitable detector is used to collect the
gathered data with temporal resolution [294]. For example, if UV absorbance
is used each material can be identified by its specific absorbance wavelength
at a time in which it elutes from the column. As reported in literature,
felodipine has multiple possible measuring wavelengths (238 nm, 275 nm,
364 nm, 381 nm) which was, for example, demonstrated by Pandey and co-
workers, which also showed that pH would affect the maximum absorbance
wavelength [295-297]. In this research after testing different wavelengths, 362

nm was used as this gave the sharpest peaks.

The following chapters will discuss the instrument specifications and

procedures used for each of the methods described above.
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3 Public acceptance of 3D printed medicines

Social pharmacy study is discussed in this Chapter.

3.1 Introduction
3.1.1 Aim

To explore patient public perceptions and acceptability of 3D printed

medicines to aid future policy decisions using a qualitative approach.

3.1.2 Background

3D printing as a new pharmaceutical manufacturing technology, the
acceptability of 3D printed medicines has not yet been assessed.
Understanding patient acceptability would enable 3D printed medicines to be
evaluated from a consumer perspective. Determining whether future patients
are receptive to medicines developed through significantly different
manufacturing practices play an important role in shaping future policy. These
perspectives may inform the implementation of 3D printing technology on a
wider scale than currently incorporated and may support future decisions in
the UK by the MHRA when the evidence base is set.

Acceptability as defined by the European Medicines Agency (EMA) guidelines
is ‘the overall ability and willingness of the patient to use and its caregiver to
administer the medicine as intended’ [201]. Specific characteristics of patient
(age, accessibility, health state) together with pharmaceutical product aspects

(swallowability, dose, container) deliberated to drive the acceptability [202].
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3.2 Methodology
3.2.1 Study design

In this project, in-person semi-structured focus groups (n=5) were conducted
on members of the public. Those focus groups were conducted at the
University of Nottingham, UK. The focus groups each contained between 2
and 5 participants. All focus groups were audio recorded and transcribed
verbatim. Ethical approval was attained from the School of Pharmacy
research ethics committee (Ref-009/2022).

3.2.2 Sample and recruitment

The methods in this study was guided by the Consolidation Criteria for
Reporting Qualitative Research (COREQ) [298]. Convenience and snowball

sampling were used to recruit participants.

3.2.3 Procedure

Recruitment was via professional networks, public adverts, personal contacts
and convenience sampling. Participants who showed a willingness to
participate in the study was given a participant information sheet and consent
form (Chapter appendix: supplementary information). Following consent, a
member of the research team communicated with participants to arrange the
focus group. The focus group topic guide was created with reference to the
literature on 3D printed medicines designs for scope. Given the novelty of the
technology, a background presentation and indicative samples were prepared
and utilised mid-way through the focus groups to support understanding as

required (Figure 3.1).
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Figure 3.1 3D printed samples presented at the focus groups (left side; from
literature (letters represents different shapes) [299], right side; in-home printed

and presented physically; A) Eudragit® RL PO, B) coloured Polycaprolactone,
C) Polycaprolactone, D))

Participants were informed of the goal of the research was to seek their
thoughts about 3D printed medicines. The focus group agenda included an
introductory statement to give a brief knowledge about the session. Followed
by questioning the participants about their previous knowledge on 3D printing
in general. Focus groups were concluded by showing and discussing samples

of pre-printed medicine-free sample tablets.

Detailed notes were collected throughout the focus group to augment the
recorded transcripts. Audio recordings were transcribed verbatim using
University of Nottingham Automated transcription service. The transcripts

were checked and amended as necessary for accuracy.

3.2.4 Data analysis

Braun and Clarke’s six-step process was applied to the verbatim transcripts
for thematic analysis [300]. Those steps included: data familiarity, codes
initiation, themes creation, themes reviewing, themes definition, and then
writing-up. The themes of this study were generated from an inductive
preliminary data-driven approach, not from a pre-defined framework. An
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inductive thematic analysis was selected as limited data is available on this

research topic.

NVivo 12 (QSR International) was used to organise and analyse the gathered

data.

3.3 Materials

Printed samples were designed by Tinckercad® (online 3D modeling program,
Autodesk) and printed using extrusion based BioX printer (Cellink, Sweden).
Polycaprolactone (PCL), Eudragit® RL PO and Gelucire® 50/13 were selected
as ink for their printability and visual appearance. A red food colorant was
added to some of the PCL tablets to develop different coloured printlets.
Various shapes including star, heart, torus, oval, cube, and cylindrical shaped

tablets were printed with dimensions in the range 5-12 mm.

3.4 Results
3.4.1 Demographics

The final sample formed a range of participant characteristics (Table 3.1),
forming a diverse selection of perspectives during focus group sessions.
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Focus group

Table 3.1 Participants Characteristics

Gender

Characteristic

1 Male (PA) Member of the Public
Female (PB) | Member of the Public
Female (PC) A Member of the Public
2 Male (PD) Postgraduate Physiotherapy Student
Male (PE) Undergraduate Nutrition Student
Female (PF) | Undergraduate Pharmacy Student
3 Male (PG) Postgraduate Physics Student
Male (PH) Undergraduate Engineering Student
Male (PI) Undergraduate Medicine Student
4 Male (PJ) Undergraduate Management Student
Female (PK) | Undergraduate Nursing Student
5 Female (PL) | Undergraduate Veterinary Medicine Student
Female (PM) | Postgraduate Nutrition and Dietetics Student
Male (PN) Member of the Public
Female (PO) Member of the Public
Male (PP) Postgraduate Nutritional Sciences Student

3.4.2 Thematic analysis

Thematic analysis yielded four overarching themes, all reflective of

perspectives from members of the public on the 3D printing of medicines

(Table 3.2). Pseudonym initials were used to identify participants relative to

their characteristics to aid the interpretation of quotes.
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Table 3.2 Themes and sub-themes generated

Themes Sub-themes

Safety of 3D printing and 3D Novel tablets produced

prinuse eeleinzs Concerns about misuse of 3D printing

technology

Drug profile impact

Personalisation and adjustment | Personalisation of physical tablet

of medicines features

Public acceptance of 3D-printed

medicines

Tailoring drug profile to patients

Economic and societal impact Environmental considerations for 3D

of 3D printed medicines printing and 3D printed medicines

Cost related to production of 3D
printed medicines

Governance of 3D-printed General manufacturing, maintenance,

medicines training and use of 3D printers

Policy, regulation and privacy

considerations

3.4.2.1 Safety of 3D printing and 3D printed medicines

Both prior to and during the provision of 3D printed placebo tablets,
participants discussed the safety implications of 3D printed medicines
compared with traditionally manufactured pharmaceuticals. The primary
discussions reflected safety implications in reference to new tablet
manufacturing opportunities, drug release profile considerations, and the

potential for misuse of printed medications.
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Novelty of tablets produced

The majority of participants noted dysphagia concerns regarding novel tablet

shapes.

“It's got to be a choking hazard | would say [PF: yeah], yeah looking at that.”
F2 PE.

When queried about example shapes of concern, the most notable concern
was star-shaped tablets, though cartoon character-shaped tablets were also
highlighted as potentially problematic particularly with respect to swallowing

issues.

“I think, like, if this looked like a star that would maybe stick somewhere” F2
PD.

“Mickey Mouse looks like a bit of a challenge” F2 PE.

The novel tablet shapes were also viewed by participants to potentially
trivialise medications overall. Of particular concern was medicated chocolate
developed through 3D printing techniques, where potential misinterpretation

of medication as sweets was highlighted as a safety concern.

“Yeah, I don't like the idea of it for children, for it to be perceived as a
chocolate as a sweet when it's medicine. | can understand that you might
need to tempt children, and it may be that it is chocolate-coated in that smell
or whatever, but to have it like Batman or Mickey Mouse or whatever else you
know, | think there is a great risk involved in them in thinking that they are

sweets or others thinking that they are when they're medicine” F5 PO.

Other participants, however, were receptive of 3D printed medicines using

chocolate presuming appropriate safety precautions were put in place,
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including storage, packaging and supervision in the event of the medication
being intended for children.

“... but if it was kept in like a safe place and like good like, packaging, good
like packaging, then | think it could be a good idea.” F2 PF.

Drug profile impact

Participants also elaborated on public safety in reference to the drugs being
printed and held a number of concerns around the dosage accuracy of 3D

printed medicines.

“and also you get, well, you know sometimes you might say if the dose
changes as they age or something, how do you then work out, you know, is it
a Mickey Mouse minus a foot” F5 PM.

In reference to 3D printed medicines, one participant suggested that
crumbling or melting of medicines may lead to inaccuracies in dosages

provided to patients.

“You know, if, if the tablets or the medical, the chocolate even sort of crumbles
or melts, it's going to be difficult to sort of ensure that the entire dosage of the
tablet is fully, fully consumed, which could lead to you know lack of well, like a

dosage which could lead to you know increased symptoms” F3 PG.

Several participants were also concerned about whether 3D printed medicines
were safe from a medical perspective, including the risks associated with

allergens and side effects of 3D printed medicines.

“Can it cause allergies? Can it cause any reactions? | guess maybe” F4 PK.

“Have these side effects? Because ... if it's a licenced drug, it's very clear
what the side effects are because it's standardised.” F3 PI.
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Other queries regarding the safety of 3D printed medicines revolved around
expiration dates, with some focus group discussions queried about shelf-life

differences with traditional versus 3D printed medicines.

‘Do they have the like the same shelf-life or like an extended shelf-life” F5 PP.

These queries may reflect participant concerns regarding the degradation of
medicine produced by 3D printed techniques, as discussions took place

regarding the impact of heat from the printers.

“So with regards to sort of thyroid hormone medicine obviously, is, is that
more of a sort of organic thing ... it’s in a hospital. You've got a smaller 3D
printer, that’s possibly fluctuations and heat. Could say the, the hormone ...

the protein be denatured by the heat of the, the 3D printer ...” F3 PI.

Less considered, but still discussed, was safety in reference to the physical
characteristics of tablets, and when provided with placebo examples of 3D
printed medicines one participant noted the imperfect manufacturing process

observed across medicine printed through the same design and technique.

“I'm looking at it and it looks like very amateur compared to like a pill looks like

a professional thing so | would be worried looking at it definitely” F3 PG.

Having been provided an opportunity to touch the placebo tablet designs, one
participant further elaborated on the safety of materials used to 3D print
medicines, implicating the adhesive nature of the placebo prompts as

increasing the potential for overdosing.

“You know an issue with these, perhaps you know | maybe feel that the hearts
and they get sort of like stuck in each other. You may have two by accident or
something like that” F2 PE.
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Misuse of 3D printing technology for medicines

Though less frequently implicated, multiple focus group discussions
mentioned the risk of making medication manufacturing equipment readily
available to the public. Of particular concern was enabling people to print

prescription medication from their home.

“Yeah, | think that's, that's like the main concemn. If it's replacing the over the
counter medicine then it makes sense because it's easily accessible, the over
the counter medicine, and then you can have it 3D printed which make it
easier. But if it's not replacing that, if it's replacing the medicine that needs
prescription, then making it easy accessible is, is a little bit concerning here,
especially if you have kids in the home, especially if you have someone who
was, | don't know, some types of medicine makes person addicted to it, so we

don't want him to have too many of them.” F2 PD.

More negatively, one participant mentioned the divergence of intended

medication supplies as concerning from a safety perspective.

“You'd be selling them on street corners, that's the problem.” F1 PB.

Another participant viewed having 3D printers situated in hospitals or
pharmacies may improve safety associated with the dosage a patient is able

to receive.

“Yeah, of course, if it's for example at home or in the street A person can have
too many of the medicine could affect them, so the, for dosage control, it

could be better in, in like hospitals or pharmacies.” F2 PD.

In some, several concerns elaborated on the potential for misuse because of
a deviation in expected medication use, with one view even reflecting animal

welfare concerns from 3D printed medicines being produced.
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“Yeah, and they [children] might share them out. Take them out to share with
the friends ....: [even] feed them to the dog.” F1 PB.

3.4.2.2 Personalisation and adjustment of medicines

The ability to personalise physical characteristics of tablets proved a key
discussion point and tailoring of drug profiles to patients was also a frequent
talking point.

Personalisation of physical tablet features

A focal topic when discussing the potential for 3D printing was personalising
the physical properties of medication. Participants favoured printed tablets to
be similar to conventional tablet forms, preferring round and cylindrical

shapes.

“Psychologically tablets to me have to be a certain shape, otherwise | don't
think they are a tablet, but that's because they've always been a certain shape
*laughs®” F1 PA.

When discussing the physical appearance of 3D printed tablets, participants

preferred opaque tablets rather than transparent ones.

“Well, | like what we were talking about before, like, | think we agreed that it

was kind of like we wanted it more opaque” F2 PF.

On the other hand, some found it more useful to have a variety of medicines
shapes and colours especially for elderly people, as the only way to

differentiate a medicine from another is their physical appearance.

‘I mean, it's good again for older people to actually differentiate what kind of

tablets it is, because most of them don't really know what the name is, but
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they know what the shape of colour is. So if it's a different shape then that's
great that would be able to make sure that it's the right tablet to take” F4 PK.

From size prospective, participants described that printed tablets should be
acceptable in size, not too big to be difficult to swallow, nor too small where it

could easily be lost.

‘I mean, | think they're about a centimetre big credit to the thinking, but that |
mean, the bigger the tablets is, the harder it is to swallow. So maybe just keep
in mind instead of letting us space be into between, they just make it smaller”

F4PK.

“We didn't want it like too small and too fiddly” F2PF.

Tailoring drug profile to patients

Individualising drug release profiles according to patient’s need was
mentioned from different perspective. Such tailoring comes from the
advantages of 3D printing to easily modify the size and shape with a button
click, together with minor ink alteration to modify the release pattern.

Participants noted the possibility of having multiple medicines in one tablet.

“you can do stuff with three different things that you couldn't do with traditional
manufacturing methods, so it's interesting and it's very good and exciting” F2
PD.

Having the opportunity to change the dose without changing the size was

similarly labelled.

“It could be quite an effective way to change the dosage of the individual

tablets whilst keeping the size the same” F2 PE.
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Control of the release profile was noted via utilisation of the unique abilities of
3D printing through material engineering and complex geometrical designs.

“Could, could this be used, perhaps, to, err, sort of you have one drug in the
middle, and then you've got others sort of around that. So that then as it's

digested, they release at different intervals” F2 PE.

Modifying the medicine excipients to meet patient’s need in case of allergy

and intolerance was described at focus groups.

‘in principle, you know it sounds great. If someone's allergic to something, you
know you can find the specific ingredient components that that person is not
allergic to, you know, and therefore prescribing the medication that you know

would best suit that individual” F5 PN.

3.4.2.3 Public acceptance of 3D printed medicines

Most of the participants expressed acceptance of 3D printed medicines if they
were from licensed source. Even the novel shapes amazed them. Participants
compared them to some marketed products like food supplements. Others

accepted them since they are easily administered.

