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“Oh, now what’s this, then? I love this. A big, flashy-lighty thing. That’s what
brought me here. Big, flashy-lighty things have got me written all over them. Not
actually, but give me time... and a crayon.”

The Doctor






Abstract

Three-dimensional printing includes a wide variety of manufacturing tech-
niques, which are based on the digitally-controlled deposition of materials
(layer-by-layer) to create freeform 3D geometries. 3D printing with single-
materials is a well-established technology that has found application across
many different fields from engineering to medicine and pharmacy by en-
abling the production of complex and high quality prototypes and devices
that were previously either difficult to manufacture expensive or time con-
suming.

The focus of this thesis is the design and development of a 3D system ca-
pable of fabricating, in a single additive process, multi-material solid dosage
forms showing tailored release profiles. Hot-melt piezo-activated inkjet 3D
printing was identified as an alternative to the traditional solvent based inkjet
printing (IJP). Inks are kept liquid above their melting temperature eliminat-
ing the need of additional solvent and its consequent removal post process-
ing step. This becomes of particular interest when considering those mate-
rial, such as lipids which cannot be processed by traditional additive meth-
ods without the need of other excipients. Making thermal jetting for phar-
maceutical application a great alternative 3DP method.

A commercially available printer was modified to include a dual reservoir
unit capable of dispensing two different materials during the same additive
process. A detailed description is presented of all the modifications and im-
plementation introduced, including its main elements such as the choice of
printer and printing head, the custom designed printing unit and supports,
the temperature control and power supply system. In addition, the develop-
ment of a complementary software update and slicing strategy is discussed.

To complement the new set-up, a library of suitable material was estab-
lished. Candidates were selected to comply with the limitations imposed by
the printing technique( melting point below 90 °C and viscosity in the 8-20 cP
range) and on the base of their suitability for pharmaceutical use.

Specifically our attention focused on lipids, which present thermo-me-
chanical properties compatible with the range of interest. In addition, they
are well known excipients used in traditional tableting techniques as en-
hancer in the delivery of poorly soluble drugs. Commonly used pharma-
ceutical lipids (Apifil CG, Candelilla, Compritol 888 ATO, Compritol HD5
ATO and Precirol ATO) and Fenofibrate (model drug) were used to prepare



ii

both drug-free and drug-loaded inks with drug concentrations varying be-
tween 5% and 30% (w/w). Each ink formulation was thoroughly tested for
printability to ensure compatibility with the method here reported.

Finally, the gathered knowledge was used to design and produce several
proof-of-concept tailored release profile solid dosage forms. These included
single and multi-material complex 3D patterns with defined localised drug
loading where the drug-free ink is used as a release-retarding material to pro-
duce a series of tablets structures displaying immediate, extended, delayed
and pulsatile drug release. This work adds significantly to the current land-
scape of 3D printing in that it illustrates the ability to design and build a
multi-head hot-melt ink jet printer for the co-deposition of materials to form
complex dosage forms with high spatial resolution. The potential of this ap-
proach is then illustrated with the manufacture of lipidic based complex ge-
ometry dosage forms able to demonstrate ‘programmable” drug release pat-

terns in in vitro studies.
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Chapter 1

Introduction

1.1 History of oral solid dosage forms manufac-

turing

Oral solid dosage forms (SDFs) is a term which identifies any pharmaceutical
drug product that is orally ingested, dissolved in the digestive system, and
delivered to the body through absorption into the bloodstream [1]. Among
these, the most common are tablets (or pills in common parlance) and cap-
sules.

The first known references to pills dates back to around 1500 BC and were
found on papyrus in ancient Egypt [2, 3], with the recipe calling for bread
dough, honey or grease with medicinal ingredients, such as plant powders
or spices compressed into a ball and administered to the patient. Similar
treatments were described in Greece by the word katapotia ("something to be
swallowed")[4] and the Roman scholar Pliny talked about it in his "naturalis
historia", dating back to 23-79 AD, where he named it "pilula" for the first
time, from which we derive the modern name pill [5].

In 1843, William Brockedon was granted a patent for a machine capable of
compressing powder into a tablet without use of an adhesive. Its first tablets
were made of compressed sodium and potassium carbonate and were used
as a calcium supplement and antacid [2, 6]. Just like this, tablets were ‘born’
as we still know them today, meaning that whilst manufacturing has been
refined, it never really evolved in basic principle over the last two centuries.
This lack of evolution has roots strongly anchored in the manufacturing pro-
cess, SDFs are easy to administer, are non-perishable and the manufacturing
methods are cheap, well understood and well-developed.

Traditionally, tablets are obtained via compression of the active pharma-
ceutical ingredient (API) and excipients including lubricants, binders, disin-

tegrants, diluents and fillers. Furthermore, tablets can either be uncoated,
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meaning that once formed the tablets are left in their bare state without any
additional external layer, or coated, when an extra layer is added to encase
the tablet and create a smooth surface. Coating is also the main principle in
much of capsule production where the drug substance and dry ingredients
are layered around a core. Regardless of type the main goal in the production
of any SDFs is to ensures repeatability between batches and consistent distri-
bution of ingredients within each dosage form guaranteeing consistency of
dissolution and bioavailability.

Focusing attention on the production of tablets, three main method are
commonly used in preparing powder for compression: wet granulation, dry
granulation and direct compression. Each method is catered towards the
requirement of the individual solid formulation, such as particle size, bulk
density and flowability.

Wet granulation is the process of joining powder particles together to
form what is known as a granule using a binder solution or a solvent. The
granules are then dried and often sieved. Once the desirable particle size and
distribution has been reached the granules are compressed to form the final
uncoated product [7, 8]. The main benefit of wet granulation lies in the con-
trol that it offers over particle size and uniformity, increased bulk density and
improvement in solubility and bioavailability by coating the particle surface
with hydrophilic polymer improving wettability [9].. However, the long pro-
cessing time required during the wetting and drying process are more likely
to allow for API transformations changing the long term drug delivery ca-
pability and efficiency and consequently the overall performance of the solid
dosage form [7, 9].

Dry granulation is the process of combining powder particles together
via a high-intensity force which joins the granules and compacts the pow-
ders without the use of an additional binder or solvent. This system is par-
ticularly useful when dealing with moist and temperature sensitive ingredi-
ents [10, 11]. During dry granulation a combination of counter rotating press
rolls and milling are used to compact the particles and generate compact rib-
bons, which are then milled to produce granules with the desired particle
size. Compared to previous case dry granulation is a fast method to produce
high bulk density at the price however of higher particle defects and reduced
plasticity [10, 9]. Furthermore due to the high compression energy involved

it is not suitable for APIs sensitive to heat and high pressures [10, 11].
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Lastly, in direct compression the initial granules are blended and com-
pacted together, without directly changing or impacting the starting gran-
ules [12, 13]. This process is faster than both types of granulation due to
the fewer steps involved. In addition, it causes no physical changes to the
starting particles reducing active ingredient stability issues. However, the
number of materials suitable for this process are limited due to the specific
property requirements of the technique, including: high bulk density, good
compression and flowability, additionally the excipients and APIs must have
similar particle size distribution to avoid segregation. Specialist powders cre-
ated for Direct Compression are often more expensive than their granulation

equivalents. All granulation techniques are summarised in Figure 1.1.

{ Granulation technology }

Dry granulation Dry granulation Wet granulation

Raw materials Raw materials Raw materials

Weighing Weighing Weighing

Screening Screening Screening

Mixing Mixing Wet massing

Compression Slugging Drying

-
LUl

Milling Screening

Screening

Moxing

Mixing Compression

Compression

FIGURE 1.1: Schematic diagram of granulation methods and their unit processes by
different techniques [10].

As a consequence of this stagnating approach to tablet production, manu-
facturers are constantly on the lookout for ways to innovate the pharmaceu-

tical field while minimising their expensive research costs and reducing the
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risks associated with attempting to develop new technologies.

3D printing is an additive manufacturing technique based on the digitally-
controlled deposition of materials (layer-by-layer) to create freeform geome-
tries. As such it finds application both as rapid prototyping tool as well as a
small scale to a mass-producing technology. In the first case it shows clear ad-
vantages in comparison to traditional moulding technologies, by producing
customised products with complex geometry at no extra tooling cost with
fewer limitations and without the need for purposefully made plug-ins, it
enables rapid cost-effective modifications of a product at a computer design
level [14, 15]. Furthermore, 3D printing allows the production of multiple
different individual parts during the same additive manufacturing process,
reducing material waste associated with traditional fabrication methods [16].
3D printing therefore has an excellent capability to produce personalised
product series with complex geometry and tailored high quality of dosage
forms which would be difficult to recreate using traditional compacting tech-
niques. As a result, while traditional manufacturing techniques are cheaper
and more effective when it comes to mass-production of standardised doses,
3D printing comes through as an economical, sustainable and customisable
option for the manufacturing of personalised tablets to meet the individual
patient needs [14, 15]. The last decade has witnessed a shift towards patient-
centric and individual -specific drug treatment (personalised medicine) and
a resulting growing demand for technologies such as 3D printing, capable
of satisfying the need for highly personalized medicine through the produc-
tion of small batches of individually-selected doses and tailor-made release
profiles [14].
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1.2 Pharmaceutical challenges and 3D printing so-

lutions

To better understand the effect of additive manufacturing on the pharma-
ceutical field, in the next few sections are presented a selection of the most
pressing challenges effecting tablets production alongside the potential ben-

efit of a 3D printing approach.

1.2.1 Oral solid dosage forms distribution and environmen-

tal sustainability

The term supply chain includes planning, sourcing, production and distribu-
tion of goods, in the case of pharmaceutics this last step includes pharmacies,
hospitals and the end users that need access to the products. As such efficient
supply chains play a key role in ensuring the success of essential pharmaceu-
tical supply through a territory [17]. In the last decade multiple studies have
shown the importance of accessibility to distribution centres and how the in-
adequate access to healthcare is associated with lower levels of health and
well-being, especially in older adults [18, 19, 20, 21]. As a result disruption of
any step of the supply chain can have a devastating effect on patience health-
care, as is evident in the current issues dealing with providing an even sup-
ply of COVID vaccines to populations around the world. While production
can generally be managed using forecasts and marketing intelligence strate-
gies unforeseen occurrences can strongly compromise this essential service.
Events such as an epidemic outbreak have taught us how quickly the supply
chains can be broken, disrupted, and even come to a grinding halt because of
the nation-wide lockdowns, closed borders, and halted air travel. But this is
not the only scenario, war and politics as well as potential geographical bar-
riers can lead to shortage in the pharmaceutical supply to the manufacturing
sites as well as impeding patience access to distribution points [22, 23, 24].
Furthermore, when thinking of supply chains and specifically transporta-
tion and logistics it is fundamental to keep in mind the environmental impact
on the planet and on the production of anthropogenic emissions. In 2007,
40% of the overall American’s emission are accounted for by transportation
suggesting that a more efficient and effective approach is required [25]. In
addition every year multiple tons of medications are wrongly disposed of
by the consumers in the home refuse or the sewage system. For example, in

Taiwan in 2013, 3 tons of unused and expired medications were wastefully
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discarded [26, 27]. This constitutes an expensive waste in terms of money and
resources both as prime materials and energy. In addition improper disposal
of expired or unwanted medication has the potential to cause contamination
of the fresh waterways resource as well as a biohazard for wildlife [28].

Both supply chains and environmental issue could potentially find a so-
lution in the adoption of 3DP technologies that can provide on-demand im-
mediate manufacturing of medicine at the point of care directly in response
to local request, eliminating the need for physical warehouses by instead us-
ing a virtual approach by storing products specifications instead of physical
ones. By having both drug and carrier materials in their pure form they can
be assign as to best fit the needs of a specific situation. Indeed, with a tra-
ditional approach all medications are pre-prepared and cannot be altered,
meaning that in a crisis scenario there is no possibility to convert the less es-
sential medications into lifesaving ones. However, when using a 3D printing
approach all materials are kept in their base form until needed. As a result, if
necessity arises, it is possible to reroute all resources towards producing life-
saving medication extending the time coverage for such essential treatments.
Furthermore, by bringing the production line closer to the patient and pro-
ducing only the necessary quantity of medicines 3D printing offers to reduce
recalls and wastage of materials, minimise cost and optimise production ef-

ficiency while increasing the territorial reach.

1.2.2 Personalised medicine

Healthcare currently mostly involves a reactive “one-size-fits-all” approach
to patient medication where treatments are generally administered on the
base of symptoms and patient or patient’s family history [29]. In addition,
most commercially available pharmaceutical treatment come in only few dis-
crete dose, while patients are unique and have individual genetic makeup,
history and environmental factors. In a 2001 study Spear and co-workers re-
ported that more than 20% of subjects treated for common diseases showed
poor or even adverse response to generic non-tailored treatments [30].

In contrast personalized medicine is an approach based on precise pre-
diction of an individual response to therapy, on the basis of patient char-
acteristics, symptoms and responses via the use of sequencing (NGS) and
biomarkers [30]. The idea of personalized medicine originated more than 20

years ago and become a tangible possibility in 2003 as a complete sequence
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and map of all the genes in the human body became available thanks to the
work of the Sanger Centre in Cambridge [31].

Advances in personalized medicine have already led to powerful new
discoveries and several new FDA-approved treatments that are tailored to an
individual’s genetic makeup, or the genetic profile of a patient’s tumour [32].

An example of the benefit offered by tailored therapy in contrast to fixed
dose is the study of TSH-suppressive therapy [33]. Patients receiving long
term TSH-suppressive therapy with fixed doses of L-T4, reported several
mild cardiovascular abnormalities including myocardial remodelling reflected
by significantly increased IST, LVPWT, and LVMi [34].

In their work Mercuro and co-workers proved that no detectable cardio-
vascular abnormalities, with the possible exception of a very mild increased
ventricular mass, can be found when TSH-suppressive L-T4 therapy is in-
dividually tailored to the lowest dose required to keep the serum TSH con-
centration below the normal range [33]. This clearly shows the benefit of a
personalised treatment, so while not always necessary patient specific doses
might become beneficial when it comes to potent drugs, drugs with narrow
therapeutic window and drugs with extreme side effects.

Traditionally dose adjustments are commonly achieved by breaking a
commercially available dose into smaller parts till the desired amount is
achieved and then administered to the individual, alternatives such as mini
tablets, pellets and granules are also available for a limited amount of for-
mulations. However, most tablets will have shape and coating designed to
address specific requirements and compromising such integrity might cause
the tablets and capsules to not work properly or to show harmful side ef-
fects. As an example, for a drug designed for slow release breaking of the
coating in dividing a dosage form might induce an overdose, moreover the
acidity of the stomach environment might reduce their efficiency if the coat-
ing is compromised. Furthermore, since patients are left with the burden of
dose portioning by splitting tablets this is done in a approximate way often
with inadequate tools such as kitchen knives which leads to uneven splitting
of the tablet and consequent dosing errors [35, 36]. As a result producing
patient specific therapy using commercially available SDFs can be extremely
complex and at time counterproductive [35, 36].

3D printing technologies have the potential to mass-produce customised
components without substantially increasing the time or amount of material
required[15, 37]. This technique is also capable of producing tailored 3D ge-
ometries to accommodate the needs of individuals in paediatric age or with
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swallowing difficulties [38].
Lastly the ease of operation , once the correct routines have been put into
place and the personnel correctly trained, and size of 3D printers would al-

low for easy integration in both a pharmacy or hospital environment.

1.2.3 Production of drug release profiles via SDFs

The main goal of any pharmaceutical solid dosage form is the delivery of the
active ingredient in an effective, deliberate and controlled manner. The most
obvious way is to create solid dosage forms that will allow for a controlled
release of the drug content over time. Such systems are commonly identi-
fied as: controlled release drug delivery systems (CRDDS) and are divided
into three macro-categories, monolithic matrix systems, osmotic pump sys-
tems and reservoir systems depending on the release mechanism being ex-
ploited [39].