“It seems ok, | don't think it's a problem. There's already some stuff like this
like the multi vitamins for kids, they sell it in supermarkets, it's almost similar,
it's like, looks the same” F2 PD.

“If it was licenced | don't think | would have any issue. It was whoever could
give me a normal one or 3D printer one with which every easiest for them. I'd
be pretty indifferent if it was unlicensed” F3 PH.

“l like them. They look amazing” F4 PK.
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It was noted that through the course of the focus groups, participant
acceptability of 3D printed medicines increased. When considering wider
public acceptability, participants suggested brief knowledge and general
education to make the public aware of such technology before it's been
available in the market. Some were with for TV advertisements and some

against.

“Think just raising awareness that it kind of exists. It's in it's in the works and it
should be targeted to come out in the next few years just to make everyone
feel normal about it. Because if we released it right now with no previous

knowledge on it, people would be very, very sceptical of it” F4 PK.

[PK] “Scenatrio, it could be integrated if it's like if it's children specific, it could
be integrated into like their TV shows that they most commonly watch like
they'll see administration, but like in a fun way it shouldn't be portrayed
enough in a very professional kind of way just to get people to understand
that. [PJ] it's more common, | think, but that's on the advertisement’. [PK] “I
don't I. I would disagree with that like | did not want to like advertise children
having pills on TV. No like it's just kind of not the thing | would like to show
children” F4 PJ.

Novel 3D printed medicines were stated as potentially enticing to young

people who do not wish to take a medicine.

“Um, but I think it's very creative. The way, like they're making lots of different
Sshapes that could be as you said appealing for children, which is good” F2
PD.

3.4.2.4 Economic and societal impact of 3D printed medicines

Environmental issues took the majority of the conversation within this theme,
socioeconomic consequences of 3D printed medicine and cost of 3D printing

of medicines also had a significant part of the talk in distinct directions.
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Environmental considerations for 3D printing and 3D printed medicines

Participants mentioned the sort of waste in materials and packaging of
conventional medicines that could be reduced with 3D printing, moreover,

reducing the overall cost related to both materials and packaging.

“They've only got to look at the money they save on the wastage” F1 PB.

From a logistics perspective, 3D printed medicine was identified as
advantageous for people living in rural areas where supply is limited, along

with medicines that have a short shelf life or are rarely used medicines.

“You can easily perhaps tailor some drugs that normally you would need to. If
it's something really specific for like a specific illness or something you know
you'd have to order a certain drug in or something from somewhere. This
could be a quick way to against it, like you say. Any transport costs,
manufacturing costs there and make it all on site in the small dose that you

need for a specific patient” F3 PH.

Cost related to production of 3D printed medicines

Across all focus groups, the cost of 3D printed medicines was mentioned as a
concern. Discussions around cost concerns primarily related to 3D printing
being a new technology, the high operational energy requirements, the

materials used, time-related costs, and the cost of the printers themselves.

“I think that would be my sort of initial reaction is if | think of 3D printing, | think
of like bespoke, and then obviously always with bespoke comes like a high
price. Yeah” F2 PE.

“printers generally use quite a lot of power, so they have a lot of heat as well,
So a lot of waste energy coming out of the actual” F2 PH.
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“so it's not faster and it cost more” F4 PK.

“Whether you can actually purchase the printer, like if you can afford the

printer, but like most stuff like most institutions, probably can” F4 PJ.

The cost related to infrastructure of 3D printed medicines in society was also
part of the discussion. If the price limits the availability everywhere, or the

maintenance cost would do so.

3.4.2.5 Governance of 3D medicines

Various interventions related to physical location of the 3D printer for example
whether in the home or the point of care. Further policy and regulation

considerations were discussed within the focus groups.

General manufacturing, maintenance, training and use of 3D printers

Dealing with potentially complex equipment raised many concerns.
Participants discussed technical concerns ranging from unintended

overprinting to the printing of incorrect doses.

“Because we get this with all types of machines like normal printers and
everything, at some point it can do something wrong, and in this case you're
taking medicine, which is something very sensitive and if it's not in a good

condition then it could cause harm to the body” F2 PD.

Training on how to use the printer was viewed as important to consider.

“First of all, awareness about the medication they using, what type of
ingredients they're using, and what are the potential side effects of this
medication and then the actual machine itself, how to use it and all the safety
instructions not to make a mistake that makes the medicine go wrong. Also,

the safety issues with the handling and how to touch the materials and the
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how to clean it and make it sterile, and then how to store the medication after

you make it, how to deliver it to the right person” F2 PD.

Maintenance of the printer was also seen critical to assure quality of the

printed medicine.

‘It would have to depend on the sort of level of the tech [complexity of the 3D
printer]. The technology because | just | just assumed that having this you
would need certain staff members for maintenance and things of that as well.
And | don't know if you could have that” F3 PH.

Policy, regulation and privacy considerations

Policy for the 3D printing of medicines was discussed in reference to both
global and national perspectives. Even though participants have limited
knowledge about how medicines are regulated, they perceived existing UK

and international regulations as difficult to bypass for 3D-printed medicines.

“I don't know much about regulation, but | can imagine that's quite hard to get
around” F2 PF.

However, from understanding the process of regulation of conventional drug
manufacturing, another participant questioned if each single dose or
combination of medicines would need a clinical trial to be approved.

“Yeah, yeah, yeah. If | wanted to create it [a personalised medicine] through
this process, yeah, | mean, does that really become viable then for individual
medications using this process because you know you're going to have what?

potentially 66 million odd people in England? So you've got a problem”. F5

PN.

Furthermore, participants had concerns about accountability and the process

of escalation that patient could refer to if any issue were to arise.
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“I think issues could arise if there, if there were problems with, with the
dosage, like who's responsible? Because obviously it would be not approved.
Em, so it's like, you know is that, is that the person taking the tablet, is that
their risk or, or would it, would it come back to like the regulatory bodies for
not having approved it or does it to go to the GP or whoever prescribed it?”.
F2 PE.

Patient privacy was also discussed frequently. Participant expressed concern
around electronic information relating to 3D-printed medicines being

susceptible to data security breaches.

“Potentially, potentially because you know where would it be manufactured for
a start? You know you're talking about bespoke equipment processes.
Pharmaceuticals have got the IP (Intellectual Property) rights on existing. How
would they, you know, subcontract that? With it being electronic, you know
what about cyber-attacks, hackers etcetera? You know there's a whole raft of
issues | think that you know could manifest themselves potentially in those

scenarios” F5 PN.

3.5 Discussion

An initial overview of the acceptability of 3D printed medicines from members
of the general public was found with four themes identified: Safety of 3D
printing and 3D printed medicines, personalisation and adjustment of
medicines, economic and societal impact of 3D printed medicines, and
governance of 3D-printed medicines. These themes provide an initial
overview of how members of the public perceive 3D printed medicines,
outlining excitement at the prospect of 3D printed medicines and the potential
for personalisation, but concern around the safety and general regulation of

both the manufactured medicines and their associated technology.
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3.5.1 Safety concerns

Safety concerns was described the most within the study. Shapes, sizes and

materials used were the main discussion points.

The shape of the tablet has been discussed from wide approaching, including
the choking hazards and preference for easy swallowability. The FDA has
recommended to manufacture flat surface oval or capsule shaped tablets with
minimal cross sectional area to be easily swallowed [301]. A shaped printlet
that would bring the interest of children or animals had a safety concern. It
was described that even though the medicine needs to get the attention of a
child to take it; it is very dangerous if it looks such as to attract the child to
consume it unnecessarily or inappropriately. The European Medicines Agency
(EMA) describes in the guidelines on pharmaceutical development of
medicines for paediatric use, the importance of creating a balance between
acceptability of the dosage form from all aspects and the risk of accidental
misuse if prepared in a candy-like shape [302]. Special shapes such as
cartoons and figures created much interest with participants; however, the
concern of mislaying weak parts from the shape that would affect the dosing
was cited as a concern. Additionally, the likelihood for printed dosage forms to
adhere to each other, as some sweets do was further added. Appropriate
measures would be needed to ensure stability testing and suitability of
packaging to meet all quality assurance requirements.

The risk of allergens in 3D printed medicine was raised as these are new
medicines with potentially differing ingredients. As the number and amount of
excipients are less in 3D printing, along with potential tailoring agreeing to
patient history and allergy, risk could potentially be lower [303].

There was a concern regarding possible reduced shelf life of the printed
medicine. Current thinking would suggest that 3D printed medicines would be

printed on-demand for short period use e.g. one month and the expiration
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would be labelled in the packaging. Participants queried the potential for
medicine degradation from heat during printing.

Misusing the technology had a great concern from safety prospective. Either
to print more of the dose or to print controlled medicines for personal or
commercial use. Beer et al. described the scenarios of 3D printing of medicine
misuse. They advise that such operations must be controlled by a health care
professional [304]. From the perspective of manufacture there is not an issue,
as the printer will be controlled in the accurate dispensing of the medical ink, a
desired dose for a specific duration would be dispensed for regular prescribed
medicines. These checks and balances would be in place irrespective of the
ingredients and could also be used for substances subject to tighter controls

such as opiate drugs.

3.5.2 Personalisation of 3D printed medicines

All participants agreed for the size of printlet to be in balance, not too large to
be difficult to swallow neither excessively small which could be lost. This
opinion is common across studies investigating the size of oral dosages
regardless the age of the participants [207, 305]. 3D printing would give the
patient the opportunity to choose the desirable size while getting the correct
dosage. As 3D printing is a single step manufacturing process, minimizing the
need for conventional manufacturing excipients within the formulation such as
glidants to enhance flow through machinery. For potent drugs, addition of
more inactive materials is necessary to increase the size of the tablet, which
could be controlled according to patients’ preferences without altering the

prescribed dosage.

The ability to combine multiple medicines in one tablet was viewed as
interesting to participants. Combining different drugs can create issues with
compatibility and consequently medicines with more than two drugs are rare.
Limited conventional polypills are available in the market, Polycap™ is an

example, that comes in the form of capsule which combines five medicines as
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these are physically separated by combining pre-developed pellets, granules,
and coated particles [306, 307]. Standard direct compression tablets can only
be made using compatible medicines, as the drugs are not physically
separated in this form. Khaled et al. have successfully created a five-in-one
tablet with all active ingredients fully separated with differing release profiles
using 3D printing technology [123]. Such option could enhance the adherence
to medication, when patient take a single tablet despite having many drugs
prescribed [308]. When medication is conventionally combined together into
one tablet form, the size of the tablet increases. In contrast, 3D printing allows
the combination of multiple medicines in single tablet without the same need

to increase dosage size.

Participants viewed multi-compartment tablet options in a positive manner,
however, there were concerns around the shape of 3D printed tablets in
general. More specifically, a notable preference towards traditional tablet
shapes was observed, with a predilection noted towards disc and capsule
shapes in particular. This preference is likely a result of familiarity with
traditional dosage form appearance [207]. Participants found that shapes with
sharp edges such as star or square-shapes could present choking hazards.
Some suggested that a “Polo™-shaped” tablet (discoid with an inner hole)
would be advantageous, as even if it became lodged in the air passage it
would not block the air flow as it have a hollow in the middle. Heart shape was
somewhat acceptable as there are marketed medicines share the same
shape. Bogdahn et al. reported that a 3D printed oblong-shaped tablet has a
superiority over the same size compressed one. 3D printed pyramid and
cuboctahedron shaped tablets resulted in pain during swallowing and failed to
be swallowed in multiple occasions during the study despite the blinding at the

point of administration [309].

The bulk material that makes the major tablet matrix was also discussed.
White or light colours were preferred, so that it was easy to distinguish
different medicines, whereas dark colours were avoided. Overgaard et al.

demonstrated the ideal oral dosage form have a white colour if used solely,
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however, coloured tablets were preferred if polypharmacy is present [310].
Transparent ones were not acceptable, together with the ones with plastic
appearance. Goyanes et al. demonstrated that black and green colour tablets
would decrease the acceptability of the medicine [139]. The texture of the
material affected perceived palatability with rough surface or overly plastic
appearance of the 3D printed tablet accounting for these preferences [311].

The tailoring of the shape and geometry according to patients needs is
desirable; however, these adaptations could affect the release profile [312,
313]. Care would need to be exercised to ensure appropriate therapeutic
success. Such a property could be used in a positive way to modify the
release profile and be more straightforward compared to changing the
materials with the additional research burden associated with new chemical

entities.

Goyanes et al. described the possibility and effectiveness of 3D printed
medicines in the treatment of rare disease where only a non-licenced drug is
available for treatment [314]. Discussions around the use of 3D printing of
medicines, sparked debate between acceptance and rejection of the idea of
3D printed medicines for this purpose. Most of the participants were
concerned about the quality and safety of the new technology in this situation.
However, the consensus focussed on the trust in the prescribing physician to
make informed judgments and promote their acceptability to patients given
the unique nature of the circumstance. Additionally, the knowledge exchange
between scientists and public were highly encouraged to enhance the

acceptability of such new technology.

3.5.3 Socioeconomic impact of 3D printed medicines

From environmental perspective, the waste of materials from unused
medicines is estimated to cost around 300 million pounds annually in the UK
[315]. Packaging of each medicine could also be reduced through

manufacturing medicines with 3D printing technologies. Along with potential
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cost reductions of associated costs such as logistics as the finished product
would not need larger storage space [316].

For successful adoption, technology needs to confer advantage, this can be in
improved effectiveness, cost-effectiveness or both. The price of 3D printer
ranges from $180 to hundreds of thousands depending on the printing
technique and the resolution needed. Additionally required are the controlling
computer and its software, a trained pharmacist, and the cost of the materials
to be printed [303]. The potentially higher cost of new technology could be
offset by gains in greater effectiveness through personalisation, reducing the
overall care cost. As technology becomes more widely available prices

generally decrease [317].

The energy consumption and time were noted during the conversations from
environmental and economic view. Participants were concerned about the
environment impact from potential energy over consumption in relation to 3D
printing. Participants showed no prior knowledge about amount of energy
consumed in either conventional manufacturing or 3D printing. It has been
previously reported by Elbadawi et al. that energy consumption of both
traditional manufacturing and 3D printing were comparable [318].

3.5.4 Governance of 3D medicines

Medicines are one of the most regulated entities, a burden that has escalated
over recent decades to ensure the safety of end users. 3D printed medicines
are highly novel and do not have the appropriate regulatory frameworks to
expedite development and production of new medicinal forms. Once
regulatory authorities publish guidance for 3D printed medicines, researchers
and pharmaceutical companies could be led toward a new 3D printed
medicines era. FDA have recently released guidance around additive
manufacturing of medical devices and implants which considered a milestone
guidance for 3D printed medicines [171]. Correspondingly, the EMA has

established an organisation named the Innovative Task Force (ITF) to support
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new technologies in early stages of development [167]. Many companies are
working on new 3D printed medicines technology, however, these novel
products take long time to approval, with only one currently approved for

human use [319].

3.5.5 Acceptability of 3D printed medicine from health care provider
prospective

Many studies have been conducted on the acceptability of 3D printed
medicines of health care providers worldwide. A study in Finland cited
numerous positive aspects regarding 3D printed medicines, including
personalisation of dose, size, flavour and opportunity to combine multiple
medicines in a single tablet for patients who have polypharmacy. Conversely,
there were many concerns regarding safety, drug administration and costs.
Participants of this study gave many suggestions from their experience that
3D printing would help in toward better patients outcomes [206]. There was

similarity between this study and views of my participants.

A study in Saudi Arabia investigating the perception of pharmacists toward 3D
printed medicine showed positive results. More than 50% of the participants
suggested that 3D printed medicines would improve the safety and efficacy of
the medication via personalisation. Cost, regulatory consideration and fear of
new technology were considered the main barriers by Algahtani, M.S for 3D
printed medicines to be available daily life [320]. My findings aligned with
many elements of the previously mentioned study, as several participants
highlighted cost and regulatory concerns for 3D printing technology as a
barrier to the availability of 3D printed medicines. Participants in my study
however, generally viewed 3D printed medicines as less safe than traditional

manufactured medicines.

A study in Singapore suggested that healthcare professionals would be willing
to prescribe 3D printed medicines for their patients but that it would depend

on the circumstances of the situations. They still had concerns regarding
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formulation stability, compatibility, safety and efficacy. In addition, they
describe potential challenges with medication reconciliation and patients
reduced health literacy. Regulatory concerns took a part as for narrow
therapeutic index medicines along with possible cross contamination [321].
Similar results have been seen in this study, demonstrating the connection
between being a health care professional or highly educated persons
represents small part of the population would experience the same

perspectives for a new technology.

3.6 Limitations

Although this study provides an initial overview of public perceptions towards
3D printed medicines, some limitations are present. The limited number of
participants and focus groups conducted. Predetermined number of shapes,
sizes, colours and materials used in the printed samples. The inapplicability to
swallow the dosage form even though it contains no medicine. Many
participants have no prior knowledge about 3D printing of medicines.
However, this bias deducted by pre-presenting a short video about the
technology and participants were welcome to ask within the discussion.

This study is amongst the first to my knowledge that had deep discussion on

the safety of 3D printing in medicine from a patient prospective.

3.7 Conclusion

Hot-melt extrusion 3D printing is applicable to produce tablets with different
sizes, colours and geometries. Study participants were asked to comment on
the use 3D printed medicines. There were safety concerns about misusing the
technology, dosage inaccuracy and being possible choking hazard. After
assuring the safety of the technology, participants demonstrated a preference
towards capsule and disc tablet shapes with white or bright colours.
Socioeconomical and sustainability elements of 3D printed medicines were

well-regarded by participants and contributed to their conclusion on the
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acceptability of the technology for manufacturing medicines. The adaptation of
3D printing technology may lead to further exposure to the technology from
members of the public. In-turn, this may increase public awareness and
knowledge of the technology, and its applicability for personalised medicines.
This study provides an initial overview of how members of the public perceive
3D printing technologies for the development of medicines, and forms part of
the preliminary phase for future policy innovations in the field and acceptance

of the use of 3D printing for medicines manufacture.
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3.8 Chapter appendix: supplementary information

University of

Nottingham

U | CMINA  MALAYSUA

Participant Information Sheet
(Draft Version 0.1 / Final version 1.0: 07/03/2022)

Title of Study: A Qualitative Exploration of Public Perspectives on the 3D Printing of
Pharmaceuticals

Name of Chief Investigator: Clive Roberts
Local Researcher(s): Matthew Boyd, Luke Sawyers, Doa’a Ismail, Martin Baumers, Ricky
Wildman.

We would like to invite you to take part in our research study. Before you decide we would
like you to understand why the research is being done and what it would involve for you.
One of our team will go through the information sheet with you and answer any questions
you have. Talk to others about the study if you wish. Ask us if there is anything that is not
clear.

What is the purpose of the study?
The purpose of our study is to explore your perspectives on the 3D printing of medicines
and to consider any concerns and benefits of this approach.

Why have I been invited?

You are being invited to take part because you are 3 member of the general public in the
UK. You may be a future user of 3D-printed medicines and your perspective is important
to consider as 3D printing technolegy grows in popularity.

Do I have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part you will
be given this information sheet to keep and be asked to sign a consent form. If you decide
to take part you are still free to withdraw at any time and without giving 2 reason. This
would not affect your legal rights.

What will happen to me if I take part?

Once you decide to take part, a member of the research team will arrange with you
when the focus group will take place and also provide the focus group location (either
online or in-person). You will be asked to read and understand this participant
information sheet and sign and send back a consent form.

When you arrive at the focus group you will be asked to complete a consent form if you
have not yet already done s0. You will also have an opportunity to ask any questions you
may have about the study.

Two researchers will be co-facilitating the focus group, with one leading the focus group
and the other making notes to help with the gathering and analysis of participant
discussions. The lead facilitator will provide an introduction and give an opportunity for
participants to become acquainted with one another. After this, the researchers will

begin to record the session for transcription and documentation purpeses, and begin
working through questions about the 3D printing of medicines with the group.

You will be asked to attend one focus group, which is estimated to last between 1-2
hours.
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Expenses and payments

If you agres to be part of the study and attend the focus group, you will be given a gift
voucher (£25) for the retziler Amazon as a thank you for taking part in the study, Mo other
payments will be made.

What are the possible disadvantages and risks of taking part?

There are no risks of taking part in this study. The main disadvantage is the time youw will
be asked to contribute, which will be approximately 1-2 hours, plus 2 small amount of
time beforehand to speak with cne of the researchers whilst they schedule in the focus
group.

What are the possible benefits of taking part?

We cannot promise the study will help you directly, but the information we obtain will be
used to infoerm a future readmap for guiding impertant policy decisiens with regards to 2D-
printed medicines in the UK. As a potential future user of 3D-printad medicines, your
perspective is vital for better understanding the acceptability of this new manufacturing
technology., By understanding what you believe zre the concerns and benefits of 2D
printing pharmaceuticals, we can use this information to guide future considerations when
30-printed medicines are implemeanted more widely in society. Your perspective towards
the 3D printing of medicines is conseqguently of huge importance, particularly for shaping
the policy around medicines created through 2D printing.

What happens when the research study stops?

Once the focus groups have concluded, participants will be thanked for their time, After
the data collaction process, the researchers can begin transcribing the focus group
recardings and analysing the discussions to better understand the pukblic’s acceptability
of 30-printed medicines. These findings will then be used to support the development of
a policy roadmap to guide the implementation of 30-printed technologies with regards to
pharmaceuticals manufacturing. In order to utilise these findings, they will be drafted for
publication into a relevant scientific journzal and treated confidentially.

What if there is a problem?

If yvou have a concern zbout any aspect of this study, you should ask to speak to the
researchers who will do their best to answer your questions. The researchers’ contact
details are given at the end of this information sheet. If vou remain unhappy and wish o
complzin formally, vou can do this by contacting Or Jing Yang, Chair of the Ressarch Ethics
Committes jing. vang@nottinghan.ac.uk

In the ewvent that something does go wrong and you are harmed during the research and
thiz iz due to someone’s negligence then you may have grounds for a legal action for
compensation against the University of Mottingham but you may have to pay vour legal
costs,

Will my taking part in the study be kept confidential?
We will follow ethical and legal practice and all information about you will be handled in
confidence,

If vou join the study, we will use information collected from vouw during the course of the
research. This information will be kept strictly confidential, storad in 2 secure and locked
office, and on a password protected database (University of Mottingham OneDrive, Teams
and SharePoint] at the University of Mottingham. Under UK Data Protection laws the
University is the Data Controller (legally responsible for the data security) and the Chief
Investigator of this study (Prof Clive Roberts) is the Data Custodian [manages access to
the data). This means we are responsible for looking after your information and using it
properly. Your rights to access, change or move your information are limited as we need
to manage your information in specific ways to comply with certain laws and for the
research to be reliable and accurate. To safeguard your rights we will use the minimum
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perzonzlly - identifiable infermation possible.

You can find cut more about how we wuse youwr information and to read our privacy notice
at:

https:/fwww.nottingham.ac.uk/ utilities/ privacy.aspx.

The data collected for the study will be looked at and stored by authorised persons from
thie University of Nottingham who are crganising the research. They may also be looked
at by authorised people from regulatory crganisations to check that the study is being
carried out correctly. All will have a duty of confidentiality to vou as 2 research participant
and we will do our best to meet this duty,

Where possible information about yvou which leaves the University of Nottingham will have
your name and address removed and a unique code will be used so that you cannot be
recagnised from it

Your contact information will be kept by the University of Nottingham for & months after
the and of the study =o that we are able to contact vou about the findings of the study.
This information will be kept separately from the research data collected and only those
who nead to will have access to it.  A&ll other research data will be kept securely for 7
years. After this time your datz will be disposed of securely., During this time all
precautions will be taken by all those invelved to maintain your confidentiality, only
members of the research team given permission by the data custodian will have access to
your personzl data.

In accordance with the University of Mettingham's, the Government's and owr funders’
policies we may share our research datz with researchers in other Universities and
organisations, including those in other countries, for research in health and social care.
Sharing ressarch data is impertant to allow peer scrutiny, re-use (and therefore avoiding
duplication of research] and to wnderstand the bigger picture in particular areas of
research. Data sharing in this way is usually anonymised (so that you could not be
identifiad} but if we nesd to share identifizble informzation we will sesk vour consent for
this and ensure it is secure. ¥ou will be made aware then if the data is to be shared with
countries whose data protection laws differ to those of the UK and how we will protact
yvour confidentiality,

Although what vou sav to us is confidential, should you disclose anything to us which we
fesl puts you or anyone else at any rick, we may feel it necessary to report this to the
@ppropriate persons.

What will happen if I don't want to carry on with the study?

Your participation is voluntary and you are free to withdraw at any time, without giving
any reason, and without vour legal rights being affected. If you withdraw we will no longer
collect 2ny information about you or from you but we will keep the information about you
that we have already obtained as we are not allowed to tamper with study records and
thiz information may have already been used in some analyses and may still be used in
the final study anzlyses. To safeguard wour rights, we will use the minimum personally-
identifizble information possible.

What will happen to the results of the research study?

The findings frem this study may be submitted for publication to 2 relevant scientific
journzl and wider university publications. If you are interested in receiving a copy of the
published results, please notify one of the rezearchers either by email or when you
attend the focus group. Your identity will be kept confidentizl in any reports or
publications producad from this research.
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Who is organising and funding the research?
This research iz being organised by the University of Nottingham and is funded by the QR
Palicy Support Fund {University of Mottingham, Institute for Policy and Engagement].

Who has reviewed the study?

All research in hezlthcare is looked at by independent group of people, called a Ressarch
Ethics Committee, to protect your interests. This study has been reviewsd and given
favourzble opinion by School of Pharmacy Ressarch Ethics Committes.

Further information and contact details

Chief Investigator:

Prof Clive Roberts,

Chair of Pharmaceutical Nanotechnolegy,
School of Pharmacy.

Uniwersity of Nottingham

01159513101
Clive.roberts@neottingham.ac.uk

Ressarchers:

Or Matthew Boyd

Aszociate Professor in Patient Safety and Pharmacy Practice
School of Pharmacy.

Uniiversity of Mottingham

01159513081

Matthew.boyd @nottingham,.ac.uk

Mr Luke Szwyers

PhD Student

School of Pharmacy, Pharmacy Practice and Palicy,
Uniiversity of Mottingham,
Msxls17@nottingham.zc.uk

Prof Ricky Wildmamn

Professor of Multiphase Flow and Mechanics
Faculty of Enginsering

0115 8466893

Ricky wildmzan@neottingham.ac.uk

Or Martin Baumers

Aszociate Professor in Additive Manufacturing Managemeant
Faculty of Enginsering

0115 9513877

Martin.baumers@nottingham.ac.uk

Mrs Doz'z Ismail

PhD Student

School of Pharmacy

paxdil Bexmail.nottingham.ac.uk
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University of
Nottingham

CONSENT FORM

{Draft Version 0.1 / Final version 1.0: 07/03/2022)

Title of 3tudy: A Qualitative Exploration of Public Perspectives on the 30 Printing of
FPharmaceuticals

Name of Researchers: Clive Roberts, Matthew Boyd, Luke Sawyers, Doa'a Ismail,
Martin Baumers, Ricky Wildman.

Name of Participant: Please initial box
1. | confirm that | have read and understand the information sheet version number I:I
0.1 dated 07/03/2022 for the above study and have had the opportunity to ask

gquestions.

2. | understand that my participation is voluntary and that | am free to withdraw st
any time, without giving any reason, and withouwt my medical care or legal rights
being affected. | understand that should | withdraw then the information
collected so far cannct be erased and that this information may still be used in
the project analysis.

3. | understand that data collected in the study may be looked at by authorised
individuals from the University of Mottingham, the research group and
regulstory authorties where it i= relevant o my taking part in this study. | give
permission for these individuals to access this information and to collect, store,
analyse and publish information obtained from my participation in this study. |
understand that my personal detsils will be kept confidential.

4. | understand that the focus group will be recorded snd that anonymous direct I:I
quotes from the focus group may be used in the study reports.

5. | understand that the information collected about me will be used to support
other research in the future, and may be shared anonymously with other researchers.

G. | agree to take part in the above study.

Marme of Participant Date Signature

Marme of Person taking consent Date Signature

2 copies: 1 for partcipan and 1 for the project noes,
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4 Extrusion 3D Printing of Immediate Release Formulation

Upon understanding patient preferences concerning 3D printed medicine, this
was applied to the developed formulation. In this chapter, | will discuss the
development of lipid-based immediate release 3D printed tablets that enhance

the solubility of a poorly water soluble drug.

4.1 Introduction
4.1.1 Aim and objectives

The aim of this chapter is to enhance the solubility of felodipine through

inclusion in a polymeric-lipid solid dispersion.
Chapter objectives are:

- To implement extrusion 3D printing to produce a viable pharmaceutical solid

oral dosage form.
- Analytical analysis of the printed tablets.

4.1.2 Background

Lipophilicity and solubility are important features of a therapeutic compound
that gives an estimation of a drug’s journey within the body including
absorption and distribution [322]. Lipophilicity is associated with the partition
coefficient and usually expressed as log P [323]. Many newly developed small
molecules from drug discovery have poor aqueous solubility which affects the
final bioavailability and can require formulation enhanced approaches to

develop a viable medicine [324].
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As reviewed in Chapter 1, improving effective drug solubility is a major
pharmaceutical research topic. Solid dispersions and lipid carriers are widely
used to facilitate water solubility. Lipid-based formulation are usually
developed in a liquid or capsule-filled liquid form, which has many drawbacks
[325]. Implementation of new technology such as 3D printing as a
solidification technique for lipid-based formulation is hence attractive.
Combining the advantages that lipid solid dispersion brings with 3D printing
could move lipid-based formulations forward in their wider application in

pharmaceuticals.