As the name suggest a monolithic matrix system is composed of a single
solid unit. Specifically, they involve the use of a polymer matrix, hydropho-
bic or hydrophilic, within which the drug is dissolved or dispersed [40, 41].
This type of preparation is the most common due to its versatility in terms of
drug content variation (low to high) as well as the variety of release profiles

and the ease of production via compression methods.

An osmotic pump system exploits osmotic pressure as the main mecha-
nism to drive drug release [42, 43]. Tablet belonging to this category are usu-
ally made of a compressed tablet core coated with a semipermeable mem-
brane containing one or more delivery ports through which a solution or
suspension of the drug is released over time. In order to create an osmotic
pressure within the tablet the core is produced using an osmotic agent, a wa-
ter swellable polymer and a drug solution. The resulting drug release is de-
pendent on the choice of constituents of the core and the permeability of the
membrane coating. As the core absorbs water, it expands pushing the drug
solution out of the tablet through the delivery ports. Osmotic pump produce
sustained drug release, are easy to formulate and simple in operation [42, 43].

Reservoir-based systems, are similar to monolithic matrix systems where
the drug reservoir is enclosed within a functional polymer coatings. How-
ever, while for the monolithic the drug is delivered thanks to rate-controlling
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polymer matrix, for the reservoir systems the drug release happens through

the rate-controlling porous polymeric membrane [44, 45].

By changing the matrix composition and coating layer thickness it is pos-
sible to achieve different release profiles targeted to the need of the specific
treatment. Specifically pain treatments such as Percocet and Norco need to
be readily active shortly after administration and an immediate release rep-
resents the best approach. On the other hand for patients suffering from
chronic illnesses the use of extended drug release is to be preferred due to
the reduction in dosing frequency and the capability to maintain constant
drug level within the therapeutic range reducing the sides effects linked to
high plasma drug concentration or dose dumping and as a result increasing
patients” compliance.

An extremely promising type of drug release achievable using CRDDS
is delayed delivery. In this case the drug is released after a pre determined
amount of time in a predictable pattern i.e. at appropriate time and/or at
appropriate site of action. The simplest delayed formulation is a two layer
coated tablet composed of polymers with different dissolution rates. While
such systems are promising, a disadvantage is that the lag time to drug re-
lease cannot always be predicted correctly as it relies on factors such as the
pH of the target site, the enzymes present in the intestinal tract and the tran-
sit time/pressure of various parts of the intestine which are highly specific to
the single individual [46].

Lastly chrono-pharmaceutical drug delivery systems are currently the mo-
st sought after release methods. These type of systems are aimed at matching
the human circadian rhythms or the disease development and are generally
fabricated using a multi-unit or multilayer systems with various combina-
tions of immediate and sustained-release preparation. As a result, they are
complex to fabricate and consequently subject to errors and, are expensive
and time consuming both in the design and fabrication stage [37, 46].

3D printing technologies offer an alternative approach for the manufac-
ture of solid dosage forms where the API release can be controlled as above
and also potentially via tablet geometry and drug distribution within the
tablet itself. The main feature of 3DP is indeed the capability of producing
solid dosage forms with multiple varied complex geometries without any ad-
ditional cost or change in equipment. The same base formulation can, thus

be used for multiple patients while the drug content and delivery profile can
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be tailored on the individual by simply changing the geometry file at no ad-
ditional cost [14].

1.2.4 Polypharmacy

Polypharmacy is a therapeutic approach that involves the use of multiple
medications. This type of therapy is most commonly used to treat chronic or
elderly patients, which can be subjected to regularly taking 8 and up to 60
medicines (median of 22.9) [47]. It is easy to understand then how compli-
ance is only 32.6% among the oldest patients. The contributing factors to this
staggering statistic can be divided into two categories, patient and physician
driven. In the first case the complexity of administration often associated
with tight time schedule and complex dosing can lead to misassumption and
increased risk of adverse reactions and drug interactions. As a result the com-
plexity of the treatment and the severity of the side effect might lead elderly
patients to take only part of the therapy, to stop the therapy completely or to
decide to self-medicate. On the physician side factors such as excessive pre-
scribing, multiple providers and lack of a coordination can lead to confusion,
duplication and lack of compliance [48, 49].

In a 2018 study Lai and co-workers showed how a better understanding
and medical knowledge of the therapy had a positive effect on compliance,
while age and medication classes were independently negatively associated
with conformity [47].

A solution to this problem is the use of a polypill approach. As the name
suggests this is a combination of drugs and excipients carefully distributed
within a solid dosage form in order to provide the desired therapeutic de-
livery of multiple APIs, reducing the number of daily intake and increasing
compliance.

Despite the clear potential benefit of a polypill approach only a few are
available on the market, Polycap being the exception [50]. It contains five
different medications and is aimed at lowering blood pressure and prevent-
ing heart attacks. This is due to the complexity of design, number of possible
combinations and the ingrained individuality of a multi drug therapy. In ad-
dition, regulatory hurdles are higher than developing each individual dosage
form and the manufacture of such solid dosage forms is complex and ex-
pensive and requires the use of specialised machinery, becoming even more

prohibitive from a commercial point of view [51, 52].
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3D printing once more holds the potential to address this issue. In recent
years 3D printers mounting multiple ink cartridges have reached the mar-
ket making it possible to utilise multiple different material formulation for
the production of a complex multi material solid dosage forms. The use of
multiple materials in one print potentially allows tailoring not only the ge-
ometrical distribution of the drugs within the tablet geometry but also, by
matching different compounds to change the mechanical properties of the
part and tailor the solubility of each section [14, 15, 37]. By changing the lo-
cation of the drug within the tablet it is possible to use drug-free materials
as barrier layers, as well as guaranteeing separation between incompatible
active ingredients and as a result tailoring the release profile. In addition
the use of soluble or erodible layers instead of insoluble matrices can greatly
affect the tablet release capabilities.

As a result, 3D printing offers the potential to produce complex dosage
forms containing multiple APIs each showing a unique release profile tai-
lored on the specific pharmaceutical treatment and for the individual pa-
tient. By reducing the number of tablets to be taken by the patient and by
increasing the delivery precision of therapeutics both in terms of adminis-
tration time and dosage 3D printing hopes to reduce the effect of adverse

reactions and drug interactions and thus to increase compliance.



Chapter 1. Introduction 12

1.3 3D printing

Additive manufacturing is an umbrella term that includes any process in
which material is joined or solidified under computer control to create a three-
dimensional object, with material being added together (such as liquid mole-
cules or powder grains being fused together) typically layer by layer [53].
While 3D printing started gaining its popularity in the late 2000 it is a pro-
cess that started almost forty years ago. The first mention of a 3D printing
machine dates back to 1971 when Johannes F Gottwald patented the Liquid
Metal Recorder. In the patent Gottwald explains the process as "printing"
of inks which are "not only dye or pigment-containing materials, but any
flowable substance or composition " laying for the first time the foundations
of what we nowadays call 3D printing [54]. Two years later Pierre Ciraud
filed a new patent describing for the first time a laser sintering metal pro-
cedure where a predetermined geometry was manufactured by solidifying
metal powder via the use of a concentrated energy beam[55].

Despite these initial efforts, 3D printing didn’t see any further advance-
ment till 1981 when Hideo Kodama developed two additive methods where
a photo-hardening thermoset polymer was selectively cured using UV light
and a mask pattern or a scanning fibre transmitter. The project however did
not convince Kodama peers and was thus overlooked [56]. What all these
systems were lacking was a reliable automated way to control the printing
process. It was not until 1984, when Bill Masters revisited these ideas and
patented his Computer Automated Manufacturing Process and System [57]
and 3D printing as we know it today was born.

Since then, additive manufacturing has kept evolving and branching into
new areas thanks to the addition of multiple new techniques including Fused
Deposition Modelling (FDM) and Inkjet Printing (IJP). However, it was not
until 2009 when FDM process patents expired that 3D printing became more
generally available to the public and started the race to the future of manu-
facturing that is still going on today.

As a result, a large variety of 3D printing techniques exist today (Fig-
ure 1.2). These can be categorised into three main classes in accordance with
their core curing working principle: powder solidification (including powder
fusion and binder jetting), liquid solidification (including photopolymerisa-
tionand material jetting) and extrusion.

Despite the differences between the various techniques, they all share the

same core stages:
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¢ Part design: the desired part geometry is designed using a computer-
aided design software (CAD).

¢ Conversion to .STL: during the conversion process the original part is
segmented into triangles, the informations about the triangular coordi-

nates are then saved in a .stl text file.

¢ Slicing and printing parameters: the .stl file needs to be sliced accord-
ing to the properties of the printing material and technique. Material
and technique properties also play a key role in the determination of the
printing conditions such as, layer height, precision, operational temper-
ature etc. Depending on the machine the slicing step can be performed
automatically by the printer software once all parameters have been set
or has to be done by the operator using a complementary software as
part of the preparation stage, printing parameter selection will still be

a key component to obtain a solid print and cannot be skipped.

* Print: during this stage the part is produced following the parameter
inputs and accordingly to the file design, no human intervention is nec-

essary.

* Post processing: this step is highly dependent on the additive manu-
facturing technology involved and the final application. It can include
a variety of processes from letting the part rest, to curing, washing and
polishing. The result of the final product is strongly linked to this stage

and the selection of treatment applied to the part.

¢ Final result: the part is now finished and can be used as required.
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1.3.1 3D printed pharmaceutics

Considering Figure 1.2 it is clear that there are a significant number of tech-
niques available for 3D printing. In selecting the most appropriate for a given
task it is important to consider the advantages and disadvantages of each in
the context of the outcome that one wishes to achieve as well as the proper-
ties of the materials involved, paying particular attention to active ingredi-
ents. As such, the aim of this section is to provide an overview of the most
commonly available additive manufacturing technologies alongside practi-
cal examples from the literature and how they can be applied to solve the
challenges faced by traditional tablet fabrication methods.

1.3.1.1 Extrusion-based methods

Extrusion-based technologies are the most commonly available type of ad-
ditive manufacturing due to being relatively inexpensive and a well estab-
lished process in the field of pharmaceutics. As the name suggest a formula-
tion is extruded from a nozzle and deposited starting from the building plate
and adding subsequent layers in a continuous motion. Based on the state of
the material during the printing stage, extrusion based methods can be di-
vided into two categories: extrusion of semisolids, which happens at room

or elevated temperature, and extrusion of a molten thermoplastic.

Pressure-assisted microsyringes

Pressure-assisted microsyringes (PAM) belong to the semisolid extrusion
family and became popular at the turn of the millennium because of their
suitability for creating soft tissue scaffolds [59].

This extrusion methods consist of one or multiple microsyringes each
connected to a pressure assisted piston [60]. The semisolid ink is loaded into
the syringe and then extruded through the nozzle in a continuous manner
onto a movable stage, after the first layer has been deposited the nozzle is
lifted and the print can continue, the same process is repeated for each layer
till the entire part is finished. Most printers allow for the nozzle and cartridge
to be kept at room temperature or heated during extrusion to aid the material
flowability. A schematic representation of the system is shown in Figure 1.3.
The final part is then moved to a finished station where it is cured using
heat, IR, UV light or any other post processing step necessary to guarantee
the solidification of the material.
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FIGURE 1.3: Pressure-assisted microsyringes, adapted from [14].

A potential disadvantage is that formulations can be difficult to print and
suitably solidify. Inks for pharmaceutical use are frequently prepared by mix-
ture of active ingredients, excipients and solvents, since many commonly
used solvents are toxic the printing process must be followed by a curing
and post processing step during which the solvents are completely removed
and their absence is ensured [61]. This extra step while necessary is prob-
lematic, expensive and time consuming and represents the main drawback
of this technique if a solvent free or safe solvent cannot be used. In addition
the semisolid paste must satisfy a series of strict prerequisites, in particular it
must not leak from the nozzle until pressure is applied, be dense enough to
produce a continuous strand while extruded, be able to support the weight of
subsequent layers without spreading or collapsing and lastly it must be com-
patible with the drying process without altering the active ingredient stabil-
ity [62, 63]. Furthermore, since the print resolution is defined by the lateral
dimension of the printed track, ink choice determine not only the property
of the final solid dosage form, but also the resolution of the print . It is thus
clear how material formulation represents the most significant challenge in
pressure-assisted microsyringes 3D printing.

Despite these difficulties this technology also presents multiple strong
points, firstly it offers an opportunity to print gel materials at room tempera-
ture without the risk of degradation or solvent loss, particularly suitable for
creating soft tissue scaffolds [59]. Secondly it is compatible with extremely
high drug loadings. For example, Kahled and coworkers produced an im-

mediate release paracetamol tablets with a 80% drug load [64]. Lastly, by
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mounting more than one syringe it has the potential for the production of
complex multi-material design including tablets comprising more than one
active ingredient to produce controlled release profiles for patient centric
therapies [62, 63].

In 2015, after a series of successful results [65, 66] Khaled et al. devised
a method to utilise pressure-assisted microsyringes 3D printing extrusion
technique to sequentially manufacture a five-in-one pill [67]. The tablet was
characterised by both immediate and sustained release and its geometry is
described in Figure 1.4.

The printable paste used to form the barrier for the sustained release
actives method prepared by mixing the powder mixture: cellulose acetate
(hydrophobic membrane/shell), D-mannitol (a filler), and polyethylene gly-
col (PEG 6000) (plasticiser) with the binder: acetone and dimethyl sulfox-
ide (DMSO). Powders of atenolol, pravastatin, and ramipril were separately
blended with the required excipients and ultra-pure water was added to the
powder to form the active pastes. Lastly the immediate release layer was
composed of aspirin and hydrochlorothiazide (active ingredients), sodium
starch glycolate (disintegrant), and polyvinylpyrrolidone (PVP K30) (binder)
again mixed with ultra-pure water to form a smooth and soft paste. All the
pastes were loaded into separate ink cartridges for extrusion and the product
was printed layer by layer starting with the enhanced release compartments.
For this product the author adopted a segmented tablet strategy, ensuring
that the actives were separated, and independent control of their release as
proven in dissolution tests. With this paper the authors were able to clearly
demonstrate their ability to create complex drug delivery systems with mul-
tiple dissolution behaviours. This device, with its highly tunable drug re-
lease profiles based on modifying the drug and excipient composition in the
separate compartments, introduces a new definition of flexibility in the pro-
duction of 3D printed polypills.



Chapter 1. Introduction 18

Dots

Immediate release compartment F———m 2 0 T O O=—
> ASA & HCT formulation
Atenolol

formulations

Controlled porosity cellulose

acetate membrane

Extended release compartments

W3y ww g0y ySey wiw g |

I

— q}{lmmedjatere!ease)

] } (Sustained release)

l
r
&
o

0 120 240 360 480 600 720

| Definedrelease

profiles

IR compartment

Cumulative % of drug release

SR compartments

Time (min)
: % . —— Hydrochlorothiazide —— Aspirin +— Atenolol
Multi-active tablet (Polypill) ) e :
Pravastatin —— Ramipril

FIGURE 1.4: Schematic structural diagram of the polypill design, showing the

aspirin and hydrochlorothiazide immediate release compartment and atenolol,

pravastatin, and ramipril sustained release compartments. Figure from Refer-
ence [67].

Fused-deposition modelling

In fused deposition modelling (FDM) a thermoplastic filament is pushed
via a gear system into the back-opening of a nozzle, in this first area it is
heated at a constant rate and brought to a semi molten state and is then
extruded and deposited onto the substrate. A schematic representation is
shown in Figure 1.5. Similarly, to what was done for the PAM systems the
distance between the nozzle and the printing stage is adjusted after each
layer by lowering the printing stage, to accommodate the extra height of the
freshly deposited material [68]. Unlike PAM, FDM does not require an exter-
nal curing step since cooling acts as a solidification process, indeed as soon
as the filaments leaves the nozzles it starts to solidify removing the need for
a curing stage.
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FIGURE 1.5: Fused deposition modelling, adapted from [14]

FDM popularity in the pharmaceutical field is due to the number of ad-
vantages that it offers, first and foremost availability, ease of use and low
cost [69]. In addition, changing materials during printing is relatively simple,
by just interrupting the previous filament and start a new one or producing
a mixed material filament. This makes for a direct way of producing multi-
material solid dosage forms without the need for complex machine design.
What is also interesting is the possibility that FDM offers to solve the major
drawback of PAM: the necessity to use a solvent. The use of temperature
based method to guarantee printability instead of relying on the presence of
a solvent makes it possible to produce readily available printlet that do not
require any post processing step for solvent removal, potentially cutting the
time and cost of production while not compromising on safety.