Felodipine was selected as a model drug of poor aqueous solubility [326].
Gelucires and polyethylene glycols were used for enhancing solubility
properties [217, 232, 327]. Implementation of felodipine and selected
excipients in 3D printing has been discussed in section 1.7. Felodipine and
these materials have a low melting point and hence offer extrusion 3D printing
without the need for high temperatures that can degrade a drug. The
combination of different grades of gelucires and PEGs is widely investigated
in literature [225, 328-330].

Additionally, lipid carriers facilitate the absorption of poorly water soluble
drugs through selective lymphatic uptake [331], that was confirmed by
Iwanaga et al. [332]. They also added that longer alkyl chains of fatty acids
have a greater transfer of lipophilic compound to lymph than shorter alkyl

groups.
4.2 Materials

Felodipine was kindly provided by AstraZeneca. Gelucire® 44/14 (Lauroyl
Polyoxyl-32 glycerides) and Gelucire® 50/13 (Stearoyl polyoxyl-32 glycerides)
were generously supplied by Gattefossé (GATTEFOSSE UK). Kollisolv® 8000
(Polyethylene glycol 8000) and Kollisolv® 1450 (Polyethylene glycol 1450)

were gifted from BASF (BTC, Germany). Biorelevant dissolution media was
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purchased from Biorelevant.com Ltd. All other used chemicals were of high
chemical grade.

4.3 Methods
4.3.1 API solubility in excipients

The solubility of felodipine in excipients was tested by adding known amounts
of felodipine gradually to fixed amounts of each excipient under continuous
stirring and a suitable temperature. The potential of exceeding the solubility

limit was then determined visually.

Five milligrams of felodipine was added to 2 g of melted excipient (10°C
above melting point). After complete dissolving and reaching an equilibrium,
an equal amount of felodipine was added. This step was repeated until
precipitation occurred. The point immediately before precipitation was

recorded as the maximum or saturated solubility.

4.3.2 Ink preparation

To prepare the immediate release formulation all the excipients were weighed
and mixed in a glass vial and then melted together, apart from Gelucire®
44/14, which needed melting beforehand as recommended from the
manufacturer. The melting process was carried out in an oven at 75°C, 10°C
above the melting point of PEG 8000, the highest melting point of the
examined materials. After complete melting and addition of Gelucire® 44/14 (if
needed), the required amount of felodipine was added and stirred over
hotplate at the same temperature for 20-30 min to ensure equilibration of the
system. A temperature-controlled printhead was used for preliminary studies
and then switched to a thermoplastic one to better fit the experimental
purpose (consistent printing) (Figure 4.1). Ranges of temperature, nozzle and
cartridge materials and location of heating element within the printhead are
the main difference between the printheads. The temperature-controlled

printhead has a temperature range between 4- 65°C and uses a plastic nozzle
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and cartridge. While the thermoplastic printhead can heat from 50 °C to 250
°C with a stainless-steel nozzle and cartridge. The main problem using the
temperature controlled printhead is there is no temperature control of the
nozzle which hence persistently clogged, and a consistent filament was
difficult to achieve. This required increasing the temperature to maintain
consistent filament within the narrow nozzle. The prepared ink was transferred
to a plastic cartridge in a melted state when temperature-controlled printhead
was used, while in the case of thermoplastic printhead, the ink was allowed to

solidify at room temperature and then transferred to stainless steel cartridge.

Figure 4.1 Image of thermoplastic and temperature-controlled printheads
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4.3.3 Substrate optimization

For partially liquid ink deposition (i.e. the applied temperature does not melt
the ink fully), substrate optimization was essential to prevent spreading of the
ink over the substrate. A Drop Shape Analyzer DSA 100 (Kruss, Germany)
was used to determine the contact angles of the solidified printed formulation
droplet on selected substrates. A drop of prepared ink with 1 mm/sec print
speed was deposited on stainless steel, ceramic, glass, aluminium foil,
polyethylene terephthalate (PET), and polyethylene naphthalate (PEN). The
contact angle was then measured to identify the most suitable substrate to

print on, the criteria being to maintain printlet shape and avoid over spreading.

4.3.4 Printlet design

The software TinkerCAD® was used to create the required .stl file that
represents the printlet shape and external geometries (6 mm x 6 mm x 1.2
mm). | chose to print cylindrical shaped tablets, which are more preferred by
public as discussed previously in this thesis. A concentric, 35% infill pattern

was selected.

4.3.5 Extrusion 3D printing

A BIO X extrusion 3D printer (Cellink, Gothenburg, Sweden) was used. A
temperature controlled printhead was used in preliminary studies, and then
switched to a thermoplastic printhead to help ensure consistent filament
flowing without nozzle blockage. All formulations were printed at 50°C,
modification of the printbed temperature was applied, as specified, in some

experiments.

4.3.6 Printlet weight uniformity

Twenty printlets of the selected formulation were chosen, individually
weighed, and the average weight calculated along with relative standard
deviation (RSD%).
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4.3.7 Analytical Characterization

4.3.7.1 Thermogravimetric analysis (TGA)

TGA was conducted to determine whether the processing temperature (3D
printing) would result in the decomposition of API or other excipients. A TGA
4000 (PerkinElmer, Waltham, USA) was used. Samples of 5-15 mg of each
sample were weighed in the sample holder and placed in the instrument.
Samples were heated at 20 °C/min over a temperature range of 25 to 400 °C
under a nitrogen atmosphere at a 19 ml/min flow rate. The percentage of
weight loss was plotted against temperature.

4.3.7.2 Differential scanning calorimetry (DSC)

DSC was carried out to investigate if the 3D printing process and materials
combination has an effect on the thermal behaviour of felodipine and the
implemented excipients. A DSC Q2000 (TA instruments, USA) was used in
this study.

Five to ten mg samples of API, each excipient, and medicated formulation

were weighed in aluminium pans then covered with sealed lids.

Single ramp cycles were carried out for all samples. Samples were heated at
10 °C/min from 0° to 250 °C under a nitrogen environment at a 19 ml/min flow

rate.

4.3.7.3 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR analysis was used to explore possible interactions between the
formulation components or process related modification. A Carry 630 FTIR
(Agilent Technology, USA) was used to characterise the starting materials and

final products.

102



The samples were either a free flowing powder of the starting materials or a
part of printed tablet. A small amount of sample that covered the instrument
ATR crystal was pressed into conformal contact. The test was carried out at
room temperature with spectrum wavenumber range of 4000-700 cm with a

resolution of 2 cm using 64 scans.

4.3.7.4 X-ray powder diffraction (XRPD)

To differentiate the amorphous and crystalline state along with the degree of
crystallinity pXRD analysis was carried out using a Malvern PANIytical Xpert

MPD diffractometer (Malvern Panalytical, Malvern, UK).

Around 80 mg amount of each sample was placed in a Teflon sample holder
for testing. A CuKa source was used to scan at a voltage of 40 kV and current
of 40 mA. Automatic mode of Programmable Divergence Slits and
Programmable Anti-Scatter Slits were employed to complement the sample
length. A fixed mask coordinating the sample width and fixed 1° anti-scatter

slit were applied in the incident beam path.

Optical microscope with polarized light filter was used to identify the

crystallinity of pure API.

4.3.8 Drug release

4.3.8.1 Dissolution medium preparation

Biorelevant dissolution media was used to study the release profile of
immediate-release formulations containing felodipine. Biorelevant powder
contains a mixture of physiological surfactants such as bile salts and lecithin
that precisely simulate human Gl tract better than ordinary dissolution media.
Variable Gl conditions media could be prepared from the same powder
through mixing with specified excipients [333]. FaSSGF which represents the
fasted state of stomach and FaSSIF represents intestinal fasted state were

used as dissolution media.
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To prepare FaSSGF, | needed to separately prepare buffer by adding 2 g of
sodium chloride to 0.9 L of purified water. Adjust the pH to 1.6 using 1M
hydrochloric acid. Then complete to 1L with purified water at room
temperature. Mix 0.06 g of FaSSIF/FeSSIF/FaSSGF powder with 0.5 L of the
previously prepared buffer and stir until completely dissolved. Then make up
volume to 1 L with the same buffer at room temperature. Once the simulated
gastric media is prepared, it is ready to use and could be stored at room

temperature up to 48 hours.

For the first 30 minutes of dissolution, 450 ml of FaSSGF was used to
simulate gastric transient time. After 30 min, double strength of FaSSIF was
introduced to the media to get a total of 900 ml (Figure 4.2).

Since we are doing the dissolution on two stages, gastric and intestinal on the
same run, we need to prepare the FaSSIF as double strength to compensate
the effect of gastric to intestinal environment. Mixing up FaSSGF and double

strength FaSSIF would simulate the intestinal environment.

\\ FassGF ) \\ FassGF /|

N N4

_//.' -~
AN

at time zero at 30 min

Figure 4.2 Biorelevant dissolution media (2-stage dissolution). Dissolution
starts with FaSSGF for 30 minutes then double strength FaSSIF introduced to
get FaSSIF (BioRender)

FaSSIF preparation also request make-split buffer. To form this buffer, 0.84 g
of sodium hydroxide pellets, 7.9 g of monobasic sodium phosphate
monohydrate, and 10.38 g of sodium chloride were mixed with 0.9 L of

purified water. pH adjustment to 6.5 whenever needed with 1M sodium
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hydroxide or hydrochloric acid. Volume completed to 1 L with buffer at room

temperature.

It is obligatory from the manufacturer to let FaSSIF stand for two hours before

use. Moreover, it is stable at room temperature for 48 hours from preparation.

4.3.8.2 Dissolution studies

A USP dissolution apparatus (Distek Evolution 6100, North Brunswick,NJ)
was used. Type | was used for formulations and type 1l for Pure API (personal
communication, Quotient Sciences). The apparatus set to rotate 75 rpm at
37.0 £ 0.5 °C. Powder samples were mixed with 20 ml of dissolution media
(withdrawn form dissolution vessel) just before starting the experiment.
Aliquot samples of 5 ml were manually withdrawn, filtered and quenched with
an equal volume of acetonitrile (due to the low concentration). Samples were
taken at 10, 20, and 30 min of FaSSGF (stage 1). And 5,15,30,45, and 60 min
of FaSSIF (stage 2).

Ultraviolet (UV) spectrophotometry was tested and gave a good linearity
(50:50 Acetonitrile: FaSSIF), however, solubility determination of API in
dissolution media showed variable results. Further investigations
demonstrated interference of FaSSGF which makes UV method

inappropriate.

4.3.8.3 High performance liquid chromatography (HPLC)

A validated method of felodipine biorelevant dissolution was adopted
(personal communication, Quotient Sciences). An Agillent 1100 (Agilent
Technologies, Germany). Ascentis C18 column, 150 X 4.6 mm, 5 um ID. And
a column guard KrudKatcher ULTRA HPLC In-line Filter, 0.5 um Depth Filter x
0.004 in ID were used. The column was heated to 40° C. Isocratic mobile
phase consist of 2.5 : 2 : 1 Acetonitrile : Phosphate Buffer, pH 3.0 : Methanol

with a flow rate of 1.5 ml/min was introduce. The phosphate buffer was
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prepared by combining 6.9 g of sodium phosphate monobasic monohydrate
with 0.8 L of water. pH adjusted to pH 3 with phosphoric acid then volume
completed with water to 1 L. The injection volume was 100 pL for all samples
and each sample run for 10 min. Felodipine absorbance was measured at a A
max of 362 nm, bandwidth of 8 nm, slit <4 nm, and sampling rate of 2.5 Hz. A

stock solution of felodipine at a strength of 0.01 mg/ml was prepared.

4.4 Results and discussion
4.4.1 Solubility of felodipine in excipients

The solubility study revealed that up to 300, 230, 150 and 165 mg/g of
felodipine is soluble in Gelucire® 50/13, Gelucire® 44/14, PEG 8000 and PEG
1450 respectively (Table 4.1). Different drugs have variable solubilizing
efficiency in various materials. It was consistent that gelucires would solubilize
more drug than PEG, due to lipid constituent that lipophilic drugs are attracted
to. Lipids accounts the majority of gelucires composition, this can describe the
relatively high percent of a lipophilic drug; felodipine being more soluble in
excipients that have much lipophilic compounds. Gelucires gain their
amphiphilic characteristic from the PEG part, otherwise it would be described
as lipophilic. PEG, of polar and non-polar side chain, capacity of solubilizing a

lipophilic drug expected to be less.

Table 4.1 Felodipine maximum solubility in variable excipients of the

immediate release formulation

Excipient Temperature (°C)  Solubility (mg/g)
Gelucire® 44/14 53 230
Gelucire® 50/13 60 300
PEG 8000 70 150
PEG 1450 60 165
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4.4.2 Printability of excipients

Different ratios of excipients were tested for printability (Table 4.2), (Figure
4.3). Printed mixtures of PEG 8000 and Gelucire® 44/14 were observed to
visually separate upon cooling into two components, proposed to be the
different materials (Figure 4.4A). This is thought to be in part due to the
different melting points of 60 °C and 44 °C for PEG 8000 and Gelucire® 44/14
respectively as well as their respective hydrophilic and hydrophobic
properties. The solidification of PEG 8000 alone is shown in Figure 4.4B. As
described by Dordunoo et al., the rate of cooling, drug content together with
the PEG molecular weight affects the developed morphological form of PEG
melt solidification. The higher the molecular weight the more effect is seen,
along with increasing cooling rate can decrease the degree of crystallinity
[329]. As shown in Figure 4.4C, when a single layer was printed no sign of
separation occurred as the rate of cooling of a larger surface area was faster.
On an attempt to understand PEG solidification behaviour, different ratios of
PEG 8000 and Gelucire® 44/14 were melted together and then dropped over
a glass slide in the form of a large single drop (150 pl) or consequence
dripping of tiny drops (10 ul) using volumetric pipet (not printing). Application
of large droplet result in separation of the mixture, while smaller droplets and
solidify printed filament appear to be unified (Figure 4.5). That can be related
to surface area of contact with external environment of small droplets is much
higher than large one which allows very rapid cooling, and uneven cooling
rate between the core and shell in the large droplet. Movement of printlet
while printing was another issue presented when high PEG 8000 ratio was
used. At printing the third layer, the nozzle starts to dig the rough solid surface
of the printlet which result in movement of the printlet from its original printing

location, while printing continues from another origin (Figure 4.6).
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Table 4.2 Excipients ratios for different tested immediate release formulation

Gelucire® Gelucire® PEG Comments

44/14 50/13 1450
F1 1 1 - - Separation
F2 1 2 - - Over extruding (due to
low melting point of
Gelucire® 44/14)
F3 2 1 - - Printlet moves from origin

after 2" layer

F4 1 1 1 - High weight variability

F5 2 1 1 - Very fast solidification
result in nozzle digging
the printlet

F6 1 1 2 - Smooth printing/ high

weight variability

F7 1 2 1 - Smooth printing/ high

weight variability

F8 1 - 1 1 Partial nozzle obstruction
lead to weight variation

F9 1 1 - 1 | Separation

F10 1 1 1 1 | Smooth printing/ high
weight uniformity
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Figure 4.3 Images of Immediate-release formulations, A) F4 ,B) F5, C) F6 ,
D) F7

Figure 4.4 A) Observed material separation upon cooling of Gelucire® 44/14
and PEG8000 printed tablet, B) solidification pattern of PEG 8000 alone in a
vial, C) single layer printing of F3
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Single drop (150 pl) Drop by drop (10 pl)

Figure 4.5 Solidification behaviour of a mixture containing different ratios of
Gelucire® 44/14 and PEG 8000 (effect of droplet size), printing filament

appear in the red oval-shape.