However, no machine is without limitation and FDM is no exception, in
particular the elevated working temperature (on average around 200 °C) may
cause degradation of pharmaceutical active ingredient or excipient. While a
temperature based solidification mechanism represents an advantage when
it comes to formulation it may constitute a problem in relation to surface
roughness. Indeed since each layer starts to solidify as soon as it is extruded
there is not complete fusion between subsequent layers resulting in clear de-
marcation lines.

Goyanes at al 2015 works are prime example of how FDM can be used to
produce complex geometries and that, depending on the shape of the drug

delivery system, it is possible to control the drug dissolution profile [70, 71,
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72]. In Figure 1.6 are shown the digital and Raman images of the multi-
material tablets with multilayer and sectioned DuoCaplet design from the
paper: "3D printing of medicines: engineering novel oral devices with unique
design and drug release characteristics".

Two sets of filaments were prepared using a combination of commercial
poly(vinyl alcohol) (PVA) combined with either Paracetamol or caffeine (5
and 10% w/w). The mixture was then extruded via a single-screw filament
extruder. The printing stage was obtained by alternating between the fila-
ment until the final part was produced.

In this work the authors implemented two different geometries in order
to better understand the effect of tablet geometry and drug localisation on
drug release. The analysis of the Raman images confirmed that each drug
is localised in the desired region. Tablets incorporating a multilayer design
showed similar release profiles for both drugs with faster release at higher
concentrations, on the other side the DuoCaplets showed an initial release
only from the paracetamol locate in the outer shell while the caffeine is re-
leased following an initial delay. Suggesting that the outer shell works as a
masking material to the core and that the printing process was successful in
producing such design.

The authors were thus able to demonstrate that FDM is a suitable tech-
nique to manufacture different structured objects with tailored drug dissolu-
tion profiles.
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FIGURE 1.6: Digital and Raman images alongside with their dissolution profiles of
the multi material tablets with multilayer and sectioned DuoCaplet design, white
paracetamol —PVA and blue caffeine—PVA [71].
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1.3.1.2 Laser based systems

Laser based 3D printing includes all additive manufacturing technologies for
which a laser is a key element of the printing process. Specifically it repre-
sents the curing mechanism through which the material in a state of a liquid
or a powder is made to coalesce and solidify in order to produce a 3D object.
Two main types of AM technologies fit this profile, laser sintering (SLS) and
stereolithography (SLA).

Selective laser sintering

SLS is a powder bed fusion AM processes, a thin layer of material is
spread across the printing bed, once the powder layer is dispersed the mate-
rial is solidified by exposure to a high power scanning laser which heats the
powder particles close to their melting point. As a result neighbour particles
that have been affected by the laser are fused together forming the layer de-
sign [73,74,75]. The printing bed is then lowered and a new layer of powder
is spread across the printing bed using a levelling blade ready for the layer
design. The final object is obtained by repeating these steps in a layer by layer
fashion. Once the print is finished the part is removed from the powder and
cleaned while the powder sieved and placed in the powder delivery system.
Figure 1.7 shows a schematic representation of SLS.

SLS is able to work with a variety of compatible materials, however due
to the working principle at the base of this technique the material formula-
tion must be in powder form and must be able to withstand the working
temperature. Even more important, objects produced with this technology
are subjected during printing to elevated thermal stresses potentially causing
the part to shrink or deform. In addition, the use of a single powder formula-
tion further reduces the complexity of the printed part limiting the freedom
to only geometrical variations and is lacking in this regard comparatively to
other competitor technologies.
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FIGURE 1.7: Selective laser sintering schematics (SLS) [14].

Despite the disadvantage it is possible to find instances in the literature
where this technology was used to produce tablets for pharmaceutical appli-
cations[76].

In 2018 Fina and co-worker showed how laser scanning speed can affect
the printed part porosity and consequently, in the case of solid dosage forms,
their ability to release the active components. For this purpose, the authors
designed two sets of prints at three different rasterising speeds (100mms~1,
200mms~! and 300mms~!) and two powder compositions: 5% Paraceta-
mol, 3% of Candurin® Gold Sheen and 92% HPMC (hydroxypropyl methyl-
cellulose) or kollidon as matrix material. The addition of the colorant Can-
durin® Gold Sheen to the mixture was necessary to enhance energy absorp-
tion. After completion the printlets were removed from the printing bed and
the excess powder was simply brushed off.

For both sets of tablets compositions a higher laser scanning speed showed
faster drug release during the dissolution test in an acidic medium, as a con-
sequence of the variation in structure porosity due to the processing speed.
Specifically at high speed the laser quickly scans over the particle causing
them to not fully melt and thus to form looser connections creating a more
porous structure, which allows for easier access for the dissolution medium
as well as facilitating break down. As visible in Figure 1.8 in the case of Kol-
lidon matrices the lowest laser scanning speed achieved complete dissolu-

tion within the first hour, while higher speeds of 200 mm s~! and 300 mm s !
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managed to achieve the same goal in only 10 min.

HPMC based tablet showed an overall slower release rate with complete
drug delivery reached in four hours for the 100 mm s~1 tablets, three hours
for the 200 mm s ! tablets and two hours for the 300 mms~! tablets.

This shows that SLS is indeed capable of producing solid dosage forms
with tailored release profiles, however the constrains in geometries achiev-
able and in the materials available strongly limits the number of pharmaceu-
tical cases for which the use of this technique can be beneficial. As a result,
this technology is often disregarded in favour of other additive manufactur-
ing methods..

2 3
Low Density High 2w

Time (min)

FIGURE 1.8: Image and dissolution study of tablets composed of 5% Paracetamol,
3% of Candurin® Gold Sheen and 92% HPMC (TOP) or kollidon (BOTTOM) [76].

Stereolithography

Stereolithography is an additive manufacturing system where a photoac-
tive resin is exposed to a focused light source (UV or high energy light) to in-
duce photo-polymerisation [77, 78]. The photosensitive thermoset polymers
are in a liquid form and are stored in a vat container, the printing platform
is lowered into the resin leaving a small gap equivalent to one layer height
between the transparent bottom and the platform itself. Focused light is then
shined through the base to selectively curing and solidifying the photopoly-
mer as visible in Figure 1.9 . The platform is then lifted to allow resin to
re-coat the bottom, a sweeper blade might be used to aid the process. The
platform is once again lowered and the process repeated as many time as re-

quired by the digital design. By the end of the printing process the part is
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only partially cured and requires further post processing. The first step is to
lift the printing stage out of the vat and remove the leftover uncured resin by
washing the part in an appropriate solvent, the next step would then be to
finish curing the part under UV light.

FIGURE 1.9: Stereolithography schematics (SLA) [58]. A laser selectively illuminates
the transparent bottom causing resin solidification, the printing bed then lift to allow
space for the next layer.

An advantage of this technology is that it offers the possibility to fabri-
cate tablets with high resolution (30 pm to 40 um) while avoiding the need to
use high temperatures. However, it only works with crosslinkable polymeric
matrices and is intrinsically mono-material since only one material per vat is
allowed.

Recently Robles-Martinez et al. designed a method to enable multi-resin
printing. This was achieved by pausing mid-print, removing the resin tray,
and replacing the resin formulation [79].

Photosensitive resins were obtained by mixture of the pharmaceutical in-
gredient in liquid PEGda and PEG300 when applicable, as model drugs were
selected paracetamol, acetylsalicylic acid, naproxen, chloramphenicol, and
caffeine.

From Figure 1.10 Left it is clear that the authors were successful in pro-
ducing multi material printlets with both a disc and ring geometry, further-
more the analysis of the dissolution profiles (Figure 1.10 Right) shows that
not only all drugs can be released from the tablet, but also that their release

can be tailored thanks to the printlet geometry.



Chapter 1. Introduction 25

Drug released (%)
¥ & 8 3
= -
N
\
\
Drug relesied (%)

(a)

-— Paracetamol

& —— Caffeine
Aspirin
Chloramphenicol
Prednisclone

{  —+— Naproxen

Illlil}IIIIIIIII|IIII|HII|
2 3

lll!llllll‘lllllllll|l I!llllll I
0 2 3 4

(b)

FIGURE 1.10: Left) Digital and optical images of disc and ring printlets produced
using multi-material SLA. Right) Drug dissolution profiles of (a) cylindrical polypill;
(b) ring-shaped polypill; and (c) ring-shaped polypill+PEG 300. [79].

1.3.1.3 Jetting systems

Inkjet printing identifies the category of printers which recreate digital im-
ages through the controlled formation and placement of ink droplets onto
a substrate. Two types of inkjet 3D printers exist: drop-on-demand (DoD)
inkjet printing and continuous inkjet printing (CIJ) [80].

Figure 1.11 left shows the CI] method and how it exploits Rayleigh insta-
bility of a column of liquid for droplet generation, this results in a continuous
stream of droplets that cannot be interrupted without compromising their
production. To avoid this issue and to guarantee precise spatial deposition,
the droplet are charged at the nozzle and a deflector is positioned down-
stream interrupting the flow by diverting the undesired droplets into a gut-
ter collector and then into a vat for recycling. On the other hand DoD allows
to produce droplet only when necessary reducing wastes, this is achieved by
creating a pressure pulse in the fluid behind the printing nozzle. Two dif-
ferent mechanisms have been designed for this purpose. The first one is a
thermal inkjet process (Fig.1.11 middle), when a droplet is required an heat-
ing element is activated causing a rapid raise in temperature of the ink and
consequent formation of a bubble, which results in a large pressure increase,
causing droplet ejection. Lastly, piezoelectric DoD units (Fig.1.11 right) ex-

ploit the ability of piezoelectric materials to respond to electric stimuli, when
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a voltage is applied the piezoelectric actuator respond by dilating, generating

a pressure pulse which forces a droplet out of the nozzle.
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FIGURE 1.11: Schematic diagram of a continuous inkjet (CIJ) printer (Left), and a
drop on demand (DoD) inkjet printing system, (middle) is the thermal inkjet and
(right) is the piezoelectric inkjet [80].

Although all these techniques are very similar and require control over
drop formation velocity and fluid viscosity, only DoD inkjet printers find
common use in the pharmaceutical field, and more generally in the material
science field. This is because the CIJ system uses a continuous stream of ink,
even when it is not printing, making the process extremely wasteful. While
the unused ink can be reused, the recycled material is at risk of environmen-
tal contamination. Moreover, within the DoD inkjet printers, piezoelectric
print heads are usually preferred over the thermal print heads because more
versatile and can be used with a larger range of inks, since the drop formation
mechanism is independent from the ink properties and its capability to pro-
duce suitably sized bubbles to guarantee large enough pressure to produce
droplet ejection. [81, 82]. DoD inkjet printers fall into two sub-categories:
drop-on-powder and drop-on-drop. As can be gleamed from the name, the
drop-on-powder procedure uses a powder ‘bed” combined with a binder ink
‘drop’ to build a solid structure in a layer-wise manner. Drop-on-drop print-
ers on the other hand deposit pre-formulated droplets on top of each other
to produce a solid layer of the building material [80].

Drop-on-powder deposition

Similarly to SLS, drop on powder is a powder bed fusion AM process
where a layer of powder is spread across the printing bed, droplets of binder
ink are then deposited on top to recreate the digital design. After a layer has
been successfully printed the bed is lowered and a new layer of free powder
is spread on top by a roller or blade. The process is then repeated in a layer by
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layer fashion till the entire part is produced [80]. In these types of process the
unbound powder acts as a support material preventing from collapsing of
overhang or porous structure [14]. Once the final object is ready the part can
be removed from the powder and finished by brushing away the excess. For
pharmaceutical applications an additional drying step is usually necessary to
ensure the complete removal of solvents that would otherwise compromise
the part safety. As we have previously seen this could be problematic, since
it is expensive, time consuming and could compromise part integrity [83].

The key feature of the drop-on-powder process is its ability to provide
accurate dosing through the spatial deposition of the active pharmaceuti-
cal ingredients while simultaneously granting the ability to produce com-
plex structures through regulation of the binder deposition on the powder
bed [84, 80].

This technique can be effective in the production of printlets by dissolv-
ing the drug into the liquid binder and creating the powder base from the
matrix material, however this approach is not precise enough when well-
defined modulation in drug release is desired. This is because it is difficult to
control both the dosage and the binder amount due to the limited void space
in the spread powder layers. This is especially so for poorly-soluble drugs,
which must be solubilised in the binder before loading. For this reason, in
2007 Yu et al. [85] decided to reverse their approach and start including the
active component in the powder bed and using a release-retardation binder
solution. For this purpose, they designed a tablet composed of four concen-
tric sections (Figure 1.12) displaying different drug concentrations in order to
obtain a gradient effect, this central section was topped and bottomed with
an inert layer that was impermeable both to water penetration and drug dif-
fusion.

The central part of the tablet was made by printing a binder solution of
2.0% w/v of EC solution in 90% v/v of ethanol into the bed powder. The
mixed powder for this section was composed of APAP, HPMC E50, PVP K30,
and colloidal silicon dioxide according to a ratio of 80:15:4.8:0.2 in weight. In
order to grant the gradient distribution in this middle section, from the pe-
riphery to the centre, the concentration of the release-modulated materials
was progressively decreased, while the void space was increased in small in-
crements. Since the top and bottom of the tablets were formed by depositing
droplets of liquid binder (4.0% w/v EC in 90% v /v ethanol) onto the manu-
ally spread EC powder, the dissolution of the drug loaded layer can happen
only along the horizontal plane making it easier to control the release. The
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printed tablets had to be dried after each pass and, at the end of the overall
process, overnight at 35°C under vacuum prior to use. Thanks to this ge-
ometry the erosion of the volume of the tablet was constant over time. This
is because as the tablet is eroded, the available surface area for drug release
diminishes which in turn causes an acceleration in the erosion process. The
end result is a zero-order system with a linear drug release profile that can
deliver 98% of the active component within 12 h of dissolution. Including the
drug inside the powder bed not only improves control over the dissolution,
but also increases the maximum concentration that can be achieved com-
pared to the core-shell structure that we have seen up to this point (70% w /v
compared to 20% w /v [86, 87]).
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FIGURE 1.12: Left) Schematic representation of the concentric tablets with material
gradients by Yu et al. Right) Drug dissolution profile [85]

Drop-on-drop deposition

As the name suggests drop on drop systems do not require the use of
a powder base, ink droplets are ejected from the nozzle and deposited on
a printing bed covered with a suitable substrate, the most common being
PET and glass slides. The choice of substrate is based on the desire for it
to be easily available, low cost, capable to withstand relatively high temper-
atures, compatible with pharmaceutical applications and most importantly
allow the release of the part after printing. As a result the choice of PET
film and glass slides as substrates should not come as a surprise since they
both fit all criteria. Additionally, it is desirable for the substrate to present a
smooth surface to allows for easy removal of the final part and to prevent the
imprint of the substrate topography onto the bottom surface of the printed
solid dosage form.

The bed can be kept at room temperature or heated as necessary to ensure
cohesion between subsequently deposited droplets. Each layer is cured ei-

ther by cooling or in presence of a high energy light, UV or IR [80, 84]. Before
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the next layer can be printed the initial one has to be cured enough to sup-
port the follow up layers and to avoid collapsing underneath their weight.
The inclusion of multiple ink dispersing units within one printer allows for
multi-material printing where the second material could be used as integral
part of the final object or as a disposable support material [88]. As a result,
the quality of printed product as well as its chemical-mechanical properties
are dependent mainly on the choice of material.