Figure 4.6 Moving of printlet due to nozzle digging (red; original print, blue;

migrated print)

Adjustment of the printbed temperature was done by either increasing or
decreasing the temperature from ambient to minimize the effect of
solidification rate on solidification behaviour, however, separation was still
present in the final print when the temperature was increased (Figure 4.7) and
difficulty in printing due to nozzle touching the solid printed surface when
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temperature decreased from ambient. On basis of melting point, | hence
decided to include Gelucire® 50/13 in the formulation, which has a melting
point of 50 °C, intermediate between PEG 8000 and Gelucire® 44/14. To
retain the advantage of polymers and lipids and on an effort to maintain the
formulation stability | doubled the ratio of PEG 8000 relative to gelucires,
since PEG amorphous dispersion is more stable [334] and safer [335] than

gelucires.

Figure 4.7 Images of printlets with adjustment of printbed temperature. A)
Ambient temperature, B) 30 °C, C) 40 °C

Unfortunately, a significant weight variation together with visible phase
separation of some preparations was still an issue which affected the physical
appearance. This may lead to patient rejection, and from a pharmaceutical
view such separation might result in poor drug distribution within the printlet
and variability in dissolution. A lower melting point PEG was needed at this
point. Since PEG 1450 has a melting point relatively similar to Gelucire® 50/13
and between the melting points of Gelucire® 44/14 and PEG 8000, it was
selected. Melting point of an excipient can play a major role in printability. It
was noted that a slight change in printhead temperature could result in either
over spilling or nozzle blockage. Printing with Gelucire® 44/14 was very
challenging as it has a melting range much below 50°C, a temperature at
which the thermoplastic printhead cannot print. Adjusting ink composition was
hence needed. From a printability view, a ratio of 1:1:1:1 of each excipient
was selected to avoid phase separation, filament liquefaction and nozzle
blockage. Printing parameters used were as recorded in Table 4.3.
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Table 4.3 Immediate release formulation printing parameters using
thermoplastic printhead

Temperature 50 °C

Printing speed 5 mm/sec
Pressure 8 kPa
Nozzle size 0.4 mm
Printing pattern Concentric
Infill density 35-45%

From solubility studies, we had an estimation that the selected formulation
was capable of accommodating around 20% drug w/w (drug solubility in each
excipient/amount of excipient in formulation). Thus, drug loadings below and
above this value were examined. 40% w/w drug loading was difficult to print
as the viscosity of the ink increased and nozzle clogging was common,
together with signs of insolubility of the drug (as would be expected) were
visually detected. 16% w/w drug loading was printable; however, | choose
10% wi/w drug loading for further analysis for improved printability and to

ensure full solubility and avoid potential regions of drug super saturation.

Upon optimizing excipient ratios (1:1:1:1) and drug loading (10% w/w), printlet
geometries was tested at different diameter size and number of layers with a
target dose of 10 mg (highest usual dose of felodipine) in each tablet (Figure
4.8). The selected infill density was designed that each printed filament was
adjacent to the previously printed one to provide a solid print and to prevent

the effect of surface area increase that could affect the dissolution rate.
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Figure 4.8 3D printed immediate release tablets on stainless steel with
selected formulation (equal amount of each excipient, 10% w/w drug loading)

4.4.3 Substrate selection

Spreading of the melted formulation on printing substrate affects the final
shape of the printlet. This can be influenced by the substrate surface
properties on to which the printing takes place. | hence investigated the
contact angle of the formulation on suitable substrates. The higher the contact
angle the lower the surface energy, and the lower the spreadability [336].
Less spreadable inks lead to a more uniform printlet shape. The data in Table
4.4 demonstrates the contact angle of the optimized formulation on the
selected substrates. The ceramic showed the highest contact angle (Figure
4.9). However, ceramic was not selected as an optimum substrate, since the
droplet printed on ceramic and also on glass stuck very strongly and were
difficult to remove without damage. Roughness of the surface plays an
important role on sample adhesion [337]. Moreover, product finishing affects
the roughness of the surface subsequently [338]. Accordingly, the results
favour printing on stainless steel, as it has the second-highest contact angle

and the printlets were easily removed.
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Table 4.4 Measured contact angle of immediate release formulation on
different substrates

Substrate Contact angle(°)

Ceramic (high purity alumina) 144.3
Stainless steel (304) 125.6
Glass (glass slide) 112.3
Aluminium foil 92.1

PET 83.2

PEN 68.6

2.0 .8 °© .-

Figure 4.9 Ink droplet contact angle on: A) ceramic, B) stainless steel, C)
glass, D) aluminium foil, E) PET, F) PEN

4.4.4 Weight uniformity

The design dimensions were expected to print a 100 mg tablet. Multiple
dimensions were tested until the required weight reached. The calculated
average tablet weight of twenty tablets was 99.5 mg with an RSD% of 4.5
compared to USP (acceptance criteria 15% RSD) [339].
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4.4.5 Analytical Characterization

4451 TGA

TGA was done at a processing temperature range sufficient to investigate the
degradation temperature of the raw materials and the final formulation. The
results are in agreement with literature [340-344] with the mass decay of all
raw materials occurring at a much higher temperature than the printing
temperature. TGA shows the decomposition temperature of the formulation

and its raw ingredients represented in Table 4.5 and Figure 4.10.

Table 4.5 TGA of felodipine, raw materials and immediate release formulation

Material Decomposition temperature
(°C)
Felodipine 291
PEG 1450 330
PEG 8000 330
Gelucire® 44/14 310
Gelucire® 50/13 335
10% drug loaded formulation 333
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Figure 4.10 A)TGA of felodipine, Gelucire® 44/14, Gelucire® 50/13, PEG 8000,
PEG 1450 and immediate release formulation, B) Extrapolation of TGA
decomposition temperature.

4.45.2 DSC

Thermal analysis was done to reveal possible interactions between
formulation components and incompatibilities. All samples were tested in
duplicates. Endothermic peaks occurred at 44 °C, 49 °C, 47 °C, 62 °C, and
149 °C for Gelucire® 44/14, Gelucire® 50/13, PEG 1450, PEG 8000, and
felodipine respectively (Figure 4.11). This is in accordance with literature [211,
234, 345-347]. Smaller exothermic peaks were observed at 150 °C, 154 °C,
160 °C and 188 °C for PEG 8000, PEG 1450, Gelucire® 44/14, and Gelucire®
50/13 respectively, similar to that described by Leyva-Porras and co-workers
as crystallization peaks [348]. The drug loaded formulations showed a broad
peak in a range between 38 °C and 60 °C, which relates to gelucires and
polyethylene glycol with absence of felodipine peak and excipients exothermic
peaks. The absence of an API peak demonstrates the conversion of
felodipine to an amorphous or dispersed form and the absence of further

peaks indicates compatibility with other excipients. The lack of an expected
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felodipine characteristic crystalline peak in the high loaded formulation (40%)
is at first sight surprising, especially as seen later, XRPD indicates the
presence of crystals. This may indicate that the felodipine solubility increases
within the formulation with increasing the temperature during the DSC
experiment, as rate of heating is consider relatively slow (10 °C/min) which
may give drug crystals lattice to be disrupted and further dissolve in the

polymeric matrix [349].
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Figure 4.11 DSC analysis of felodipine, Gelucire® 44/14, Gelucire® 50/13,
PEG 8000, PEG 1450 and immediate release formulation of variable drug
loading (Exo-up)

4.45.3 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

FT-IR analysis was done to certify the chemical stability of felodipine after 3D
printing with the excipients. The data in Figure 4.12 displays the FT-IR
absorption spectra of pure felodipine, Gelucire® 44/14, Gelucire® 50/13, PEG
8000, PEG 1450, and the 3D printed formulation containing 10% felodipine.
Felodipine showed a peak at 3382 cm™ related to N-H stretching, ester C =O
at 1684 cm, and stretching of C-Cl at 724 cm™ [350]. Both Gelucire® 44/14
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and Gelucire® 50/13 share the same spectra characterized by OH stretching
(3667-2970 cm™), C-H (2963-2805 cm'?), C =0 stretching (1733 cm?), C =C
stretching (1630 cm™), C-O stretching (1098 cm™), C-H bending (959 cm),
C-C stretching (839 cm™), and C=C bending (710 cm). PEG 8000 spectra
showed a characteristic peak at 2867 cm™ corresponding to aliphatic C-H
stretching, and at 1125 cm related to C-O-H stretching vibrations. Indeed,
PEG 1450 showed similar IR spectra with partial shifting. This similarity was
also noted by Li et al. for variable molecular weights PEGs [351]. All the
discussed results are in agreement with literature [235, 350, 352]. For API
formulation, the spectra showed lower peak intensities than pure excipients
ones, as well as the disappearance of the felodipine peak at 3382 cm™. This
could be as a result of interactions between felodipine and formulation
excipients, and could be attributed to hydrogen bonding or overlapping of
analogue peaks related to the APl and excipients.
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Figure 4.12 FTIR analysis of felodipine, PEG 8000, PEG 1450, immediate

release printlet, Gelucire® 44/14 and Gelucire® 50/13

4.4.5.4 XRPD

XRPD of pure felodipine, the excipients (Gelucire® 44/14, Gelucire® 50/13,
PEG 8000 and PEG 1450) and felodipine printed optimized formulation was
done to inspect physical alteration of the APl upon formulation or/and printing
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(Figure 4.13). Felodipine diffractogram are equivalent to those known for
polymorph | [341], with sharp peaks present at 10.19°, 14.6°, 23.27°, 25.37°
and 26.45°. Furthermore, since all the implemented excipients (lipids and
PEGSs) are PEG based, they share the same characteristic peaks at 26= 19.3°
and 23.5° with some minor peaks distributed at variable diffraction angles
[353-356]. XRPD results of 10% felodipine loaded immediate release
formulation represent similar diffraction pattern to excipients which
demonstrate the stability of excipients on printing together with amorphisation
of felodipine. Higher drug loading printlets (16, 40 %), show a combination of
felodipine and excipients peaks, that proven that part of felodipine which
above the solubility limit is still crystalline. However, when the amount of
felodipine is within the solubility limits, felodipine sharp peaks was absent on
XRPD which reveal the conversion of crystalline felodipine into amorphous

structure.

40% formulation

—Gelucire 50/13

5 10 15 20 25 30 35 40
Theta (°)

Figure 4.13 X-ray diffractogram of felodipine, Gelucire® 44/14, Gelucire®
50/13, PEG 8000, and variable felodipine loaded immediate release

formulations
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4.4.6 Drug release studies

The drug release rate from the printed formulations over the first thirty minutes
was relatively slow. This is due to poor solubility of felodipine in acidic media
[212], however, once the media was changed to alkaline at 30 minutes, the
release rate increased from 22% to almost 50% after a further 5 minutes. The
pure API control also showed an identifiable increase in the release rate upon
media change. This is similar to the results of Abrahamsson et al. showing
that the basic environment of the intestine is the major site for release and
hence subsequent absorption of felodipine [357]. However, Bhole and Patil
revealed opposite results in their solubility testing using felodipine with PEG
6000 and PVA. They found that felodipine is more soluble at pH 1.2 than 6.8.
However, dissolution testing gave similar results at both pHs [358].

Upon comparison with pure felodipine, the developed formulation showed a
significant increase in the effective solubility of felodipine (Figure 4.14). Where
it reaches 90% at the end of study (90 min), while the percent solubilized with

pure felodipine was below 20%.
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Figure 4.14 Release profile of immediate release formulation and pure
felodipine (n=3) (media changed after 30 min from simulated gastric to

intestinal media)

Thus, the significant escalation in drug release of the printed tablets is a
consequence of inclusion into polymeric-lipid formulation, showing that
gelucires and PEGs were able to solubilize the poorly water soluble active.
Polymers interact with drugs and affect their physical properties. The PEG
monomer contains both polar and non-polar groups, which make them able to
build various bonds with drugs [359]. Felodipine has five hydrogen bond
acceptor sites and one hydrogen donor site that reflect possibility of a single
molecule of felodipine forming six hydrogen bonds with the polymer [360].
Teberekidis and Sigalas confirmed the presence of hydrogen bonding
between the nitrogen atom of felodipine with oxygen in PEG [361]. Hydrogen
bonding between felodipine and excipients in this study has been proven by
FTIR and pXRD at low drug loading when specific felodipine peak
disappeared. Moreover, it has been reported that hydrophilic polymers
facilitate drug solubility by acting with water. Upon similar reaction, drug-drug
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interaction weakens and polymer-drug interaction increases, which result in
solubility enhancement [362]. Indeed, the existence of gelucire which act as a
wetting agent, synergizes PEG (hydrophilic polymer) solubilisation of
felodipine which reflected by dramatic increase of felodipine solubility

compared to pure API.

45 Conclusions

Polymeric-lipid formulation was produced via extrusion 3D printing to enhance
the solubility of felodipine, a poorly water soluble drug in an immediate
release form. Lipophilic excipients showed higher solubilizing capacity than
hydrophilic ones for a lipophilic drug. Since polymer solidification behaviour
influences final printlet appearance, proper selection of materials and their
ratios together with rate of cooling adjustment is necessary in heat-based
processes to avoid phase separation and further product rejection. In addition,
surface properties and roughness of the surface being printed on plays a
major role in droplet shape and degree of contact. The selection of an optimal
surface for printing, stainless steel here, is essential to maintain printlet shape
and geometries. Furthermore, Identification of material decomposition
temperature is crucial when using temperature-based processes to avoid loss
of activity of APl and excipients after printing. Moreover, signal peaks
overlapping between materials and concentration below detection limits of
instrument are limitations of analytical techniques commonly used (DSC,
XRPD etc). On the whole, the developed formulation showed significant
increase in felodipine dissolution compared to pure felodipine especially in
alkaline media. Besides, 3D printing of polymeric-lipid in an oral solid dosage
form is suitable for enhancing the effective solubility of a poorly water soluble

drug.
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5 Development of sustained release formulations, analytical

characterisation, and stability analysis

With the achieved immediate release formulation, | went on to develop lipid-
based sustained release formulations, as felodipine is usually manufactured

as a sustained release single daily dose.

5.1 Introduction
5.1.1 Aim and objectives

This chapter aims to enhance the effective solubility of felodipine through
inclusion in a lipid solid dispersion.

The objectives of this chapter are as follow:

- To produce 3D printed formulation that can deliver felodipine in a sustained

release manner.
- To determine the stability of the developed formulations.

5.1.2 Background

As previously mentioned, solubility of active ingredients is directly related to
bioavailability. With more than half of newly synthesised small molecules
having poor aqueous solubility [363], various solubility enhancing techniques

are used in pharmaceutical development.

3D printing of pharmaceuticals is an emerging technology that provides
potential innovative solutions to patients and industry. Personalised therapy
can be achieved in 3DP through designing versatile release profile and dose
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adjustment. Moreover, 3D printing could benefit new drug development and
early stage clinical trials, through ease of scalability [167].

Physical and chemical properties of materials (active/non-active) impact
stability [364]. Proper selection of excipients is hence essential at early
formulation development guided by estimation of potential incompatibility and
interactions. Despite the effectiveness of lipid-based excipients in enhancing
drug solubility, there are currently limited products available in the market due

to their relative physical instability [365].

In this chapter | will discuss the development of sustained release lipid-based
oral formulations to enhance the solubility of poorly water soluble compound -
felodipine- via extrusion 3D printing. Subsequent chemical and physical
analysis of the developed formulations and stability assessment will be carried

out.

5.2 Materials

Felodipine was kindly provided by AstraZeneca. Gelucire® 50/13 (Stearoyl
polyoxyl-32 glycerides) and Precirol® ATO 5 (Glyceryl distearate) were
generously supplied by Gattefossé (GATTEFOSSE UK). All other used
chemicals were of high chemical grade ((Fisher scientific, UK), (Sigma
Aldrich, UK)).

5.3 Methods
5.3.1 Materials selection

Gelucire® 50/13 was selected for its solubility enhancing properties, relatively
high melting point (compared to other gelucires) which facilitates delayed
release and printability. Moreover, Precirol® ATO5 was chosen as it acts as a
matrix to sustain drug release, also it has suitable melting point in relation to
Gelucire® 50/13, together with other characteristic such as taste masking (not
tested in this study).
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The combination of the two materials are used by Quotient Sciences, typically
in a ratio of 8:2 Gelucire® 50/13: Precirol® ATO5.

5.3.2 API solubility in excipients

Five milligrams of felodipine were added steadily to two grams of each
excipient separately. Precipitation was then assessed visually. The maximum
amount of felodipine before precipitation was assigned as the maximum

solubility point. Further details are available in 4.3.1.

5.3.3 Ink preparation

In a glass vial, excipients were melted together after weighing in an oven at
75° C. Once in the fully molten state, felodipine was added and stirred over a
hotplate for 30 min at the same temperature. When the formulation reached
equilibrium (homogeneously mixed), it was allowed to re-solidify at room

temperature before transferring to the printer stainless steel cartridge.

5.3.4 Printlet design

TinkerCAD® was used to create .stl file that represent printlet shape and
required external geometries (7 mm x 7 mm x 2.3 mm) for 2.5% and 10% w/w
drug loaded formulations. Cylindrical shaped tablets were chosen to be
printed here as it has the most preference by public as mentioned before in
this thesis (3.4.2.3). A concentric, 35- 45% infill pattern was selected. Variable
infill densities were chosen depending on the viscosity/degree of melting

behaviour of variable formulations.

5.3.5 Extrusion 3D printing

A BIO X extrusion 3D printer (Cellink, Gothenburg, Sweden) was used to
prepare sustained release formulations. A thermoplastic printhead was used
for all prints of this chapter. The printhead was set at 50 °C and printbed

temperature was at ambient.
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5.3.6 Printlet weight uniformity

Ten printlets of each formulation were selected, individually weighed, the

average weight calculated along with relative standard deviation (RSD%).

5.3.7 Characterisation

5.3.7.1 Differential scanning calorimetry (DSC)

A PerkinElmer DSC 8000 was employed for DSC thermal analysis. Thermal
analysis was conducted to assess thermal stability of formulation components

upon preparation and printing.

Samples of 5-10 mg of the developed formulations, or raw materials controls
were placed in a suitable sealed aluminium sample holder for analysis. Ramp
and heat-cool-heat cycles were carried out for different samples under the
same heating rate; 10 °C/min from 0° to 250 °C, the cooling rate was set at 20

°C/min, under nitrogen atmosphere of 19 ml/min flow.

5.3.7.2 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

See 4.3.7.3.

5.3.7.3 X-ray powder diffraction (XRPD)

See 4.3.7.4.

5.3.7.4 Scanning Electron Microscopy (SEM)

SEM was performed on the final printlets to ascertain their surface

morphology.

Pre-cut printlets were placed on a double-sided sticky disc, covered by
Carbone. These were then coated with a thin gold layer using a Sputter
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Coater (108 Manual Sputter Coater, Ted Pella, ink., Redding, CA, USA). The
coating process took 90 sec with a current of 26 — 29 mA, and 0.06 mbar

pressure in an argon environment.

The coated samples were fixed in a SEM sample holder after adjusting the
height. Images were taken using a TM3030 microscope (Hitachi, Tokyo,
Japan). SEM studies were carried out under an accelerating voltage of 15 kV.

Magnification of focus, contrast, and brightness adjusted as needed.

5.3.8 Friability test

Friability testing was done using a Copley Friability tester FRV 2000 (Copley
Scientific Limited, UK). Ten previously weighted tablets were placed in the
apparatus and subjected to roll 25 rpm for 4 min in total of 100 rounds. Dust
was then brushed away from the tablets. Tablets were reweighed. The
percentage of weight loss was calculated, and friability was determined.

5.3.9 Drug release

5.3.9.1 Dissolution medium preparation

In order to prepare 5 L of dissolution media, 24.71 g of monobasic sodium
phosphate monohydrate, 13.91 g of dibasic sodium phosphate anhydrous,
and 50 g of sodium lauryl sulfate were dissolved in 4 L of water. The pH was

then adjusted to 6.5 using sodium hydroxide, and the volume made up to 5L.

5.3.9.2 In-vitro drug release

A type | USP apparatus was used for printed formulations and marketed
product, and a type Il USP apparatus was used in the dissolution of pure API
and physical mixture (in powder form) (personal communication, Quotient
Sciences). Dissolution media of 500 ml rotated at 50 rpm at 37.0 £ 0.5 °C.
Samples of 1.5 ml were automatically sampled by (Eclipse 5300, Distek, NC)
at0.25,0.5,1, 2,4, 8, 10, 12, 16, 18, and 24 hours. An extra hour of infinite
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run at 250 rpm was conducted to further asses the total tablet drug content.
Samples were filtered through 45 pL Ultra High Molecular Weight (UHMW)
Polyethylene cannula (Dissolution Accessories, Netherlands), before filling to
HPLC vial.

5.3.9.3 High performance liquid chromatography (HPLC)

See 4.3.8.3.

5.3.10 Stability study

Stability studies were conducted under two conditions; room temperature RH
= 0% for long term studies (up to 12 months), and accelerated conditions at
37 £1 °C and RH = 75% for shorter term studies (3 months). The effect of
aging at room temperature was studied in multiple sustained release
formulations, while the accelerated stability was carried out on a selected
formulation (8:2 Gelucire® 50/13: Precirol® ATO5, 10% felodipine). DSC,
FTIR, XRPD, SEM/EDS, optical microscopy, Raman and dissolution testing
were used to identify stability issues in the samples. Samples were stored in
closed glass vials in a desiccator for the long term stability, while for short
term stability study samples were kept in an open petri dish inside a closed
container of 75% RH in a temperature controlled oven. Analysing interval of
samples under accelerated conditions was carried out at day 1, day 2, day 3,
day7, day 14, 1 month, 2 months and 3 months. A Day 0 test was also done
using variable techniques to confirm the amorphisity of the formulation and to

be used as a control reference to tested samples.

The software OriginPro® was used to plot data.

5.3.10.1 Optical microscopy

A Nikon Optical Microscope (Eclipse LV100ND) fitted with polarising filters
and connected with Nikon digital sight DS-Fi2 camera, with up to 100X
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magnification was used for optical examination. Printlets were mounted on a

glass slide and examined under both polarised and non-polarised light.

5.3.10.2 Scanning Electron Microscopy (SEM)/ Energy Dispersive
Spectroscopy (EDS)

EDS samples were carbon coated using a Quorum Q150R ES coater
(Quorum, UK), at 15 kV, with a working distance of 10 mm by Philips XL 30
(Philips, Japan), Jeol JSM.6490LV (SEM, JEOL Ltd., Japan), and Quanta 650
(FEI, USA). Many instruments were used due to machine availability at testing

time.

EDS samples were run by Miss. Lorelei Robertson (nmRC, University of

Nottingham).

5.3.10.3 Raman

Micro Raman spectroscopy was performed using a HORIBA LabRAM HR
Raman microscope (Kyoto, Japan). Spectra were acquired using a 785 nm
laser, a 100x objective, and a 200 um confocal pinhole. To simultaneously
scan a range of Raman shifts, a 300 lines mm-! rotatable diffraction grating
along a path length of 800 mm was employed. Spectra were detected using a
Synapse CCD detector (1024 pixels) thermoelectrically cooled to —60 °C.
Before spectra collection, the instrument was calibrated using the zero-order
line and a standard Si (100) reference band at 520.7 cm™*. The spectral

resolution is better than 1.7 cm in this configuration.

Single point spectra of the references were collected over the range 100-4000
cm? (4 spectral windows) with an acquisition time of 5-30 seconds and 2

accumulations to automatically remove artefacts, e.g., cosmic rays.

Multispectral images were collected from areas 100x100 pm and 250x250 pm

in 2 um steps (2,601 and 15,876 spectra, respectively) over the range 405-
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1725 cm? (1 spectral window) with an acquisition time of 0.5 seconds and 1
accumulation. The focal plane was maintained by autofocussing using the
optical image collected with ViewSharp™ and Mosaic functions. Spectra were
despiked using the Despike algorithm within Labspec 6.5 software. False
colour images were generated using univariate analysis by plotting the
intensity (as peak height) of peaks associated with the APl (1590-1675 cm™)
and excipients (1050-1085 cm™?).

Raman data was collected and analysed by Dr. Graham Rance (hmRC,

University of Nottingham).

5.4 Results and Discussion
5.4.1 Solubility of felodipine in excipients

Solubility analysis revealed that 1 g of each Gelucire® 50/13 and Precirol®
ATO 5 is capable of solubilising 300 mg and 30 mg of felodipine respectively.
Such results were anticipated as gelucire is intended to work as a solubiliser

and drug carrier, while precirol is a release modifier [366].

Five different formulations were developed by altering excipients ratios and
drug loading (Table 5.1) to explore the effect of materials ratio on release rate
and degree of solubility enhancement. All formulations were printed using the
same printing parameters (Figure 5.1), namely a nozzle size of 0.4 mm
diameter, printed at 8 kPa pressure, with a 5mm/sec speed. The printhead
temperature was set at 50 °C, while the printbed was at room temperature (19
+1° C).
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Table 5.1 Sustained release formulation compositions

Precirol ATO5

Felodipine 2 Gelucire 50/13 °

F1 10 8 2
F2 10 7 3
F3 10 9 1
F4 10 5 5
F5 2.5 8 2

a Percent w/w,? Part

Figure 5.1 Example images of sustained release printed tablet (F1)

5.4.2 Tablet weight uniformity

Table 5.2 Summarises the calculated printlet uniformity of weight for five
developed sustained release formulations. All printed developed formulations
were within the limits of the British Pharmacopeia of tablets 80-250 mg
(%deviation < 7.5) [367].
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Table 5.2 Uniformity of weight of printed tablets of different formulation,
average weight (mg) and RSD (%) (n=10)

Average

weight
F1 103.1 3.69
F2 97.5 5.52
F3 102.3 4.44
F4 100.7 5.61
F5 100.1 6.17

5.4.3 Characterisation

5.4.3.1 Differential scanning calorimetry (DSC)

Thermal analysis was done to examine possible changes of state and
interactions between felodipine and excipients. Sharp characteristic peaks of
felodipine, gelucire and precirol melting points appeared at 145°C, 51°C and
60°C respectively (Figure 5.2). The felodipine melting peak is similar to
literature representing form | which is used in marketed products as it is the
most stable form [213, 368, 369]. Both excipients have a melting range rather
than a sharp peak. Different batches might have slightly different melting point
ranges since the used excipients are a mixture of multiple components
together with the mono-, di-, tri-esters of specific oils [199, 370-372]. The
various formulations show broad endothermic peaks related to gelucire and
precirol between 30°C and 63° C (Figure 5.3). The shape of the peaks differs
in each formulation in relation to materials ratio change. Date et al. have
discussed equivalent findings when using a combination of gelucire and
precirol as a lipid nanocarrier [373]. They describe a physical interaction

between the two excipients that results in different peak shape [373].
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Felodipine characteristic melting peak was absent in all the developed
formulations, consistent with an effective dispersion of felodipine within
formulations or conversion into an amorphous state, at least below the

detectable limit of DSC (reported as approximately 1 to 5% w/w [374]).
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Figure 5.2 DSC of Felodipine, Gelucire® 50/13, and Precirol® ATO 5 (Exo-up)
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Figure 5.3 DSC of Felodipine, F1, F2, F3, F4 and F5 (Exo-up)
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5.4.3.2 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

The corresponding FTIR spectra of felodipine, Gelucire® 50/13 and precirol
were reflective to literature [178, 200, 330] with no detectable shift in the
wavenumber of relevant peaks of raw materials or formulations (Figure
S5.26). For the prepared formulations there is an overlap between the
felodipine and formulation excipients in most peaks, however, a single peak
which appears at around 3371cm related to N-H stretching unique to
felodipine can be identified. All freshly printed five formulations did not show
this peak which was present in pure felodipine sample (Figure 5.4). Even
though F5 has a low felodipine concentration that is possibly below the limit of
detection of the instrument, the consistency of absence of felodipine peak in
all other formulations supports the reliability of the results. This suggested
hydrogen bond formation between felodipine and the polymer matrix as both
have multiple hydrogen acceptor/donor sites, together with dispersion of

felodipine within the matrix.
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5.4.3.3 X-ray powder diffraction (XRPD)

Solid-state characterisation of felodipine and other excipients were tested
before and after incorporation to the formulations. The XRPD diffractograms
(Figure 5.5) show a sharp intense peaks of felodipine at theta 10.3°, 16.53°
and 23.15° as stated in literature (Figure S5.27) [215, 375, 376]. The peak at
23.15° from felodipine was not able to be seen in the formulation data, as an
overlap with the excipient peaks occurred. Fresh samples of F1, F2, and F3
demonstrated the absence of a felodipine characteristic peak at 16.5° and a
decrease in the intensity of the peak at 10.3°. Moreover, F4 and F5
diffractograms show the absence of all felodipine characteristic peaks. The
lower drug concentration in F5 is probably the most relevant cause for the
absence of felodipine peak, while in F4 with a relatively high amount of
precirol might interact with the high proportion of felodipine to inhibit
crystallisation. Alternatively, such results could be because of conversion of
felodipine to an amorphous state (partial) or ordered material being below the

detection limit of the technique [374].
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5.4.3.4 Scanning Electron Microscopy (SEM)

The topology of the printed formulations was examined by SEM (Figure 5.6).
The internal cross-section displays an arrangement of layers over each other.
Moreover, the external side view shows the number of printed layers,
however, in certain prints when the extrusion was rapid, the external side
shows double the number of expected layers. This could be related to the
force required to print at speed and the lamination of a new layer before the
latest is dry. Nonetheless, such behaviour did not affect printlet physical
characteristics as it has similar weight and dimensions. The top and bottom
faces showed the printing pattern. The underside view appears smooth as a
result of printing on to a flat substrate, with minor gaps related to the filling
pattern of printing. The top surface was affected by nozzle movement together
with the effect of solidification in contact to with ambient environment. Similar
behaviour can be seen within the internal structure of the printed object,
however, printing a new layer before the previous fully solidify minimise such
effect. Some cracks at the edges resulted from cavitation of the printing

filament which can appear at any part of the print.
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A D96 x150 500 um

A D10.0x250 300 um

Figure 5.6 SEM of a freshly printed tablet; A) top view (F1), B) bottom view
(F1), C) internal section (F3), D) external view (F1) (exact number of printed
layers), F) external view (effect of lamination of layers that visually appear as

extra number of layers) (F2)

5.4.4 Friability study

Friability testing was done on the F1 (8:2) formulation as a limited number of
printed tablets of other formulations was available. The tested samples had a
friability weight loss of 0.66 % (Table S5.6), below the 1% that is within the
acceptable limit according to USP [377].