While drop-on-powder deposition is well-suited for producing macro-
structures it is not so useful for developing micro-structures [89]. Drop-on-
drop deposition however, provides an elegant tool for the design and pro-
duction of microscopic drug delivery systems with high drug loading capac-
ities and complex geometries. In general each droplet has a mean diameter
that ranges between 50 pm and 100 pm. One of the most challenging sides to
this approach is the choice of the ink, this must contain both the active ingre-
dient and the matrix material and can be prepared with or without the use of
a solvent depending on the curing process selected without compromising
the stability of the end result [80, 90, 91].

Drop on drop technology can be further divided into two sub categories
depending on the type of curing mechanism: solvent-free which use heat as a
curing mechanism and solvent based which require UV or IR light for curing.

The latter are the most commonly used in pharmaceutics thanks to the
availability of commercial printers[92, 93, 94]

In 2017 Clark and co-workers produced printlet containing ropinirole HCl,
poly(ethylene glycol) diacrylate (PEGDA) and Irgacure 2959 as photo-initiator,
to avoid undesired curing during the printing process the tablets were pre-
pared in a low oxygen environment. The ink material was cross-linked using
UV light, the result was amorphous solid dispersion showing sustained re-
lease of ropinirole HCI for up to 6 h [92]. It is clear that in a solvent base
technique the removal of the unbounded polymer and photo-initiator is a
key step to make the printlets safe for human use. Toxicity thus plays a key
part in the choice of components and should be kept to a minimum when
designing the tablet formulation.

A possible solution to this is the use of hot-melt printing drop on drop
inkjet system, this technique relies on maintaining the ink in its liquid form
by heating it past its melting point inside the printing unit which is kept at
constant temperature. After deposition the ink material is allowed to cure
at room temperature eliminating the need for solvents and post processing

steps. To date only one application of this technique has been reported for
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pharmaceutical use. In 2017 Kyobula et al. explored the use of beeswax as
a carrier for the production of Fenofibrate drug delivery system, and how
tablet geometry can be used to tailor the drug release profile [95].

By creating printlets with honeycomb geometries and different infill ra-
tio they showed that effect of cell diameter on material wettability and the
correlation to the dissolution profile, as visible in Figure 1.13. Specifically,
an increase in the amount of drug released with the surface to volume ratio.
Furthermore, they established that for the smallest set of cells the buffer solu-
tion surface tension plays a key role in preventing the liquid to infiltrate the
channels. Kyobula and co-workers suggest that this mechanic can open the
doors for the production of personalized medicines.
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tablets with constant weight and various cell size [95].
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1.4 Contribution of the present work

From the study of the traditional manufacturing methods of tablet produc-
tion, section 1.2.1, it is evident the need for a simple and convenient pro-
cess that is capable of producing solid dosage forms with complex and in-
tricate design features capable of delivering patient specific therapy. Thanks
to its versatility, 3D printing offers an elegant solution to this problem by
enabling the production of tablets with highly customisable geometries and
compositions. Indeed, in the past decade it has been demonstrated that 3D
printers can produce printlets of enormous geometric complexity and with
specially tailored characteristics like permeability, porosity or functionality.
A large variety of additive manufacturing techniques exist today includ-
ing laser writing, material extrusion and inkjet printing, however as high-
lighted in table 1.1 each techniques has its advantages, disadvantages and
challenges. The choice of manufacturing technique has thus becpme integral
to the tablet design. Indeed, while most methods have seen high interest and
intense studies, inkjet printing is still in its infancy when it comes to pharma-
ceutical application. While being extremely promising in terms of resolution,
speed and scalability, IJP suffers from a severely limited selection of useable
active components and excipients due to the strict requirements of surface
tension and viscosity. Furthermore, not all printer types are equipped to
support multi-material deposition. This thesis work aims to advance prior
research into this topic by focusing on hot-melt inkjet 3D printing. Hot-melt
inkjet printing puts an interesting twist on the typical solvent based system.
In this case the ink is stored in a reservoir above the print head and heated
at a temperature above its melting point. No solvent is thus required to keep
the ink in its liquid form eliminating the need for a rigorous post-processing
solvents removal step. In addition, of particular interest is the possibility to
utilise non thermoplastic materials and most specifically lipids as the main
excipients for the solid dosage forms. Lipid-based formulations are known in
traditional tableting for their capability to improve drug absorption [96], in
particular when considering drugs with a low therapeutic index [97]. Indeed,
a 2004 study showed how up to 70% of all developing chemical entities have
low water solubility, hindering their capability to be absorbed correctly and
ensure therapeutic efficacy [98]. The use of lipids can help enhance drug ab-
sorption via different mechanisms including promotion of lymphatic trans-
port [99, 100], by increasing GI membrane permeability [101]. While it is
easy to see the benefit of lipid-based formulation products, both traditional
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tableting methods and most AM technologies are extremely slow or even
incompatible with their manufacturing [96]. In this sense thermal jetting
represents a great opportunity to produce lipid-based solid dosage forms in
an efficient, fast and customisable way.

In this study, we want to develop a double reservoir system capable of co-
printing two different materials while preserving the same depositional pre-
cision shared by all inkjet systems (approximately 50 pm). The introduction
of a second ink reservoir will increase the geometrical freedom of the tablet
design, helping in the production of complex tailored release profiles. In par-
allel we aim to expand the library of inks available in order to widen the field
of applications. To our knowledge, there is no record of this technique being

used in a multi-material set-up for producing solid dosage forms.

1.4.0.1 Aims and objectives

The aim of this work is the design and development of a 3D system capa-
ble of fabricating multi-material solid dosage forms showing tailored release
profile produced in a single additive process. Based on the information gath-
ered in the literature review it was decided to use a hot-melt inkjet printing
co-depositional approach, this would allow for a solvent free method capable
of producing multi-material printlets while preserving the high geometrical
freedom offered by inkjet printing. To achieve this, the following list of ob-
jectives was established.

Design and development of a multi-material hot-melt 3D inkjet system.

¢ Identification of the key features of multi-material hot-melt technology

and creation of a digital copy of the system to aid the planning process.

¢ Implementation of the digital plan using a combination of commer-

cially available and in-house manufactured components.

¢ Adaptation of the control code in charge of ink deposition and pattern

generation.

* Assessment of the system capabilities via the production of multiple ge-
ometries starting with simple disc before moving up to complex struc-
tures with fine details.

Development of a library of suitable excipients.
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* Characterisation of the chemical and physical properties of candidate
pharmaceutically graded materials to guarantee compatibility with hot-
melt jetting. These properties include: density, viscosity, chemical com-

position, crystallinity, degradation temperature and melting point.

¢ Evaluation and optimisation of their printability as single material or

as inks obtained by combination with a test drug (Fenofibrate).

* Assessment of the effect of the printing process on the inks physical and

chemical properties.

* Analysis of the functional performance of the solid dosage forms pro-
duced using ink (excipient plus API) relatively to their drug release
capabilities.

Production of multi-material tablets with tailored release profile

¢ Identification of a test carrier material on the base of the knowledge

built in the previous sections.

* Design of various geometries including multiple material to showcase
tailored release.

* Build proof-of-concept tablets and test their drug release ability in the
interest of validating the capabilities of the system.



TABLE 1.1: Advantages and disadvantages of 3D printing techniques. In the Ref. section are reported some key examples for each of the

techniques.

AM techniques Advantages Disadvantages Ref.

FDM e Low cost e High temperatures [102]
e Ease of use e High mechanical compression stress [69]
e Easy to access technology ¢ Rough surface finishing [103]
e Supports multi-material printing e Slow printing precess [104]
e Capable of solvent free e Stair stepping effect n the z-direction
e Printlet are readily available e Warping and minor shrinking during curing
e No post processing step necessary

PAM e Supports multi-material printing e Solvent removal step [65]
e Cartridge temperature control e Stair stepping effect n the z-direction [67]
e Print of gel material e Rough surface finishing [66]
e Compatible with high drug loading ( 80%) e Shrinking and Warping during solvent removal

SLS e High number of compatible materials e Shrinkage and deformation during print [75]
e High precision e Extensive post processing step [73]
e Large build area e powder agglomeration [74]

e Good mechanical strength

e Relatively low cost

e High geometrical freedom, powder acts as
support material

e Thermal stress
e Improper powder feeding
e Rough surface finish
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SLA e Supports multi-material printing(complex)  eExtensive post processing step [77]
¢ High geometrical freedom e Low tensile strength [79]
e Can print extremely fine features (>20 pm) [78]
e Smooth surface finish
e Minimal stair stepping effect

Drop-on-powder | e Supports multi-material printing e Binder bleeding [81]
o Fine features(>50 pm) e Powder agglomeration [82]
e Insignificant stair stepping effect e low mechanical strength [83]
e High geometrical freedom, powder acts as o Improper powder feeding [14]
support material

Drop-on-drop e Supports multi-material printing e Bleeding [92]

binder e High geometrical freedom, one of the mate- e Extensive post processing step, including curing | [93]
rial can be used as support and solvent removal
e No post processing step required e Slow [94]
eFine features(>50 pm) [91]
e Insignificant stair stepping effect [90]

Drop-on-drop e Insignificant stair stepping effect e Thermal stress [95]

hot-melt

e No post processing step required

eFine features(>50 um)

e High geometrical freedom, self supporting
material

e Warping during solidification

e do not support multi-material printing
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Chapter 2

Platform development and

understanding

The previous chapter highlighted the capabilities and importance of hot-melt
technologies as a safe and cost effective way to produce solid dosage forms
using FDA approved materials with the innate lack of need for a rigorous
post-processing solvents removal step. Moreover, the freedom of geometry
provided by the inkjet 3D printer could allow the tailoring of drug release
profile by controlling tablet geometry and thus surface area available for in-
teraction with dissolution media.

To expand this concept and the range of profiles achievable, we set up to
design and construct a dual unit system capable of jetting two different ma-
terials during the same print. For pharmaceutical applications this translates
into the possibility of tailored drug release, including delayed and pulsatile,
achieved by combining drug enriched cores and drug free shell structures.

The first step to achieving this goal was to identify the key elements nec-
essary for the development of a functional dual material hot-melt deposi-
tion system capable of producing 3D objects with bespoke, complex geome-
try. This implies that the system must support three dimensional movement,
precise material deposition and a feedback system which allows the user to
verify the printed part and droplet formation. On the basis of these ground
basic assumptions and by comparison with pre-existing systems the follow-

ing features were identified as essential:

— Two hot-melt inkjet dispersing units, each comprising of an inkjet
print-head capable of withstanding high temperatures, a heater and a

high temperature reservoir.

— Power supply and temperature control to correctly operate the dis-

persing unit.
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— Unit support, necessary to attach the printing units to the main stage.

This must showcase the following capabilities:

— two hot-melt units.

- a rigid support that leaves no space for lateral movement of the
printing head in order to limit the effect of mechanical vibration
during printing.

- modular design to guarantee easy access to all printing parts for

quick assembly and ease of maintenance.

- allow for fine adjustment in the z direction in order to guarantee
parallel alignment between the printing bed and the dispersing
head.

— Linear stage and printing bed with precise three dimensional move-
ment. Ideally the linear motors will display < 50 pm minimum step
size to ensure printability of designs with 50 pm resolution.

— Position control, path optimisation and jetting management. These
controls are generally carried out by the main software associated with
the system. It should thus, be able to manage material jetted from the
print-head’s nozzle in a controlled drop-on-demand fashion with min-
imal electronic delay in order to deliver a functional 3D object. More-
over, the software should be capable of optimising the drop deposition
pattern in order to reduce the time and number of passages necessary to
produce each individual layer. Lastly, it should allow for user defined

parameters such as print speed, frequency and resolution.

— Substrate securing system, to avoid potential misalignment due to un-

intentional movement of the substrate film during jetting.

— Controlled environment, this is of particular importance when using
hot-melt units since temperature control represents the main curing
mechanism. A change in the ambient temperature or the presence of
air current might negatively impact the printing process compromising
the integrity of the end product. A closed casing around the printer
is also useful to protect the printed part from potential chemical con-
tamination and particle/dust inclusion. Additionally, the use of a case

reduces the risks for the user.
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— Cameras, a top view camera is necessary to calibrate the printheads and
check on the part during printing. It can also be used for the calibration
of the printing bed. A side view camera is also fundamental in order
to optimize the printing parameters so to produce droplets showcasing

the correct speed and shape when reaching the substrate.

Multiple approaches were considered on how to tackle the development
of such a system, including the design of a printer ex novo and the adaptation
of pre-existing commercially available 3D printers. The first method, how-
ever, represents an extreme mechanical and computational challenge, includ-
ing but not limited to moving in three dimensions, maintaining consistent
temperature through the entire dispersing system and control every single
nozzle’s deposition pattern individually. Seeing that the focus of this thesis
work was pharmaceutical and not engineering, the natural solution was in-
deed to modify a commercially available machine. The choice was between
a Dimatix (Fujifilm, USA) and a PiXDRO LP50 (Meyer Burger, Netherland),
visible in Figure 2.1 A and C respectively. The first would have represented
a poorer choice as it lacks a native dual head system, an open software and
additional power ports to feed the cartridge temperature control. Making
the adaptation process likely extensive and time consuming. So, the LP50
was the preferred choice, even more so since it can mount a dual head unit
(not hot-melt) and has open software. Moreover, Meyer Burger offers a sin-
gle compatible hot-melt unit [105]. Finally, the type of dispersing unit to use
and the hardware and software modifications required needed to be defined.
The LP50 selected has an in-house built support system that allows mount-
ing and control of two Dimatix’s cartridges, however, as visible in Figure 2.1
B this type of cartridges do not have a heated reservoir and therefore heating
elements to both reservoirs and a temperature control unit were required.

This proved problematic, however, as the geometry and materials of the
cartridge are not compatible with a high temperature approach (summarised
in Appendix A.3). It was hence decided to focus effort working with the
Meyer Burger’s original hot-melt unit, Figure 2.1 D. In this case the main
modification involved changing the geometry of the support case in order to
host two units instead of one, adding a temperature control unit to power
the second reservoir and lastly adapting the software so to manage the new
prototype.

In the following sections the reader is guided through the conversion process
and its functionality, in particular with detail of both the original system,
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highlighting the elements fundamental to the project, and the modifications

made by the author.
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FIGURE 2.1: Schematic of the PiXDRO LP50, Dimatix printers and the respective
cartridges. Dimatix (Fujifilm, USA) (A) and Dimatix printhead (Fujifilm, USA) (B),
PiXDRO LP50 (Meyer Burger, Netherland) (C) and LP50 hot-melt printhead unit (D).
Images (A) and (B) has been taken from Fujifilm’s official website [106]while(C) was
taken from Meyer Burger’s website [105], lastly figure (D) was taken by the author.
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2.1 Commercially available systems

Printer: PiXDRO LP50

As mentioned in the previous section the printer of choice was the PiX-
DRO LP50 developed by Meyer Burger (Netherland). This is a desktop inkjet
printer designed for research and development of inkjet processes and appli-
cations, as well as evaluation and development of inkjet materials. As such

it already shares a number of the features we were looking for in our system.

Among these it allows motion along the traditional X, Y, Z axis, and also
rotation of the substrate table (S) and printhead (P). Moreover, the overall
system accuracy and precision, as determined by the motors minimum step,
are = 20 pm and =+ 5 pm respectively. Both are in good agreement with our
starting requirements. Accuracy and precision relate to the capacity of the
printer to produce repeatable and reliable results consistent with the digital
design. Given a set of repeated measurements of a single droplet deposition
onto a predefined position, accuracy is defined as the closeness of the de-
posited droplet to the target position, while precision is the closeness of the
repeated droplets to each other.

The Y axis (representing the axes of motion of the printing bed as visi-
ble from Figure 2.2 A) mounts an ironless linear motor that can reach a top

1

speed of 400mms™". In contrast stepping motors are used to control all

other axes of motion and rotation and in this case the top speed achievable

is 200mms— 1.