5.4.5 Drug release

Drug release was assessed for the five different formulations (Figure 5.7). All
formulations exhibited sustained release of felodipine over 24 hours as
required. The initial release (around 30%) in the first two hours is proposed to
be a result of self-emulsification from the gelucire that present on the surface
and partial melting at physiological temperature allowing more drug to be
available. As described earlier, gelucire has a melting range of 30-60 °C,
when the constituent part that melts at the lower temperature at the surface is
exhausted lower release rate is proposed to take place by diffusion of the
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drug from the matrix. Moreover, Gattefosse, the excipients manufacturer
states that drug release from lipophilic matrices occur by diffusion effect solely
and swelling is not a mechanism of its release (unless otherwise stated)

(personal communication, Gattefosse).

The amount of felodipine in an individual tablet tested for drug release was
from the feed stock ink after establishing each tablet weight.
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Figure 5.7 Cumulative drug release from sustained release formulations (n=3)

All formulations showed 100% or close to 100% drug release, excluding F4
that contains more precirol — a known release inhibitor material [378]. The
release profiles can be attributed to felodipine partitioning towards gelucire
than precirol as it is more soluble in gelucire as described in 5.4.1, along with
ability of additional gelucire to self-emulsify in high gelucire ratio formulations
that increases the felodipine solubility [379]. Nonetheless, part of the tablets
remain intact at the end of 24 hours release in the form of a creamy semi-solid
matrix, mostly it is proposed to be related to precirol, having lower erosion rate
[380]. This remaining part can hold an amount of felodipine entrapped with the

precirol and therefore does not release to the media.
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Statistically, a significance difference in cumulative felodipine release between
F3 and F4 was shown (p = 0.0352); owning to the highest and lowest percent
of gelucire respectively. This demonstrates an enhancement of the rate of
drug release with increasing Gelucire® 50/13 content, consistent with literature
[217, 371, 375, 381]. However, in contrast to a published in vitro study, drug
release rate decreased when the amount of Gelucire® 50/13 was increased
for a hydrophilic drug [382]. Mohsin et al. defined the need of a substantial
guantity of Gelucire® 50/13 alone or in mixture with other lipophilic excipients
in order to retain sustain release delivery of a water soluble drug [382]. This
could be due to the relatively high melting point of Gelucire® 50/13 that needs
much time to dissolve in the physiological temperature, and hydrophilic drug

portioning toward hydrophilic polymer (PEG 6000 in that study).

Moreover, a statistically significant result was also revealed between
formulations having different felodipine concentrations in the cumulative
amount released of felodipine (p = 0.0415) (Figure 5.8). Decreasing the
amount of felodipine resulted in increasing the total percentage released
felodipine. With a high drug loading of 15% (beyond the measured solubility
limit), felodipine would tend to be present in an ordered and ultimately crystal
form, consequentially decreasing the amount released due to poor solubility of
the crystalline form. However, at lower drug loading, felodipine is dispersed
within the matrix and is hence available in an effectively more soluble form.
Moreover, increasing drug loading even though below the solubility limit can
result in particles agglomeration that decrease drug solubility (as shown in

10% loaded formulation vs. 2.5%).
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Figure 5.8 Felodipine release from sustained release formulations (effect of
drug loading on the release) (n=3)

There were no significant differences in drug release between F1, F2 and F3
when minor changes in excipients ratio were made. F1 was selected as

representative for further investigation.

A physical mixture containing the same amount and ratio of constituents as
F1 was compared with the pure APl and F1 in drug release (Figure 5.9).
During the first 4 hours, the printed F1 formulation releases the drug slower
than pure API and the physical mixture. This is proposed to be because the
printed formulation is in a compact matrix rather than a free powder with a
higher surface area, where in printed tablets precirol plays a role in hindering
the release of felodipine. Nonetheless, the release from the printed tablet was
superior to physical mixture and pure API after 10 hours of dissolution and
afterward. This change is due to depletion of apparently solubilised felodipine
in powder forms at this time point. Moreover, since pure felodipine is poorly

water soluble and not dispersed within the PM, the solubility is limited.
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However, in printed tablet, controlled diffusion of felodipine take place by the
effect of dispersion and release modification through the matrix affected by
precirol. Another observation is that the release rate of the physical mixture
and pure felodipine appear to have a similar pattern despite the physical
mixture having a higher release rate due to the effect of gelucire in the system
which acts as an emulsifier. In the physical mixture, felodipine presents as a
free powder without matrix inhibition as APl is not dispersed in the excipients
matrix, while the presence of the excipients within the mixture promotes

felodipine solubility.
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Figure 5.9 Comparison of release profile of F1, physical mixture (same
composition to F1), and pure API (n=3)

Marketed drug product contains the same amount of active drug (10
mg/tablet) as in printed formulations was tested using the same method
(Figure 5.10). The developed bespoke formulations represent faster release in
the first 8 hours, however, both were within the acceptable limits of USP for

sustained release felodipine formula (Table 5.3) [289]. Though, there was no
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felodipine lipidic formula available in the market, that makes the comparison

vague.
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Figure 5.10 Comparison of release profile of felodipine marketed product and
F1 (n=3)

Table 5.3 USP acceptance limits of felodipine labelled amount from extended
release tablet at specified time [289]

Time (hours) Amount dissolved %

2 10- 30
6 42- 68
10 275
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5.4.6 Release kinetics

The obtained data of drug release were fitted using zero order, first order,
Higuchi, Koresmeyer-Peppas, and Hixson-Crowell models to investigate
felodipine kinetics of release from various formulations. Drug release in zero-
order release only depends on time, where a constant release continues
without any effect of drug concentration. Zero-order can be achieved
ordinarily by tablet coating, osmosis of formulation core surrounded by a
membrane, matrix (slab) that rely on erosion for drug release and transdermal
systems [383, 384]. In first-order release, the release of drug depends on the
drug concentration. Porous matrices that hold water soluble ingredient
represent an example of formulations able to have first-order release [383,
385]. The Higuchi equation was initially developed to quantify drug release
from an ointment film and was later applied to many other controlled release
delivery systems [383]. A direct relationship between cumulative drug release
and square root of time based on a pseudo-steady-state approach is
described in the Higuchi model. Various assumptions have been made in
order to use Higuchi model that relies on drug solubility, unidirectional
diffusion, dosage form thickness, matrix dissolution, drug diffusion and sink
condition [383, 386]. Koresmeyer-Peppas is termed as a Power Law
relationship to drug release as function of time and was established
specifically for drug release from polymers [383]. Koresmeyer-Peppas is
considered to be suitable when multiple release phenomenon are expected.
The release behaviour can be classified as Fickian (n= 0.5) (diffusion-based
release) or non-Fickian model (0.5 < n < 1)(polymer swelling, combination of
diffusion and swelling) depending on the value of the exponent of release
mechanism (n) in function of time [383, 387, 388]. Lastly, Hixson-Crowell
found a relation between particle area and its volume. They described the
dissolution of solid dosage form that take place in layers parallel to the
surface, while the dosage form preserves its geometries. According to particle
surface factors the dissolution will be affected, constant for regular shaped
particles (sphere and cubic), while deviation appear for irregular ones. Hixson-

Crowell model assumes that drug release does not take place by diffusion
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(movement of particles according to concentration gradient), but with
dissolution velocity (capacity of solvent to move solute molecules apart) [383,
389].

Data fitting to kinetics models gave many indications of drug release pattern
of various formulations (Table 5.4) (Figure S5.28). F1, F2 and F3 (of relatively
similar constituents) showed comparable correlation coefficient (R?) on all
models, except for zero-order (will be discuss later). F4 best fitted first-order,
Higuchi and Koresmeyer-Peppas. While F5 which has lower drug loading best
fitted Koresmeyer-Peppas and zero order. Furthermore, all non-fitted data had
an R220.92. Additionally, the marketed product best fit is zero-order.

From this study results, it was observed that the excipients and their
combination together with the process of 3D printing have yielded multiple
release mechanisms that vary subtly with composition. For zero-order drug
release, an increase of correlation coefficient (R?) was observed with
decreasing Precirol® ATO5 concentration in different formulations. This is due
to precirol main action as a drug release modulator. The high proportion of
glyceride (lipophilic material) in precirol minimises the amount of penetrated
dissolution media to the matrix, which in turn reduces drug release [390]. A
zero-order release is recommended for a sustained release drug delivery

system to gain a stable release over the time [391].

From exploring data fitted to the first-order model, low drug loading appears to
not fit this model, as the release is mainly dependent on the matrix effect

rather than drug concentration.

Based on Higuchi model assumptions, | believe that the assumption of
constant drug diffusion most applies in the printed formulations. The 10%
loaded formulations fitted this model better than 2.5% (0.996 vs. 0.986
respectively). When considerable amount of drug is available it releases

constantly, while when a lesser amount of drug is within the formulation the

147



release will be slower, showing that the concept of a matrix dissolution effect
rather than amount of drug is the primary control of the release pattern.

All five printed formulation fit the Koresmeyer-Peppas model. This was
expected from various release mechanisms of lipid matrixes reported in
literature (self-emulsification, diffusion, and erosion) [392-394]. Since the
tested tablets were cylindrical in shape, together with recorded (n) value in
Korsmeyer-Peppas was between 0.5 and 1, the release of felodipine from the
formulation followed anomalous non-Fickian transport. The release
mechanism is a combination of comparable rates of diffusion and self-
emulsification. Time-dependant anomalous effects are result of simultaneous

diffusion and slow polymeric chain rearrangement [383].

Assuming all formulations have the same composition (materials) and printed
under the same condition (temperature, pressure, speed), variable fitting to
Hixson-Crowell model was not expected. Nevertheless, the concept of
dissolution velocity might be applied for the high drug loaded system with
more gelucire (e.g. F3) where the release appears to be faster due to the high

amount of drug (10%) and easier drug escaping from this matrix.
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F4
1:1
10mg

F5

8:2 2.5mg

Table 5.4 Kinetic models fit of felodipine release from freshly printed sustained release formulations

Marketed 10mg

Zero order y =7.3565x + 8.8728 'y =8.0753x +10.712 |y= y = y =9.4157x + |y =8.1582x - 3.4907
8.6124x | 6.6106x | 6.8192
+8.753 | +
9.9637
R2 0.9782 0.9687 0.9798 | 0.9619 | 0.9935 0.9989
First order y =-0.0641x + 1.9903  y =-0.0823x + 1.9965 |y = - y=- y =-0.1395x |y =-0.0645x + 2.0515
0.095x | 0.0523x | +2.0948
+ +
2.0218 | 1.9732
R2 0.9974 0.998 0.9901 | 0.9956 | 0.9248 0.9773
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_ 0.9962 0.9982 0.9968 | 0.9967 | 0.9862 0.9627

0.9966 0.997 0.9989 | 0.9978 | 0.9966 0.9202

R2 0.9977 0.9983 0.9996 | 0.988 0.9803 0.9902

150



5.4.7 Stability studies

Stability studies were carried out to investigate the effect of time and variable
storage conditions on the stability of formulations. It is known that lipids are
prone to oxidation and blooming (lipid crystallisation) [395, 396]. The blooming
effect associated with storage of soft lipids is attributed to migration of lipid
toward a surface, which in turn increases drug release due to increases in the
effective surface area of flake-like lipid crystals [395, 397]. Blooming of
gelucire has been confirmed by SEM, where cracks appeared in the surface
and resulted in dissolution enhancement by allowing dissolution media to
penetrate easily [398]. There is a debate regarding lipid matrices on whether
they undergo polymorphic changes [392, 393], or physical modifications and
rearrangements [396, 397, 399, 400]. Indeed, physical rearrangements theory
appear to be more suitable from the results of this study and previously
mentioned studies [396, 397, 399, 400]. Different lipids have variable
tendencies to equilibrium, Precirol® ATO 5 which consist of high glycerides
tend to equilibrate with aging, while Gelucire® 50/13 which is a mixture of
different components (glycerides and PEG esters) strive to reach equilibrium,
since materials of symmetrical components equilibrate more easily than

unsymmetrical ones [401].

The development of such a product was challenging. The effect of aging with
time (up to 12 months) was studied on samples from different formulations
using DSC, FTIR, XRPD and drug release. Those samples were stored in a
desiccator (RH=0) at room temperature. In addition, a single formulation F1
(8:2) was tested under accelerated conditions (37 + 1°C, 75% RH). A limited

number of samples of some formulations prevented further analysis.