This matches with the shared standard of preferring print
bed motion over assembly movement during print. Such a decision is based
on the desire to minimise undesired lateral movement of the printhead that
might result in deviations from the deposition pattern. The print assembly
is, however, still required to raise along the Z direction to guarantee 3D ca-

pability.
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(A)

FIGURE 2.2: (A) Schematic of the LP50 machine including its major features. The
motion system has been highlighted using directional arrows along the axes of mo-
tion, specifically the main printing axes (X, Y and Z), the rotation axis of the print
unit (P) and the substrate tilting capability (S). Numbers were used to identify the
remaining features of interest including the dropview (1) printview (2) cameras, the
cleaning station (3), the printing bed (4), and the protective lid opened (5). The im-
age was taken from PiXDRO Handout 2009 and modified by the author. (B) Detail
picture of the magnetic mounting ring.

The magnetic mounting ring visible in Figure 2.2 B allows the attachment
of the printing assembly to the printer’s main body, providing accurate po-
sitioning while allowing for the unit to disengage in case an obstacle is en-
countered during motion guaranteeing the nozzle plate safety.

The printing bed consist of a metallic stage on which a suitable substrate
(<2.5mm thick) can be hosted and held flat via a vacuum suction created by
a negative pressure through a series of 1 mm holes in the platform. Despite
the overall stage dimension being 227x327 mm the available printing vol-
ume is 210x310x 80 mm due to fiducial alignment. Of particular importance
for our application is the presence of a thermistor and a heater integrated into
the stage platform allowing setting of the temperature up to 90 °C £1 °C.

The printer is equipped with two separate monochromatic cameras to pro-
vide top down and transversal views.

The top down camera, or printview, is attached to the assembly support as
visible in Figure 2.2 A and is paired with a coaxial and ring light to cover for
different illumination necessities. This recording system is used to inspect the
pattern deposited on the substrate, its main application being for printhead,
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print assembly and print bed alignment and calibration. When necessary it
can also be used for nozzle selection when combined with the correct print
design recipe.

The transversal, or dropview camera, is designed to monitor the drop for-
mation, Figure 2.2 A. It is paired with a stroboscopic red LED synced with
the printing signal. This enables the acquisition of pictures of the droplet
in-flight after a specific time interval following ejection. While only one noz-
zle/droplet can be analysed at a time, the software is capable of acquiring
subsequent pictures, one per nozzle, and stitch them together to create a
complete vision of the printhead behaviour. = This system is of particu-
lar importance for printing parameter optimisation since it provides a real
time feedback including a snapshot of the analysed droplet alongside infor-
mations such as head speed, approximated volume and deviation from the
nozzle vertical axis. This information is of particular interest for the user in
understanding how the printer responds to changes of the printing pulse in-
tensity and duration as well as printing frequency and nozzle temperature.
It is possible to also analyse the effect of changes in the reservoir tempera-
ture, however due to its dimensions this is a slow process since the entirety
of the reservoir and material need to reach a stable temperature. The key
information for material optimisation are drop shape, volume and speed of
ejection. For ease of use this set up can be controlled via Advanced Drop
Analysis (ADA) software, which provides an automated picture acquisition
for each set of user defined parameters. For each printing characteristic it is
possible to input a range of interest and the program will automatically scan

it without any further contribution from the user.

Meyer Burger provides a customised software to work with the LP50. The
system comes with three nested levels of accessibility. The layered structure
allows for different degrees of user intervention and modification while pre-
serving the integrity of software core.

At the core of the software is a series of sub-routines that cannot be modified
by the user. These include all the algorithms necessary to print, such as read-
ing of digital files (only 2D file formats), pattern optimisation, movement
control and droplet deposition. These functions are also in charge of con-
trolling the pressure inside the print reservoir and to create the substrate’s
vacuum clamping.

While these routines cannot be modified it is possible to call them selectively

via suitable scripts that in the context of this application are called recipes. A
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recipe is a script that allows the programmer to feed parameters to the core
functions in order to obtain the desired outcome, that being the printhead
moved to a determined location, material deposition et cetera. This set of
scripts are written in C#.

The last important layer of the software is the Human Machine Interface
(HMI). This is a user-friendly graphic interface that enables the user to inter-
act with the machine without having to change the code directly. In particu-
lar it supports parameter input and beginning/ending the print job without
having access to the back end code. To make this possible the original recipe
designs are paired with a corresponding .HML file allowing the use of Vi-
sual Basic for storage and handling. This simple visual interface reduces the
chances of input errors, since it is simple to double check.

Of particular interest is also the possibility provided to the user to exclude
non-performing nozzles, this favours higher quality prints while at the same
time extending the print head life. In this scenario pattern optimisation will
have to take into account the reduced nozzle availability and recalculate the
output accordingly.

In addition to the aforementioned capabilities the LP50 presents some aux-
iliary inputs and outputs (I/O) port that can be used by the researcher to
communicate with auxiliary systems.

In Table 2.1 are summarised the PiXDRO LP50 technical information.
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TABLE 2.1: PiXDRO LP50 technical data [105]

Maximum printing envelope 210x310x80mm

Max. substrate thickness 25mm
Substrate hold Vacuum clamping
Substrate heat <90°C=x1°C
Stage accuracy +20 pm
Stage precision £5pm
Motion Linear: Y
Step: X, Z
Rotation: substrate table, printhead
Print speed X:<200mms~!
Y:< 500 mm s}
Maximum load: 2.5kg
Printhead maintenance Purging, capping, wiping
Print view Pixel area: 656£492px
Field of view: 1.99 x1.74mm
Drop view Pixel area: 656+492px
Field of view: 1.1x0.7 mm
Image formats Bitmap, Gerber, postscript, png and PDF
Integrated post processing UV pinning or curing

Hot-melt assembly

At the beginning of this chapter, and specifically in Section 2, a briefly
mentioned of Meyer Burger’s hot-melt set up was provided. Here, more
detail is provided on how it differs from a traditional inkjet unit and what
are the benefit and downsides in relation to this thesis work.

As visible in Figure 2.3, the hot-melt unit shares all key aspects of a tra-
ditional inkjet one including the presence of a reservoir, a printhead heating
unit and a printhead, however, it also allows the entire unit to be heated and

not only the nozzles.
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o

Pressure connector

FIGURE 2.3: Schematic of the hot-melt inkjet assembly for PiXDRO LP50 printer.

Highlighted the ink reservoir (1), metal connector(2), printhead heating element (3),

metal holder (4), spectra head SE-128 (5). The image has been adapted by the author
from (PiXDRO B.V. 2011) [105].

Specifically the 15ml capacity reservoir can be heated up to 90 °C and is
attached rigidly to the printhead heater via a metal connector and sealing
o-rings. This is to be preferred over chemically resistant tubing, generally
employed for traditional inkjet assays, since it guarantees heat diffusion be-
tween the reservoir and the heater minimising temperature gradients in the
ink while flowing through the system. On the downside it adds an extra
degree of difficulty in the design of the dual head system, since the unit is
rigidly connected to the reservoir and therefore cannot be offset represent-
ing a strict geometrical constrain. The printhead of choice for this work was
the Spectra SE-128 printheads (Fujifilm, Japan) visible in Figure 2.4 A. This
is a piezoelectric unit designed for deposition of low viscosity materials in
the range of 8-20 cP. This unit has a series of beneficial qualities, compared
to other commercially available heads, that make it ideal for this project in-
cluding a high number of nozzles (128), drop volume (30 pL) and high rate of
operation (up to 40 kHz). The high nozzle density allows for a faster printing
process by covering a wider transversal area in a single pass comparatively to

less dense heads. In addition the high rate of operation allows for fast droplet
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delivery increasing production speed. Lastly, while requiring a longer depo-
sitional process the use of small droplet volumes grants greater resolution
due to the smaller foot print and consequently enables finer details. While
droplet size can be influenced by the printing process it is mainly determined
by the nozzle geometry and it is provided as a printhead parameter provided
by the manufacturer. Moreover, it showcases a compact design compared to
others. It indeed houses all 128 nozzles in only 102x5x104 mm and for a
total weight of 25 g without sacrificing resolution. The compact design is
particularly interesting for our project given the strong geometrical limita-
tions, particularly in the X, Y plane. The nozzles are 35 um in diameter and
508 ym apart from each other leading to a native resolution of 50 DPI. Spec-
tra SE 128 is part of a printhead line from Fujufilm that contains also similar
print heads with larger nozzle diameters. This resolution can be further re-
duced by rotating the printing angle and allowing for staggered deposition
from the nozzles to account for the reference change. Specifically:

1
DPI =
Nat I/VvaL
Wpyj = Wiaicos (2.1)
DPlIng
DPlp,; =
Prj cosw

Where DPIyy; is the original DPI, Wy, is the native nozzle spacing in inches,
DPIp,j, Wp,; are the projected DPI and nozzle spacing and « is the angle be-
tween the original and the final position.An illustrative scheme of such ap-
proach is visible in Figure 2.4 B

(A)

FIGURE 2.4: Spectra head Se 128 [106] (A) and DPI tilt (B).
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Furthermore, the main reservoir can be connected to a pressure pump
in order to aid ink stability. Specifically, a negative pressure (—30mPa to
OmPa) is used to assist the formation of a stable meniscus at the nozzle by
compensating the hydrostatic pressure and to avoid nozzle plate flooding.
On the other side a positive pressure pulses up to 250 mPa used to purge the
system either before ink substitution or in the attempt of resolving nozzle
blockages.

Lastly in Table 2.2 are summarised the printhead characteristics.

TABLE 2.2: Hot-melt unit product data [106]

Reservoir plus lid

Size diameter 50 mm
211 mm

Weight 784 g

Operating temperature range <90°C

Operational capabilities

manual on/off valve

pressure tube connector

Heater

Size 90x10x59 mm
Weight 117 ¢
Operating temperature range <90°C

SE 128 AA

Size 102x5x104 mm
Weight 25¢g

Nozzle spacing 508 pm

Nozzle diameter 35um

Drop size 30pL £4 %
Operating temperature range <90°C

Fluid viscosity range 8-20cP

Maximum operating Frequency 40kHz
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2.2 Hardware implementations

The aim of this work was to develop a support system able to host two
printhead-heater-reservoir units whilst also being able to fit into the ring
holder inside the Pixdro LP50. For this reason all the original unit’s supports
and attachments had to be redesigned. This project offered many challenges,
largely due to the spatial and weight constraints imposed by the machine ge-
ometry and motor’s power. In particular, the rigidity of the depositional unit
meant that the reservoir cannot be delocalised with respect to the printhead.
This, combined with the small dimensions of the ring holder and the gener-
ally limited space available to house the assembly inside the printer, greatly
constrained the size of the base support of the set-up.
The consequent challenges and relative solutions are listed below.

The new supports system needed to be able to house two hot-melt units,
each including a reservoir, a heating element and a printhead all rigidly con-
nected. Moreover, it had to allow for quick and secure assembly with no
room for undesired movements, while at the same time granting access to
all parts for easy substitution and maintenance if necessary. To address these
issues a modular design, inspired by Ledesma’s work [107], was adopted as
visible in Figure 2.5 including multiple detachable support parts, instead of
a singular rigid structure [107]. Firstly, it was fundamental to understand
the maximum volume available for the prototype inside of the printer. After
a thorough examination of the assembly’s housing it was realised that the
holder actually consists of not one, but two concentric metal rings (respec-
tively 1099 mm and 139 mm of inner diameter), of which only the external
one is secured directly to the printer. The double ring is a safety measure to
allow the fast disengagement of the assembly if an obstacle is encounter dur-
ing printing. By sacrificing the internal ring it was possible to increase the
space available for the dual reservoir unit. In the Z direction the constrains
are much less strict since the maximum height recommended is 230 mm and
the total unit’s height inclusive of reservoir, reservoir’s cap, metal connector,
heater and printhead is 211 mm.
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FIGURE 2.5: Top (A):Rendered image displaying of the main supports parts: assem-

bly resting holder (1), base support (2), top case (3), central anchoring structure (4),

bottom cover (5), printhead holder (6), reservoir holder (7). Bottom: Photo (B) and
rendered image (C) of the assembled prototype.

Both the inner metal ring and the base support of single unit assembly
share the same magnetic kinematic mounting system seen in Section 2.1
consisting of a series of hemispheres and holes matching the slots and pin of
the main ring. Thus, to preserve the same safety levels after the removal of
the ring, our prototype base support was designed to mimic the original one
replicating the same sets of hemispheres and holes. In addition 4 neodymium
disc magnets (N701-RB, Eclipse Magnetics Ltd, UK) were positioned to stron-
gly secure the support to the printer. These help prevent lateral movement
and vibrations during printing while at the same time allowing for fast dis-
engagement if any pressure is put on the printhead by an obstacle. Moreover,
by reproducing the original mount design it was possible to reflect the same
zero-position. This is of particular importance for the head calibration and to
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guarantee full range of motion especially the rotation (P) around the assem-
bly’s axis as visible in Figure 2.2 A, its maximum range being 94° compared
to the zero-position.

Understanding how to best arrange the two units in the space available and
designing a set of supporting attachments represented the most significant
challenge due to the number of limitations both from the geometrical and
mechanical point of view. As mentioned above the main spatial limitation
is the ring hole diameter 139 mm while the main features of the printing
units are the reservoir diameter 50 mm and the printhead footprint 102 mm
x5mm. As noticeable from Table 2.2 the majority of the printing unit weight
is related to the reservoir, resulting in a top heavy ensemble, meaning that
it is prone to vibrations and mechanical misalignment. Thus, the reservoir
needed to be rigidly attached to the support structure with little room for
mobility since any movement will be transferred directly to the printhead
disrupting the droplet’s pattern of deposition. To reduce load imbalance
and to guarantee rotational freedom, and in order to accommodate different
printing angles, axial symmetry of the design was pursued.

The result is a base support that mimics the original, but that can fit in the
new found space while allowing for the fit of two print units. Since it was our
goal to make this prototype as modular as possible the base shows a series of
anchoring points for the printheads so that the user can adapt the system to
its needs without having to remake it. While designing this part particular
attention was paid to replicating the anchoring system and to maintain the
position at which the nozzles are sitting compared to the mounting ring for
ease of calibration and safety of movement.

Keeping the same idea in mind, the top cover was made in the shape of a
cross that attaches directly to the base with four bolts, at the centre a hollow
column is used to secure the reservoirs via the tightly fitted ring shaped sup-
ports. The column presents a series of orthogonal off-centred threaded holes

to adapt to the users needs. The resulting support is pictured in Figure 2.5.

During the first stages of the research it quickly became evident that the
Spectra head’s mounting supports represented a clear weak point. These
were extremely delicate and broke with ease when the smallest stress was
applied to them while being mounted. This is an expensive and wasteful
limitation of the Spectra heads that needed to be taken into consideration

while planning our prototype. To address this issue while at the same time



Chapter 2. Platform development and understanding 51

providing a stronger and more stable attachment to the base, it was decided
to model a support case that encloses the printhead completely and that will
then be mounted onto the base support directly, in this way removing the
need to use the original printhead supports. Furthermore, this has a wider
footprint on the anchor point reducing tilting to a minimum. The design can
be seen in Figure 2.6.

(A)

FIGURE 2.6: Detail of the print head holder. Namely the rendered image (A) and
photos of the side (B) and bottom (C) view.

The last obstacle faced during the design phase was the weight limitation
imposed by the maximum load supported by the stepping motors, nomi-
nally 2.5kg. The original mount support in the Meyer Burgerd design used
steel, making the supports not only hard to modify, but also heavy. For this
reason it was decided to model the system using SolidWorks (Dassault Sys-
témes,Term), a solid modelling computer-aided design, and exploit our in
house Additive Manufacturing capability to manufacture it. This allowed
us, not only to swap the original steel for much lighter nylon, but allowed a
greater geometrical freedom and smart design such as a hollow column. As
a result of these choices the support weight was cut by 63.5%. All parts were
manufactured using a in-house laser sinter 3D printer, specifically a P-100
Formiga (EOS GmbH Electro Optical Systems, Germany) loaded with Ny-
lon PA12. The prints were then cleaned with a brush and exposed to a grit
blast, rinsed in water and dried in an oven for 2h at 40°C. Nylon PA12’s
data sheets reports its melting point at 172-180 °C and the softening point
at 163 °C. Since our system maximum operational temperature of 90 °C it is
safe to assume that the material is suitable for our application. The final set
of supports is visible in Figure 2.5.