For samples stored at room temperature, 0% RH, comparable results were
seen on DSC peaks with fresh samples, which indicates the presentence of
solubilisation efficiency of the matrix with time (Figure 5.11). FTIR spectra
show no recrystallisation of felodipine with time (Figure 5.12).
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However, XRPD results indicate a different conclusion, where a felodipine
characteristic peak appears at theta 10° and hence demonstrates felodipine
crystal growth (Figure 5.13). Further investigation using SEM showed a
change of the surface topology from fresh sample suggesting crystallisation of
felodipine (Figure 5.14). Though, stabilisation of DSC samples can be as a
result of increasing the solubility of the drug with increasing the temperature
during thermal analysis. At relatively slow rate of heating of 10 °C/min during
DSC experiment, the applied energy has sufficient time to cause some drug
molecules to escape from the crystal lattice and be further solubilised within
the polymer matrix [402]. Another assumption is the detection limit of DSC
technique, where around 20% of the 10% felodipine loaded tablets needs to
re-crystallise in order to be detected by the instrument [403]. Along with
possible organisation of felodipine in less ordered form that possibly detected
by a technique but not another (XRPD vs. DSC). Moreover, the absence of
felodipine peaks in FTIR could be related to a low detection limit of the
technique, which is limited to 1- 5 % of ordered material [374]. Hence minor
recrystallisation of relatively low drug concentration formulations is expected
to be below instrument detection limit. Additionally, different analytical testing
can fail to differentiate the changes that would occur to samples while other

could effectively regarded [404].
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Figure 5.13 XRPD of stability samples (room temperature, 0% RH) in
comparison to freshly printed ones (from top: F5, F4, F2, F1)
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Figure 5.14 SEM of: A) freshly printed, and B) stability samples (room
temperature, 0% RH) (F1)
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Optical microscopy indicated the crystallisation of both felodipine and matrix
(Figure 5.15A). Felodipine appeared as shiny crystals distributed within a
yellowish-blue matrix. Polarised microscopy was not be able to be used since
samples are not transparent nor thin enough for polarised light to pass
through. Since felodipine has a chlorine atom within its chemical structure as
a unique element, EDS was used to measure the crystallisation of felodipine
and distribution within printlets. The image in Figure 5.16A indicated phase
separation together with crystallisation of felodipine at the surface of the
printlet. The purple colour in the image represents chlorine within felodipine,
while the majority green colour is related to oxygen that is distributed in

felodipine and the excipients.

Figure 5.15 Optical images of tablets (F1) stored at A) room temperature
(room temperature, 0% RH) , B) 1 month at (37 + 1°C, 75% RH)
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Figure 5.16 SEM/EDS of samples (F1) stored at A) 1 month at room
temperature, 0% RH, B) 1 month at 37 + 1°C, 75% RH
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Raman spectroscopy was employed to better assess the API distribution and
possible phase separation of the printed matrix. The results indicate some
crystallisation of felodipine and phase separation where felodipine is also
available in the excipients enriched areas (Figure 5.17). On the ‘heat-map’ in
Figure 5.17, areas of enrichment of either felodipine or excipients are present.
In the excipient heat-map, yellowish areas indicate the enrichment of
excipients, while the blackish area on the same map represents felodipine.
From spectra data, felodipine sharp peaks are present in both spectrums
(felodipine and excipients enriched areas) where peaks appear to resemble

crystalline rather than amorphous state of felodipine.

S3UN0 / Y13y yeaqd

2 months/
accelerated
condition

6 months/room
temperature

Excipients

51UN03 / 1yBiay yeaqd

Figure 5.17 Raman spectroscopy heat-maps of freshly printed tablets, 2
months under accelerated conditions (37 + 1°C, 75% RH) and 6 months at

room temperature (room temperature, 0% RH) (F1)
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Similar investigations were done on samples under accelerated conditions (37
+ 1°C, 75% RH). Upon analysis using DSC, a separation of the peak related
to excipients was found (Figure 5.18), which re-joined in the second heating
cycle (Figure S5.33). This represents different components of excipients (PEG
esters and glycerides) [392, 405]. In addition, a new peak appeared at around
110°-120° C formed on the first day and absent after one month, indicating
product instability. A non-medicated formulation and pure APl were tested
under the same conditions and no such peak was present (Figure 5.19). A
stability study of felodipine and PVP solid dispersion showed a thermographic
peak at 124° C, proposed to be either a second glass transition or a
depression of the melting point of felodipine within the solid dispersion. This is
consistent with the suggestion that the immiscibility induced by moisture is
reversible at a high temperature (125 °C) but not lower (room temperature)
[406].
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Figure 5.18 DSC of samples stored at accelerated conditions up to 3 months
(37 + 1°C, 75% RH) (Exo-up)
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Figure 5.19 DSC of drug-free print and pure felodipine (fresh, 3 days at (37 =
1°C, 75% RH))

FTIR spectra of stability samples show no changes from fresh samples. This
may be because of the limited detection of the technique. X-ray diffraction
(Figure 5.20) shows no felodipine related peak, however, a peak related to
precirol at angle 5° disappeared after one month indicating a change in
stability together with the change in the DSC at the same time point.
Additionally, optical images (Figure 5.15B) showed no sign of crystallisation of
either API or matrix. This might be due to high surface mobility due to partial
melting of the formulation at storage temperature.
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Figure 5.20 XRPD of samples stored at accelerated conditions up to 3 months
(37 £ 1°C, 75% RH)

Furthermore, SEM/EDS showed an even distribution of felodipine within the
formulation with no crystallisation (Figure 5.16B). Raman spectra results are
consistent with EDS, where felodipine appears to be evenly distributed and no
crystallisation present (Figure 5.17). The heat-map is similar for APl and
excipients which is also resembles the fresh sample. Together with coloured

map which appear in purple colour as a result of blue and red maps overlap

(Figure 5.21).

Optical Blue map (API) Red map (excipients) Blue-red map (API-excipients)
Intensity: 1590-1675 cm! Intensity: 1050-1085 cm! Intensities overlaid

Sunod / yblay Yead

Figure 5.21 Raman map for samples stored at accelerated conditions (37 +
1°C, 75% RH)
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For additional information, 12 month samples were stored at room
temperature, 0% RH and were then switched to be stored for 3 days under
accelerated conditions (37 = 1°C, 75% RH), tested by optical microscope
(Figure 5.22) and Raman (top surface, cross section (multiple areas)) (Figure
5.23). The presented results resemble the samples stored at 37 + 1°C, 75%
RH for 2 months in drug distribution. It is anticipated that the temperature

used in the accelerated study re-solubilised the felodipine in the matrix.

Figure 5.22 Optical microscope images of A) F3 stored at (room temperature,
0% RH) for 12 month, B) same sample stored at (37 + 1°C, 75% RH) after (A)

was collected
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Figure 5.23 Raman spectroscope after storage condition changed from (room
temperature, 0%RH) to (37 = 1°C, 75% RH), A) coloured map of top surface.
B) Raman spectra of top surface compared to raw materials. C) Raman

spectra of cross-sectional Raman spectra from different sites

The release study presented an increase in the drug release rate of all
samples stored at different conditions from fresh samples (Figure 5.24) which

is comparable to some other studies [395, 407]. Conversely, one study
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demonstrated no change in the release rate on storage [382]. Formulation
composition, lipid ratio, API used, and study conditions directly affect possible
change in drug release from study to another. The mechanism behind the
increase in drug release rate can be describe in different ways for both distinct
stability conditions in comparison to freshly printed samples. In samples
stored at room temperature, reorganisation of PEG chain and fatty acids
ageing results in acceleration in the drug release due to API being dissolved
in the lipid matrix with time together with blooming of lipids in flake-shape
crystals that increase the surface area [408]. In contrast, for samples exposed
to accelerated conditions, at 37° C, part of the excipient was melted which

promoted drug solubility within the matrix.
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Figure 5.24 Drug release from sustained release formulation (effect of aging

and storage conditions) (n=3)

For further investigation, | studied the effect of storage temperature on a
higher drug loaded formulation. Drug release from fresh samples 8:2,
Gelucire® 50/13: Precirol® ATO5 loaded with 15% felodipine was compared to
two months samples stored in either room temperature or fridge (4 - 8° C)
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both at 0% humidity. Results demonstrated enhancement of drug release if
stored at the higher (room) temperature (Figure 5.25). As previously
mentioned, the increase in the dissolution in samples stored at room
temperature is due to reorganisation of the matrix. Despite that the
manufacturer of the implemented excipients did not specify a storage
conditions of below ambient temperature, it has been noted that such
excipients need to be stored at 4-8° C to maintain its stability (personal

communication, Quotient Sciences).
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Figure 5.25 Effect of storage temperature in drug release (room temperature,
4-8° C) (n=3)

From all analyses performed on stability study we can summarise the major
observations for samples stored at variable conditions in Table 5.5. However,
it should be noted that such observed changes may not have an effective
therapeutic effect. An in-vivo study showed that the bioavailability remain
unchanged for a hydrophilic drug combined with Gelucire® 50/13 despite the
drastic change in dissolution profile (mean dissolution time) for samples
stored for long-term in different storage temperatures [409]. Furthermore,

Dennis et al. advised that no specific storage requirement for gelucire solid
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dispersion, since significant thermographic change have no effect in drug
plasma level [410].
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Table 5.5 Comparison between samples stored at room temperature, 0% RH and accelerated conditions (37 £ 1°C, 75% RH) using
DSC, FTIR, XRPD, Dissolution, SEM, PLM and Raman

37 +1°C, 75% RH Room temperature, 0% RH Comments

DSC A new peak appears from day 1 Same as fresh

above 110° C then disappeared at

2 months
FTIR No change from fresh samples in both
XRPD Precirol characteristic peak at 5° A felodipine characteristic peak appeared
disappeared after 1 month at 10°
Release Increase in rate but decrease in Increase in rate and amount than fresh Insignificant difference

amount than fresh

SEM Crystallisation of matrix but notin | Crystallisation of the drug The increase in temperature
drug stabilise the matrix, preventing

the drug from nucleation
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Optical No sign of crystallisation in both Crystallisation of the matrix with some drug | Same as SEM

microscpe matrix and drug crystals
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5.5 Conclusions

Wax-based formulations were developed with different ratios of excipients to
produce sustained release of felodipine, a poorly water soluble active from
printed tablets. The developed formulations show excellent printability and
compatibility. Moreover, the release studies demonstrated a significant
difference in cumulative drug release between formulations of highest and
lowest Gelucire® 50/13 composition (9 vs. 5), and formulations of different
felodipine concentrations (2.5, 10, 15%). Furthermore, stability studies
revealed that a high storage temperature of 37 °C could prevent crystal
growth and maintain the amorphous state. Indeed, stability studies over two
months show that storage at 4 -8° C preserves freshly printed tablet release
profile. Additionally, felodipine can go back to its amorphous state after
recrystallisation when samples are exposed to accelerated conditions (37
1°C, 75% RH) after being at (room temperature, 0% RH) for long time (>1

year).
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5.6 Chapter appendix: supplementary information
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Figure S5.26 FTIR of felodipine, Gelucire® 50/13 and Precirol® ATO5
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Figure S5.27 XRPD of felodipine, Gelucire® 50/13 and Precirol® ATO5

169



Table S5.6 Tablet friability data of F1 (8:2 Gelucire® 50/13: Precirol® ATO,
10% felodipine)

Initial weight (g) Finish weight (g) Friability (%)
0.9979 0.9913 0.661
F
Zero order ’
100 e F1
) F2
o.
© 80 marketed
3
3 ® 5
g
P €0 F4
= .
2 8 . R? =0.9798
© R
E 40 R?=0.9782
> ot
(@)
o. R?=0.9687
20 R? = 0.9989
..0
o R2=0.9935
0 R?=0.9619
-1.00 1.00 3.00 5.00 7.00 9.00 11.00

Time (hours)

Figure S5.28 Data fitting to zero order kinetics model of felodipine release

from sustained release formulations
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Figure S5.29 Data fitting to first order kinetics model of felodipine release from

sustained release formulations
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Figure S5.30 Data fitting to Hixon-Crowell kinetics model of felodipine release

from sustained release formulations
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6 Conclusions and future work

6.1 Conclusions

This thesis brings together a study of public acceptance of 3D printed solid-
dosage form medicines and the use of extrusion 3D printing to improve the
bioavailability of a poorly water soluble drug in the form of immediate and

sustained release lipidic based formulation.

Public acceptance of 3D printed medicines was gathered by focus groups
conducting (Chapter 3). Safety concerns of technology misuse and dosage
inaccuracy were raised during the discussions along with regulatory issues.
Further depth and knowledge about 3D printed medicines investigated the
participants preference toward standard shape tablets/capsules of moderate
size and lighter colours. Future consumers saw that adaptation to a new
technology comes from repeated exposure. This pilot study gives insights to
public acceptability of new pharmaceutical manufacturing technology and

provides a guide for policy and regulatory innovations.

The outcome of the public consultation was used to guide tablet features in
the design of 3D printed medicines to enhance the water solubility of
felodipine, a poorly water soluble drug. In Chapter 4, an immediate release
formulation was developed by extrusion of pre-melted drug-excipients lipidic
based ink. A solid dispersion of the drug was formed in the polymeric-lipid

based tablets enhanced the solubility of felodipine.

Sustained release formulations were then developed (Chapter 5) to
accommodate felodipine pharmacokinetics. Different ratios of lipid (Gelucire®
50/13) and a release modifier (Precirol® ATO5) were used to study their effect
on drug release. A higher amount of drug release modifier (1:1 Gelucire®
15/13: Precirol® ATO5) resulted in significant differences in cumulative drug
release, not observed when only minor changes in formulation were applied

(9:1, 8:2, 7:3). Felodipine loading in the dosage form also had a significant
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difference in the cumulative release from the printed tablets. Due to stability
issues that are known to occur with lipids, stability studies were necessary.
Multiple storage conditions were studied. Storage at low temperature (4°C)
maintained the release rate observed for the freshly printed dosage form.
Storage at room temperature and 0% RH resulted in crystallisation of
felodipine and the matrix. Additionally, storage at 37 °C and 75% RH seemed
to help preserve the amorphous nature of the felodipine. The rate of drug
release was increased than freshly printed formulation when stored at room
temperature and 37 °C, despite the partial crystallisation of samples at room
temperature. Indeed, a storage at 4-8 °C is recommended for semi-solid/solid

lipids.

Even though the developed formulations showed instability, such dosage
forms could still be implemented in clinical trials where the dosage form could
be administered shortly after manufacture, and dosage adjustment can easily
be made with the versatility of 3D printing. Additionally, lipids are commonly
used in clinical trials for the purpose of solubility enhancement. Furthermore,
personalised and on-demand medicines would also be printed freshly when
the patient needs them, and the dispensed amount can be adjusted to product

stability.

6.2 Future work

Although the primary thesis goal was accomplished, further interventions
need to take place to develop suitable pharmaceutical product. Modification of
excipients selection or addition of a stabilising material would be an option to
maintain product stability over longer time periods. Adjustment of heating and
cooling rate during product development is also a choice, however it is
challenging from practicality perspective. Additionally, performing an in-vivo
study would be advantageous to assess if the in-vitro release profile change

have a significant bioavailability effect.
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From the work done and presented in this thesis, public engagement in
scientific research is very important to maximise the potential benefits of the
research. In addition, adaptability of extrusion 3D printing and its ability to
create bespoke drug products of complex geometries opens a new horizon in

pharmaceutical manufacturing and personalised medicines.
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