Excluding the side supports the majority of the printing unit’s weight re-
sides in the reservoir itself. As a result, it was necessary to try and reduce it.
To do so a copy of the original reservoir was created from aluminium instead
of steel, the overall height was also reduced by 1.5 cm decreasing the overall
weight but also the ink volume to 10 ml, enough for the production of a full
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printing bed of samples. To achieve this new design a digital replica of the
original part was created, using SolidWork, including the main body, the iso-
lating shaft and the valve system. The part was then machine turned by An-
drew Plummer in the in-house workshop. The shaft and valve were adapted
to fit the new design and reassembled including a new set of heat plates. The
end result was a 294+2 g reservoir resulting in a reduction in weight of 60%
in comparison to the original unit (Figure 2.7). Despite the clear benefit of our
new reservoir this presents an issue, as it was not possible to recalibrate the
LP50 temperature control system to account for the change in material con-
ductivity and heating pads. As a result, the reservoir temperature needed to
be controlled via an external control system. For this reason and thanks to
the reduction in weight achieved using nylon supports and one aluminium
unit, it was decided to still mount one of the traditional reservoirs and control
it via the main software. Hence, the final assembly weighed 1.70kg, safely
inside the capabilities of the stepping motors and only 324 ¢ more than the
single unit. The final assembly can be seen in Figure 2.5 B.

FIGURE 2.7: Comparison between the original hot-melt reservoir from Meyer Burger
(Right) and our redesigned version (Left).
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2.3 Software implementations

To support all the alterations made to the system a re-evaluation and appro-
priate revision of the supporting software became necessary.

This is of particular importance given the addition of the extra hot-melt
unit and the changes in geometry that resulted from it. Notably it was also
desirable to include in the software the possibility of using, during one print,
ink materials with different layer heights with minimal input from the user
so as to minimise human error. While this represent its own computational
challenge it was believed to be essential in order to make the prototype func-
tional and versatile past the limits of this thesis work.

2.3.1 LP50 software adaptations

In section 2.1 were introduced the LP50 basic features including the control
software provided by Meyer Burger in association with the machine. While
access to the core code is denied to users it is possible to call it via suitable
scripts that in the context of this application are called recipes. The selected
programming language for this set of script is C# and the parameter handling
was performed by Visual Basic both for GUI and recipe scripts. Thus, tai-
lored printing routines were developed by building upon these pre-existing
structures, whilst adapting them to our specific needs. In particular the user
interface and respective handling were split into separate sections. One be-
ing in management of each individual printhead and one in charge of the
specific print. The former, known as head profile, behaves similarly to the
original recipe in the way that it holds all the information relative to a spe-
cific printhead and ink configuration. In contrast, this does not contain any
detail regarding the specific print generation function that is generally within
the domain of the original recipe. Multiple profiles can be created relative to
separate printheads or for different inks with the same printhead. This al-
lows the establishment of a library of profiles that can be later paired to cre-
ate the desired 3D object via the Printing script. The introduction of a library
eliminates the need for the user to re-establish all parameters every time they
decide to switch materials, this not only helps speeding up the setting up of
the print but also to reduce input errors since the user has to only record the
correct profile instead of a long list of parameters.

The Printing script was conceived, as mentioned, to minimise human er-
ror and to speed up the process of setting for a print. The user only needs to

select the head profiles and to provide a correctly sliced and named set of 2D
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maps, the printing recipe will then pair each BMP map with the relative head
profile calling them in the correct order so to create the optimal deposition
pattern. In the following sections it will be discussed more in detail some of
these steps. In Appendix A.1 is reported the core code for the Head profile and
Printing.

2.3.2 Temperature control

As in Section 2.2 the hardware and software limitations and in particular the
lack of a fourth power port to the heater of the second reservoir meant the
development of a supplementary temperature control system was needed.
The reservoir was equipped with two polyimide thermofoil heaters, one on
each side, kept in position by aluminium plates. A K-thermocouple was
also attached to the main body of the reservoir with high temperature re-
sistant polyimide tape and covered evenly with non-silicone heat transfer
paste (HTC10S, Electrolube, UK) to ensure an homogeneous thermal distri-
bution. A circuit, including the following electronic components, a IRZF44N
MOSFET, a 10kQ) resistor, a BC337-25 transistor and a MAX31855 module
pinboard, all mounted on a small circuit board and connected to the heat-
ing pads, the thermocouple, a power supply and a microcontroller (Arduino
Uno, Adafruit). By means of the corresponding software: Arduino 1.8.11
a Proportional, Integral and Derivative (P.I.D.) loop control routine was de-
signed capable of reading the thermocouple output which provides the tem-
perature inside the reservoir and hence manages the power supplied to the
heating pads, in order to firstly bring the system to temperature and subse-
quently to maintain it stable. To minimise errors a three stream PID. con-
troller chain produces an actuating signal aimed to engage the heating pads
as necessary and provide a feedback path. The Proportional section of the
control produces an actuating signal that is proportional to the error term,
this allows the temperature to be quickly raised when the system is turned
on, and then slowing down the heating when approaching the desired tem-
perature. While sufficient in many cases it can cause a steady state error that
makes it impossible for the system to reach the desired temperature. For this
reason, it was necessary to introduce the Integral controller, which sums up the
input signals over time and keeps a running total, when added to the signal
coming from the proportional path this overcomes the impasse caused by the
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steady state error. Lastly the Derivative controller measures the rate of change
of the error and is added to control the speed of change of the temperature to
prevent overshooting. The system was calibrated using the Ziegler—Nichols
method [108] which set to optimise the value of the gains in an heuristic way.
Specifically, I (integral) and D (derivative) gains are initially set to zero, while
P (proportional) gain is increased until the output shows stable oscillations.
The oscillation gain value and period are then used to set the P, I, and D gains
on the base of the Ziegler-Nichols as reported in the literature [108]. The pa-

rameter are then micro optimised until the desired behaviour is obtained.

2.3.3 Calibration

There are two main approaches to calibrating a two head system, the first
puts more strain on the support design while in the second the stress is
placed on the software. The former is based on having the capability of ad-
justing the position of one head with respect to the other so that the two can
be made perfectly parallel to each other. It is then necessary to calibrate only
one of the two via the software since the other will have the same calibra-
tion parameters, but shifted by a factor equal to the distance between the
two heads. This can be achieved by introducing a set of movable parts in
the base support to allow mechanical adjustment. However, this causes a
bulking up of the structure which, due to the tight working space, is incom-
patible with our desire of modularity. Moreover, the inclusion of additional
moving parts increases the chances of vibration during print. Considering
part stability and reduction of lateral movement are key objectives the sec-
ond option of calibrating the heads separately was chosen. Firstly, a frame of
reference was created by establishing the fiducial and edge alignment for the
printing platform, so each printhead of our prototype could be finely tuned
with respect to the same point. Then, the calibration was performed exploit-
ing the pre-existing routines used for the single unit. This procedure involves
printing a series of known patterns such as lines and squares and investigat-
ing the printed part taking advantage of the integrated vision system. Any
observable deviation has to be addressed and compensated for by tailoring
the printhead offset parameters. The successful calibration allowed us to create
multi materials complex patters without depositional errors. An example is

shown in Figure 2.8.
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FIGURE 2.8: Microscope images of multi-material depositions where the material on

the right and on the left where printed respectively with our in-house control unit

and the original Meyer Burger one. The pictures represent the result of errors in the
printhead calibration (A), (B) and a well calibrated setup (C).

2.3.4 3D object design and slicing

A key advantage of any additive manufacturing technique over traditional
processing is its capability to produce complex three dimensional objects and
hot-melt inkjet printing is no exception. As such at the base of any work there
is the design of the 3D object via a CAD software, the resulting file includes
all the geometrical detail necessary. However, it does not contain any infor-
mation regarding the properties of the material to be used. Specifically, it is
lacking key details such as layer height and drop spacing. Most companies
will overcome this limitation by providing an inbuilt option for “slicing’ the
file into a stack of layer patterns with user specified height and DPI(Drop Per
Inches). However, as seen in section 2.2, the original LP50 software can only
read 2D patterns and does not provide the user with a slicing option. Mean-
ing that it is the user who prepares the stack of 2D designs such that they
will contain all the desired detail, including layer heights and drop spacing,
in such a manner that when combined in a layer by layer fashion they will
form the desired 3D solid form. This is a non-trivial problem and makes
the process highly susceptible to human error. This becomes more evident
when working with complex geometries including multiple materials with
different layer heights. It was hence developed an in-house slicing routine in
Matlab (Mathworks, USA) capable of accepting any .stl file and slicing it into
the correct stack of bitmaps (BMP), not only reducing human error and time
necessary to process the original 3D file, but also increasing part consistency.
The program requires from the user some key parameters including resolu-
tion in terms of DPI, layer thickness and relative .stl files for each material.
The outcome is a stack of .png files named in accordance with our new sets
of recipes (see section 2.3) and saved in a folder indicated by the user.
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2.3.5 Material deposition conditions

After designing a functional set of recipes and routines to correctly manage
part slicing, head movement and tilting; their precise performance is depen-
dent on the material deposition conditions.

The main parameters under user control are: z-rise between layers, tem-
perature of the fluid and of printbed, material deposition order, ink pressure
and printing pulse applied by the piezoelectric actuator.

When considering z-rise the increment along the Z-axis was identified
after each layer deposition to ensure consistent distance (or gap) between the
nozzle plate and the substrate, each increment corresponding to the expected
layer thickness input by the user.

An error in this value might lead to one of two possible scenarios. If the
layer thickness had been underestimated over time it is possible to observe a
decrease in the distance between the nozzle plate and the printing layer itself,
which in extreme cases can result in the printhead touching it, compromising
print integrity. Alternatively, an overestimation of this parameter causes an
increase in nozzle plate to printing layer distance. Since the time of flight is
constant during the entire print a change in the nozzle distance might over-
time translate into drop depositional errors and again a compromised print.

This work requires a control ink temperature, as such it is clearly a key
component amongst the printing conditions. As mentioned this not only al-
lows us to maintain the material in a liquid state but also the capability to
tailor its viscosity. Similarly, the heating functionality of the printing bed
was exploited to maintain the material in a semi-solid state after deposition
in order to improve adhesion between sequential droplets while at the same
time limiting spreading. To determine the best performing print bed tem-
perature a series of single layer square prints were performed at increasingly
high temperature while maintaining all other printing parameters constant.
Each print was removed from the print bed before raising the temperature
and performing the next print. The results were observed under the micro-
scope and ranked on the base of the smoothness of the top surface and the
sharpness of the edges, aiming at eliminating the scalloping effect. The best

performing temperature was selected for future prints.
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The order in which the different materials are deposited is defined by
either spreading or layer height. Specifically, fluids with a smaller footprint
on the substrate will be deposited first to create a well-like condition for the
second material to be deposited in. Similarly, in order to avoid a ‘'mountain’
effect at the contact edge the material with the thinnest layer height should
be deposited first.

As mentioned in Section 2.1 the role of pressure in the IJP is to avoid fluid
leakage and nozzle plate flooding in between firing signals. This is achieved
by establishing a negative pressure to compensate for the hydrostatic thrust.

Lastly, is the printing pulse applied to the piezoelectric actuator and used
to actuate drop formation and deposition. This pulse can in general have
different shapes to accommodate diverse materials, however in the case of
the LP50 the shape is fixed to the trapezoidal one. Figure 2.9, shows two
regions of fast voltage change and discharge (rise and falling edge) and a
constant central region (peak time). It also has an inactive voltage threshold
(low voltage) and an active voltage level (high voltage). The optimal pulse
conditions are those in which the majority of the energy is transferred to the
droplet and not wasted in vibrational energy and consequent heat formation.
Since the energy is used only to overcome the jetting barriers arising from
surface tension all the remaining energy is transferred to the drop in the form
of kinetic energy. This means that the easiest way to determine the optimum
pulse is to identify the fastest stable drop that does not present long tails or
satellites.

For user ease all the mentioned parameters can be tested independently
or together via the Advanced Drop Analysis (ADA) software, which pro-
vides an automated picture acquisition for each set of user defined parame-
ters. The use of ADA also allows for the identification of underperforming

nozzles, that can then be excluded.
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FIGURE 2.9: Piezoelectric actuator trapezoidal printing pulse, highlighted: rising
edge, peak time, falling edge, threshold and maximum voltage.

2.4 Final set-up

To conclude, in this chapter it was shown the process behind the develop-
ment of the new dual reservoir hot-melt inkjet printing platform. In Fig-
ure 2.10 is presented the final prototype resulting from all the modifications
here described. It includes the newly designed functional multi-material
printing assembly 2.10 B for which a modular approach was adopted allow-
ing for quick and secure assembly of two printing units. While the support
system allows for the inclusion of diverse printing systems for the scope of
this thesis two hot-melt inkjet printing units were mounted, each comprising
of an inkjet print-head capable of withstanding high temperatures (Spectra
SE-128 printheads, Fujifilm, Japan), a heater and a high temperature reser-
VOir.

By manufacturing all part using a in-house laser sinter 3D printer, P-100
Formiga (EOS GmbH Electro Optical Systems, Germany) loaded with Ny-
lon PA12, it was possible to produce high temperature resistant, light weight
parts without sacrificing sturdiness. In addition, to further reduce the weight
strain on the printer motors a lighter and smaller aluminium copy of the orig-
inal reservoir was produced reducing the weight by 60%. The final assembly
weighed 1.70 kg, safely inside the capabilities of the stepper motors and only
324 g more than the single unit. It is thus clear that 3D printing was not only
the key focus of this work, but also an essential support system allowing the
creation of complex parts that would have been either impossible or very
costly to produce by other means.
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FIGURE 2.10: Final the dual hot-melt system set-up. Left: Photo of LP50 machine

including its major features. (1) Dual hot-melt unit, (2) printview and (3) dropview

cameras, (4) stepper motors, (5) the printing bed and substrate, (6) maintenance sta-

tion. Right: close up of the printing unit (7) original and (8) custom made reservoirs,
(9) ring holder (10) custom made support.

In this chapter was also explored the development of a temperature con-
trol system to support the second heated reservoir, which included the addi-
tion of an external power supply controlled via an Arduino (Adafruit, Ar-
duino uno) which enables continuous monitoring and control of the unit
temperature via a dedicated software.

Lastly, to complement the new setup the original machine software was
modified to manage both the individual printhead separately and as a unit,
particular attention was paid to their depositional interaction both an a 2D
and 3D level, taking into consideration both droplet overlap, material inter-
action and layer variations native to the material or the pattern.
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Chapter 3
Materials and methods

The following chapter contains the information on the active pharmaceuti-
cal ingredient (API), excipients and primary experimental techniques used.
The aim is to provide an understanding of the working principle of the most
common experimental techniques and a general overview of the current and
historical application of the API (Fenofibrate) and excipients of interest. More
information regarding the material selection process and the specificity of the
experimental procedures used at the different stages of the research can be
found in the chapters that follow, specifically Chapter 4 and Appendix A.2.
In particular, Chapter 4 includes an in depth analysis of the thermo, chemical
and mechanical property of the printable candidates. While a complemen-
tary summary of the remaining unsuccessful materials alongside with their

main property is provided in Appendix A.2.

3.1 Materials

3.1.1 Fenofibrate

Fenofibrate (CyoH1ClO4), shown in Figure 3.1 is a drug of the fibrate class
and it is the most commonly prescribed among them. It finds application in
the treatment of hypertriglyceridemia [109], mixed dyslipidemia [110] and
hyper-cholesterolemia [111]. It works by reducing plasma levels of blood
triglyceride, cholesterol, and low-density lipoprotein cholesterol in healthy
subjects and patients with hyperlipoproteinaemia.

pe¥ogse

FIGURE 3.1: Chemical structure of Fenofibrate(C,yH»1ClOy).
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Fenofibrate is a BSC class II drug with very low oral solubility and high
permeability [112, 113] and hence can require formulation strategies to im-
prove bioavailability. Traditionally other commonly employed approaches to
enhance drug bioavailability include the use of silica based formulation [114],
nano suspension [114], nanocrystals [115], micro emulsions [116] liposome
formulations [113] and micronisation [113]. Despite the extensive studies
only a relatively few formulations can be found on the market using these
approaches due to challenges associated with equipment handling, process-
ing and material selection [117, 118].

3.1.2 Candelilla

Candelilla Wax is a natural wax derived from the leaves of the candelilla
shrub and consisting of about 20-29% wax esters, 12-14% alcohols and sterols,
49-50% hydrocarbons, 7-9% free acids, 2-3% moisture and 1% mineral mat-
ter [119, 120]. It is a hard and brittle wax, yellow in colour, opaque to translu-
cent and aromatic with a sweet sent to it. Its melting point is reported in the
range between 68 °C and 72 °C [210]. In addition, it is emulsifiable and has
excellent gelling and oil retention properties. Thanks to its properties Can-
delilla finds a wide application in both the cosmetic and food industry, but
can also be encountered in car varnish. [121]

In the recent years Candelilla has also attracted the attention of the phar-
maceutical field for the production of micro emulsion, taste masking, as an
excipient in antifungal and antioxidant bioactive film. [122, 123, 124, 125]

As a food additive, candelilla wax has the E number E 902 and is used as a
glazing agent [126], edible coating agent to prolong food items shelf life [127],
texturiser for chewing gum base [128], carrier for food additives (including
flavours and colours) [129] and clouding agent [130].

In cosmetic industry, it is used as a component of lip balms and lotion
bars. [131]

3.1.3 Apifil CG

Apifil CG is a PEG-8 enriched beeswax produced by Gattefossé as a O/W
emulsifier and is the result of alcoholysis and esterification reactions of nat-
ural beeswax [132]. Beeswax has a complex chemical structure including
various organic compounds, among which the main components are: unsat-
urated and saturated hydrocarbons, monoesters, diesters, triesters, hydrox-

ymonoesters, hydroxypolyesters, free fatty acids, acid monoesters and acid
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polyesters. However, the composition is highly influenced by the bleach-
ing procedure and the region from which it was sourced [133, 134]. From
beeswax Apifil CG inherits its opaqueness and aromaticity, in contrast it
is white in colour. It presents a melting point in the range between 59 °C
and 70 °C [132]. Apifil CG finds application mainly in the cosmetic industry
where it is appreciated as an emulsifier and for its long-lasting moisturis-
ing effect. Nevertheless, in the last decade it has been investigated as an
excipient and a potential carrier for lipophilic drugs, such as N,N-diethyl-m-
toluamide, and vitamin K [135, 136]. This material was chosen to be tested
for this project on the base of the results obtained using the parent mate-
rial: Beeswax. The latter was successfully printed by M. Kyobula [137] util-
ising the same commercially available single head hot-melt ink-jet printer on
which the newly developed dual head system was based on.

The Apifil CG used in this project is of pharmaceutical grade donated by
Gattefossé.

3.1.4 Compritol 888 ATO

Glyceryl behenate (Compritol® 888 ATO) is a hydrophobic fatty acid ester
of glycerol (as shown in Fig.3.2), as such it presents a relatively low melt-
ing point, low HLB (hydrophile-lipophile balance) value and have excellent
plastic properties [138]. It is neutral in flavor and odorless, more importantly
it is chemically inert and safe for human consumption (FDA approved). Its
reported melting temperature is in the range from 65 °C to 77 °C [138]. In ad-
dition Compritol 888 ATO is compatible with standard excipients, flavoring
agents, polymers, plasticizers and surfactants making it the perfect candidate
for our project.

Glycerol
R=
R/w/\R

R

o}

L 5 Ho)\/\/\/\/\/\/\/\/\/\/\

Behenic acid

FIGURE 3.2: Chemical structure of Compritol 888 ATO.

Originally introduced as a lubricant for compression tablets [139, 140,
141], it has recently reached a wide application as a hot-melt coating agent for
sustained-release formulations [142, 142, 143, 144] and as a binder in dosage
forms prepared by melt pelletization [145, 146]. It is commonly found in
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concentrations that ranges between 1% and 3% when used as a lubricant or
binding agent, while in excess of 10% when employed as a sustained release
excipients [141].

Compritol 888 ATO has also been reported to be successfully used as
a lipophilic matrix-forming agent in the manufacture of sustained-release
tablets [147], in this case its concentration was raised above 30% of the to-
tal tablet weight.

The Compritol 888 ATO used in this project is of pharmaceutical grade
and was donated by Gattefossé.

3.1.5 Compritol HD5 ATO

Compritol HD5 ATO consists of mono, di-and triglycerides and PEG-8 mono-
and di- esters of (C22) behenic acid [148] (the structure is visible in Fig.3.3). It
is a mixture of Compritol 888 ATO and polyethylene glycol (PEG) behenate
where the latter represents more than 50% ot the total mass. It is white in
colour, opaque and it is neutral in flavor and odorless and its melting point
is in the range from 60 °C to 67 °C [148]..

[o]
Glycerol O H
20 8
R R
PEG-8 monobehenate
o
h d H,C. 0.
Behenic acic 0 CH,
20 8 20
o

Glyceryl mono- , di-, tribehenate PEG-8 dibehenate

FIGURE 3.3: Chemical structure of Compritol HD5 ATO.

Compritol HD5 ATO an amphiphilic substance with a hydrophilic-lipophi-
lic balance (HLB) value of 5, (Compritol® 888 ATO HLB = 2). As a results this
excipient has been reported to exhibit excellent lubricant properties [139, 149]
and has been proved to enhance the solubility and dissolution rate of poorly
soluble drugs [150]. In contrast with what seen in the previous section for
Compritol 888 ATO, Compritol HD5 has yet to be explored as a lipid matrix
former, and its capability to enhance the dissolution properties of poorly sol-
uble API in aqueous solvents or to adjust drug release from matrix systems

has not yet been adequately evaluated.
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3.1.6 Precirol ATO 5

Glyceryl palmitostearate (Precirol ATO 5) consists of mono-, di- and triglyc-
erides of palmitic (C16) and stearic (C18) acids (structure presented in Fig.3.4),
with the diester fraction being predominant [151]. It is a white in colour,
opaque and with a neutral taste and its melting point is in the range from
50°C to 60 °C [148]..
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FIGURE 3.4: Chemical structure of Precirol ATO 5.

Precirol ATO 5 is traditionally used as a lipid vehicle for sustained release
formulations [152, 153], as taste-masking agents for bitter tasting drugs [154,
155] and for capsule filling due to its low friction properties [141]. Further-
more Precirol ATO 5 finds application in the formulation of lipid nanopar-
ticles as vehicles for topical delivery [156]. However due to its highly hy-
drophobic nature the use of Precirol ATO 5 as the only carrier can lead to the
drug release being too slow. As a result in literature it is frequently found
in association with Compritol 888 ATO. Hamdani’s study from 2002 [145]
demonstrated that a short time prolonged release of phenylephrine hydrochlo-
ride can be achieved utilising an appropriate mixture of Precirol ATO 5 and
Compritol 888 ATO.

3.1.7 Flexible polyethylene terephthalate film

Polyethylene terephthalate (PET), structure visible in Figure 3.5, is a general-
purpose thermoplastic polymer which belongs to the polyester family. De-
pending on its fabrication it finds applications in multiple fields from fibres
for clothing, to containers for liquids and foods, and in combination with
glass fibre even in the production of engineering resins. With the advent of
3D printing thin films of polymers such as PET have grown in interest for
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their application as printing substrate due to their optical, thermal and me-
chanical properties. Their optical transparency, flexibility and low cost being
highly appreciated in the production of electrical components at the price of
their poor insulations capability [157, 158, 159].

0) : 0]
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n

FIGURE 3.5: Chemical structure of polyethylene terephthalate ([C1oHgO4]).

For the sake of this project was selected a thin film of flexible PET (Plas-
tics 1td Hereford, Type 6, 200 pm thickness). At the base of this choice was
the desire for a inert material that could prevent sample contamination while
at the same time allowing for heat diffusion from the printing plate. For
the work here described the maximum working temperature was kept lower
than 45 °C, below the 130 °C maximum recommended working temperature
for the PET film. In addition, the use of PET films provided a smooth top
surface reducing geometrical artefacts on the finished product and facilitat-
ing the removal step. The solid dosage form was popped off the film without
causing any damage by gently flexing the substrate. Additionally, the film
flexibility guarantees adhesion to the printing plate thanks to the vacuum ac-
tion generated by the latter, and as a result producing a flat surface for the

print.
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3.2 Methods

3.2.1 Statistical analysis

In order to provide statistical relevance to the results each measurement was
recorded multiple times (N>3). Direct measurements are noted as value +
instrument precision, if the latter was not provided by the manufacturer it
was assumed to coincide with the smallest discernible interval on the in-
strument scale. Amongst these are measurements obtained from precision
scale, caliper and micrometer. Whenever possible, value acquisitions were
randomised to minimise bias and experimental errors. With regard to indi-
rect measurements it is safe to assume that the errors present are systematic,
linked to instrument precision and accuracy. As a result it is possible to as-
sume a standard distribution of the recorded measurements and apply the
relative statistic. In this category fall all the thermo, chemical and mechan-
ical measurements such as melting point, degradation temperature, mate-
rial density and drug loading. Assuming normal distribution of the data
the average result for each set of measurements was calculated according to
equation 3.1 as the weighted median value of the set and was paired with the
relative standard deviation (eq. 3.2) and Student t-test calculated as per equa-
tion 3.3, was used as a method to identify confidence intervals and express

compatibility between results.

N N
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Providing that the measurements are independent from each other, errors
associated to indirect measured quantities were calculated by propagation of

uncertainties using the following formula:

(3.3)

Least squares regressions was deployed in the case of dependent mea-

surements and their validity assessed using the R? test as a correlation value.
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All statistical analysis were performed using OriginPro (OriginLab Cor-

poration) unless otherwise specified.

3.2.2 Ink preparation

Following what can be found in the current literature [137, 65, 160], four
different drug loading concentration per excipient were explored alongside
the pure base materials, namely: pure, 5% w/w, 10% w/w, 20% w/w and
30% w/w.

All materials were used as provided by the manufacturers without fur-
ther purification and within their shelf life. All dry components were weighed
beforehand using weighing boats and a precision balance (Kern ALS Analyt-
ical Balance).

The ink mixtures were prepared by loading the excipient into a glass vial
containing a magnetic stirrer and positioned on a hot plate. The temperature
was set at 100 °C and at least 10 °C higher than the material’s melting point
to ensure the removal of crystal memory. Particular attention was put in to
ensuring that, at each step of the process, the temperature of the mixture
was below the degradation point of both the excipient and the API. As the
material started to melt the magnetic stirrer rotation was activated and set to
50 rpm.

The material was left to stir until it appeared completely melted to the
naked eye, at which point it was left on the hot plat for an additional 10 min
to ensure homogeneous melting and temperature distribution. A suitable
quantity of Fenofibrate was then added to achieve the desired concentration.
The compound was left to stir for 30-40 minutes allowing the drug to melt
completely and form an homogeneous mixture. The resulting ink was placed
aside to cool to room temperature (18 °C) in a controlled environment (dessi-
cator). The now ready ink material was subsequently stored in a desiccator at
18 °C £2 °C until use. In order to provide the most faithful representation of
the material behaviour during and after printing the drug-free samples used
for material characterisation was subjected to a similar procedure as the mix-
tures. It was heated up to 100 °C while being stirred at 50 rpm till completely
melted and then allowed to cool at room temperature in a desiccator.

For most of an ink’s thermo, chemical and mechanical studies samples
were collected by scraping the material from the vial using a nickel lab spat-

ula and directly transferred onto sample trays or pans as required by the
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specific instrument. More information about sample loading and prepara-
tion will be provided in the relative analytical technique section.

To load the ink into the printer the vial containing the preparation of in-
terest was transferred once again onto the hotplate and heated at 90 °C un-
til fully melted, the stirrer was kept at steady 50 rpm rate to guarantee ho-
mogeneity. The ink was then poured into the preheated assigned reservoir
where was allowed to acclimatise and reach the desired printing tempera-
ture. The cooling of the material did not cause any problem during the load-
ing phase. Indeed, the material did not have the time to solidify before being
transferred. Any left over material was further scraped and placed in the
reservoir. Here the material was allowed to rest long enough for it to reach a

complete and stable melted state at the desired temperature.

3.2.3 Density studies

The bulk density of base materials was calculated by depositing a set of
known volumes, namely round discs with constant diameter g =10 mm and
increasing height h =1, 2, 3, 4, 5mm. After deposition the solidified vol-
umes dimensions were measured using a micrometer (RS PRO External Mi-
crometer) and a caliper (RS PRO Digital Caliper) and an analytical laboratory
balance (Kern ALS Analytical Balance) was used to determine their weight.
The results are fitted using linear regression and the density value was ob-
tained from the slope. The study of the material density was furthermore
employed to confirm the correct loading of Fenofibrate within the ink for-
mulations, which was done by comparing the actual solid form weight with
the expected value obtained from the linear combination of the individual
components” densities.

Specifically, an ink density can be estimated as follow:

Pink = Ca - pg + Ce - pe, (3.4)

where p indicates the density, C the concentration and the subscripts 4
and e refer to drug and excipient respectively. By multiplying for the volume,

it was possible to estimate the total tablet weight:
Wexp = Pink * V (3.5)

where V is the volume and Weyp is the resulting weight.



Chapter 3. Materials and methods 70

Compatibility between the expected value Weyp and the measured one

Wmeas Was assessed according to section 3.2.1

3.2.4 Differential Scanning Calorimetry

Developed in the early 1960s, Differential scanning calorimetry (DSC) is a
thermal analysis technique, used to determine the energies of phase transi-
tions and conformational changes by measuring thermodynamic properties
of thermally induced transitions [161, 162].

A DSC instrument consist of two independent small furnaces to hold a
sample and reference respectively. The sample is placed in a suitable pan
and sits in the DSC analysis cell on top of a platinum disc paired with a ther-

mocouple, which allows for the sample’s temperature measurement 3.6B.

Platinum Sensors

- o o o T\
Sample

- =

L/,,»f'v Individual Heaters

(A) (B)

FIGURE 3.6: Differential Scanning Calorimeter system (A) Perkin Elmer DSC 8000
and (B) furnace schematics: images from Perkin Elmer’s catalogue [163]

An empty reference pan is positioned in the symmetric analysis cell. The
differential heat flow required to maintain both the sample and reference
pans at the same temperature is measured.

A change in the heat flow can be observed when the sample undergoes a
phase transition (endothermic or exothermic) as a result of the temperature
discrepancy between the sample and reference arising during such event.
The adjustment of the heat flow is necessary to remove the temperature dif-
ference [164, 165]

A thermogram can be obtain by plotting the heat flow variation against
the temperature change. Peak in the graph will then correspond to thermal
adjustment associated with sample phase transitions such as melting (en-
dothermic) and conformational changes like crystallisation (exothermic) and
glass transition.

For the purpose of this work all standard DSC measurements were carried
out using a DSC 8000 (Perkin Elmer, Waltham, MA) visible in Figure 3.6A.

All samples were weighted (between 5 mg and 10 mg) using a high precision
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scale (Kern ALS Analytical Balance) and encapsulated in hermetically sealed
aluminium pans to retain the volatile component of the sample. The refer-
ence pan was prepared using the same hermetically sealed aluminium pans
(TA standard aluminium sample pans and lids). Calibration was performed
automatically by the system using inside reference materials, specifically In-
dium (T;,, = 156.6°C ,AHy = 28.50 % J g~ ') and Zinc (T, = 419.5°C ,AH; =
108.37% J g 1h).

Sample measurements were acquired in the 20°C to 120°C range at a

heating rate of 10 °C min !

flow rate of 20 mL min~—1.

in a nitrogen enriched environment at a steady
The sample temperature was lowered to 20°C
prior to the beginning of the run, during the data acquisition the tempera-
ture was maintained constant for 1 min at the end/beginning of each ramp
to guarantee sample stability.

An initial data collection was carried out to determine a baseline, in this
case an empty reference pan was used in place of the sample, the spectrum
was collected under the same set of conditions.

Data collection and data analysis was performed using Pyris DSC soft-
ware and OriginPro respectively. The baseline was automatically subtracted
by the Pyris DSC software during data acquisition, the thermograms where
further normalised by the sample’s weight, the instrument transient was also

removed to simplify data analysis. [166]

3.2.5 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a method of thermal analysis in which
sample mass loss is recorded as a function of temperature or time. The main
application of TGA is to determine the characteristic decomposition patterns
of a sample to obtain information about its chemical-physical transitions such
as phase change, absorption, thermal decomposition, and solid-gas reactions
such as oxidation and reduction. [167, 168, 169]

The TGA instrument consists of a crucible positioned on top of a preci-
sion balance inside a furnace with programmable temperature, as visible in
Figure 3.7B. The sample chamber atmosphere and pressure can be tailored to
the specific sample needs. These include inert gas, the most common being
nitrogen, vacuum and ambient air, or reactive gas such as oxidizing/reduc-
ing, corrosive or carburising gases and "self-generated atmosphere" [167, 168,
169]. In addition pressure can be controlled to achieve high vacuum, high

pressure, or constant pressure.
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(A)

(B)

FIGURE 3.7: Thermogravimetric Analyzer system (A) Perkin Elmer TGA 4000 and
(B) furnace schematics: images from Perkin Elmer’s catalogue [163]

Most thermogravimetric analysers can be operated in three different mo-
des: static, quasi-static and dynamic. In static (also isothermal) thermo-
gravimetry the temperature is kept constant and the sample weight is recor-
ded as a function of time. Quasi-static thermogravimetry get its name from
its sequential nature, in this case temperature is risen progressively via a se-
ries of isothermal plateaus at increasingly higher temperatures. Each plateau
is maintained till sample mass stabilisation. Lastly for the dynamic thermo-
gravimetry the sample temperature is linearly increased at a steady rate.

For this work a Thermogravimetric Analyser (TGA 4000, Perkin Elmer,
USA) as shown in Figure 3.7A was used in ambient air. Samples of approx-
imately 7mg to 10 mg were loaded onto the crucible and tested at a heating
rate of 40 °Cmin~! in the 30 °C to 700 °C temperature range. The maximum
temperature at which the materials are subjected during printing and prepa-
ration is 100 °C much lower then the range here considered, however testing
at such high temperature allows to better understand the degradation pat-
terns of both the pure API and the mixed inks, which in turn affects their
chemical and mechanical stability.

The original TGA curve have been plotted alongside with their first deriva-
tive DTG) to determine inflection points.

Data collection and data analysis was performed using Pyris software and

OriginPro respectively.

3.2.6 Shear viscosity characterisation

A rheometer is a device used to measure flows of a fluid in response to ap-
plied forces. There are two distinct types of rheometers, the rotational or
shear rheometers that control the applied shear stress or shear strain and the

extensional rheometers that apply extensional stress or extensional strain.
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From the knowledge acquired in Chapter 2 of the basic working principle
of an inkjet printer, it is understood that material viscosity plays an essential
role in drop formation and ejection. During the printing procedure the ink
material is pushed through a series of internal tubing and ultimately through
the micrometric nozzle, the material experience growth in shear rate as the
pipes diminish in diameter up to the point of ejection. Here, given the size
of the conduct and the ejection velocity, the shear rate can reach values up to
10° — 107s~1[170, 171, 172].

For this project the printhead of choice was the Spectra SE-128 printheads
(Fujifilm, Japan), which is a piezoelectric unit designed for deposition of low
viscosity materials in the 8 cP to 20 cP range. Recalling the information from
Table 2.2 which states that for the printhead in consideration the nozzle diam-
eter is 35 ym and drop size is 30 pL 44 % and combining it with the average
printing impulse of 8 us it is possible to calculate the shear rate to which the

material is subjected in the moment of ejection.

~ 107571 (3.6)

As a result, the candidate material for jetting needs to display stable viscosity
in the 8 cP to 20 cP range at high shear rates up to 107s 1.

It is clear that given the intent of this work the rotary rheometer was pre-
ferred, on the downside, traditional rotary rheometer has a maximum shear
rate range of 10%s~! which is 2 to 4 orders smaller than the maximum ex-
perienced by the material in our system. In case of Newtonian fluids this
does not represent an issue, indeed for these materials the viscosity is inde-
pendent from the shear rate meaning that it is safe to extrapolate from the
medium share rates to the higher limit. In the case of non-Newtonian fluids
though, it is not as simple, materials belonging to this category present a high
dependence from the shear rate that causes the insurgence of shear-thinning
or shear-thickening behaviour based on the nature of the specific material in
consideration. Regardless, for high enough values of shear rate all materials
are expected to reach a Newtonian plateau where the material viscosity stops
being dependent on the shear rate and the materials assumes a Newtonian
behaviour [173, 174]. As a result, if the material of interest shows enough
evidence to have reached the plateau it can then be considered to behave as
a Newtonian fluid at higher shear rates and it is justified to extrapolate from
medium shear rates to the upper range. Noticeably, while in the Newtonian

plateau range the viscosity value becomes independent from shear rate and
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time it is still susceptible to temperatures and pressures variation. With re-
gard to the latter a pressure in the order of MPa is required [173, 174] to
cause a significant effect on the fluid behaviour, in an inkjet printing system,
such values are never reached and thus, with the assumption of fluid incom-
pressibility, it is reasonable to assume that it is not a parameter that has to
be taken into consideration in this study. However, temperature plays a key
role in our system and as such it is fundamental to explore its effect on the
potential inkjet material taken into consideration for this project.

Rotational rtheometers can operate in two different modes: controlled
shear rate or controlled shear stress. The first is used to emulate applications
that are flow velocity or volume flow rate dependent, the second is used to
simulate system where torque or shear stress are the main driving forces. It
is possible to convert the torque into shear stress and velocity into shear rate
using simple conversion factors. For the sake of this work a shear rate guided
approach was selected.

For a standard rotational rheometer, a typical set-up includes a base (called
cup) which holds the sample and a matching measuring component (called
bob) placed in such a way that the sample results sandwiched between the
two.

Depending on which part is made to rotate the system works under the
Searle or Couette principle. In the former case, the cup is fixed and the bob
is rotated, in the latter, the roles are reversed and the cup rotates while the
bob is kept at rest. An extensive quantity of different measuring cups and
bobs are available on the market to serve the various types of materials. For
Searle systems, the most common are coaxial cylinders, parallel plates, and
cone-plate geometries.

A cone and plate geometry guarantees a constant shear rate throughout
the sample providing a significant advantage allowing for the measurement
of absolute viscosity values, as such it was chosen for this set of experiments.
Given the geometry visible in Figure 3.8 A the shear rate can be calculated as
follow:

7:%MW-:%:% (3.7)
where r is the distance from the centre, w is the rotation rate, « is the angle be-
tween the cone and plate in radiant [175] Moreover, the relationship between

shear rate and torque can be written as:

LT
- 27mad

(3.8)
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Where o is the shear stress, T is the torque and a = 2R is the diameter of the

cone.

A 2 B

R

—_—

- ‘ . =N
—

FIGURE 3.8: (A) Cone-plate geometry used for rotational rheometer with truncated
cone, radius R, cone angle « and gap a. (B) Sample loading on cone-plate system
after gap setting [174].

The cone structure is usually placed on top to allow the fluid to rest on a
flat surface. To reduce wear and to help in the zeroing process the tip of the
cone is truncated, this does not cause any change in the practical functional-
ity of the system but allows to work with fluids containing small suspended
particles provided that they are smaller than 0.2 times the gap between cone
and plate. The usual gap range is between 50 pm to 210 pm. A small gap is
indeed necessary to minimise fluid instabilities and specifically the genera-
tion of secondary flows and radial sample migration. Based on Newtonian
behaviour it is possible to define a critical rotational speed (w,) for secondary
flow establishment.

we = F% (3.9)

where 7 is the viscosity, p is the density. Given that h = ar for small angles

it is clear that smaller gaps correspond to more stable results. Similarly for

the case of radial sample migration it is possible to identify an expression for
the critical value of the shear rate (j.) dependent on surface tension (c).

. wer 200
= = — N
e a \/ 3pad (3-10)

Again, it is clear that more stable results correspond to smaller gaps.

To carry out the analysis of the candidate material for 3D printing a Kine-
xus Pro (Malvern Instruments Ltd., UK, visible in Figure 3.9) was employed.
The system was equipped with a cone-plate geometry (0 = 4°), a gap of
200pm, and a heated plate. A heat trap was used in conjunction with the



Chapter 3. Materials and methods 76

cone-and-plate geometry to reduce the environmental contribution, to avoid
sample contamination, and to minimise temperature gradient, creating a sta-

ble environment inside the chamber around the spinning disc.

FIGURE 3.9: Kinexus Pro Rheometer: images from Malvern’s catalogue [176]

Each sample was carefully loaded onto the pre-heated cup base material,
where it was allowed to reach temperature and melt before the bob was low-
ered to the 200 pm gap. Any excess fluid was then cleaned up to reach the
optimal loading spreading, see Figure 3.8 B. The heat hood was then closed
and the sample was brought to the starting experimental temperature. Each
sample was tested over a range of six different temperatures from 75 °C to
95 °C every 5 °C, variations within this range was based on samples melting
points, the machine range of operation and consistency between materials.
Each measurement was performed in shear rate range of 1s~! to 103571, at
a stable temperature with variation equal to +0.01 °C. Every point was cap-
tured under steady-state conditions where a value was accepted with a 5%

tolerance for 10s.

To correctly understand and interpreter the obtained results it was neces-
sary to determine a suitable model for data interpretation.

Fluid behaviour can be classified on the base of their response to variation
of shear rate. If the viscosity remains constant across all values then the fluid
has known as Newtonian, otherwise as non-Newtonian [173].

Figure 3.10 shows a general overview the most common rheological be-
haviour. Of particular interest is to notice that materials undergoing shear
thinning are the most common, as the shear rate increases a reduction in vis-
cosity is visible due to the molecules aligning with the flow of the fluid. In
contrast, fluids showing a shear-thickening trend as the shear rate increases
experience the formation of aggregate breaking the pre established flow. It is
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not uncommon for material in this category to show un initial shear-thinning

behaviour followed by a shear-thickening one.

Bingham
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FIGURE 3.10: Rheological behaviour of Newtonian and non-Newtonian fluids as
viscosity (left) and shear stress (right) when exposed to a wide range of shear
rates. [177]

Lipids are known to behave as rigid solids until the shear stress exceeds
the yield value when they start to behave like a viscous liquid [177]. Since
viscosity can be seen as the interaction between the components of the fluid
when subjected to a stress, this low temperature plasticity can be explained
by the polymorphism of the lipid network and the complex molecular pack-
ing in the crystals [178, 179]. Then, once a breaking point is reached, the
original arrangement is disrupted causing variations in the internal interac-
tions and with the molecules now able to move and align with the flow. Fluid
showcasing a Newtonian behaviour after the applied stress surpasses its ap-
parent yield stress are described as Bingham plastic [177].

Pseudoplastics are especially useful in applications such as 3D printing,
where a fluid coming from a reservoir has to be extruded or ejected through
a smaller pipe. The lower viscosity at higher shear rates, allows for the use
of lower pressures during the printing process while the higher viscosity at
low shear rates favours droplet stability after deposition.

Over the decades multiple mathematical models have been developed to
fit non-Newtonian flow curves.

The most general description of time-independent shear-thinning fluids
is the Cross model [180]: yo— 1

0— 1z \m
P (K') (3.11)
Where K’ and m are constants, 1y the asymptotic values of the viscosity at

very low shear rates and 7« at very high ones.
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However, this is a model approach that finds application only in the the-
ory since practical measurements impose limitations on 7y and 7. For a
practical application it is safe to assume 77 < 179 and 77 > 1. After parame-
ter redefinition the result is the Herschel-Bulkley model:

=1 K@)m = K" (3.12)
where K « 7]« is the new constant and n the power-law index. Interest-
ingly, when n = 0 the equation is reduced to the Bingham model [173].

On this basis, for the present section the Herschel-Bulkley and Cross
model have been employed as necessary to best fit the specific material flow
profile. Particular attention was used to ensure that the model of choice was
offering the best fitting in the region of higher shear rates which best ap-
proximates the range of interest for the printing process. To ensure this the
minimum x? method was employed. As seen at the beginning of this section,
in order to be printable a material needs to display stable viscosity in the 8 cP
to 20cP range at high shear rates up to 10’s~!, however the Kinexus Pro
Rheometer can only reach shear rates up to 10°s~ . As such, data fitting and
behavioural analysis play a key role in estimating the viscosity values at high
shear rates. In particular, when working with Bingham plastic, by showing
that the material has reached a Newtonian state within the range analysed
it is correct to assume that such value will remain constant regardless of the
increasing shear rate and can thus be use as an indicator for ensuring the
material printability. All results were analysed using OriginPro.

3.2.7 Scanning electron microscopy and Energy Dispersive

X-ray Spectroscopy

Scanning electron microscopy (SEM) is a technique used to produce extremely
high definition images (resolution greater than 1 nm) by rastering the sample
surface using a focused electron beam [181, 182].

The primary electron beam is produced by thermo-ionical emission from
an electron gun fitted with a tungsten filament cathode and collimated thanks
to a series of magnetic lenses as seen in Figure 3.11 B. When the primary elec-
trons interact with atoms within the sample, the following set of effects is
produced: secondary electron emission and back-scattering, X-ray emission,
Bremsstrahlungn, IR, visible e UV radiation due to cathodoluminescence,
Auger electron emission and electrons scattering, transmission or absorption.

The capability to use a collector-scintillator-photomultiplier system to detect
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the low-energy (<50 eV) secondary electrons is at the base of the most com-
monly used SEM mode [181, 182]. The latter are produced as consequence
of inelastic scattering interaction of the sample with the primary beam and
the subsequent emission of electron from the sample’s conduction or valence
bands. By collecting such electrons it is possible to obtain a two-dimensional
intensity distribution across the sample’s scanned surface. Besides due to the
specific geometry of the system steep surfaces and edges tend to be brighter
than flat surfaces, which results in images with a well-defined, three-dimen-
sional appearance. SEM microscope can work in a variety of conditions how-
ever, the most commons are in high vacuum, low vacuum or wet conditions
in variable pressure or environmental SEM, more specialised instrument can
also work at a wide range of cryogenic or elevated temperatures depending
on the necessity of the specific sample.

Scannning Electron
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FIGURE 3.11: (A)Scanning electron microscope: Hitachi TM3030 equipped with

Debem Sprite stage controller and (B) its schematic diagram [183]. (C) Sputter coater:

108 Manual Sputter Coater, Ted Pella, ink. alongside with (D) its schematic dia-
gram [184].
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SEM is commonly paired with an Energy Dispersive X-Ray Analyzer (EDX)
which is used to provide elemental identification and quantitative composi-
tional information about the sample. In this case the effect exploited for the
material characterisation is the production of X-rays. Due to their electro-
magnetic nature they obey the Lambert-Beer law producing a unique set of
peaks in the emission spectrum [185].

A key aspect of successful imaging is for the sample to be electrically con-
ductive, at least at the surface, and grounded to prevent the accumulation of
electrostatic charge. Samples that are non-conducting have thus to be coated
with an ultra-thin layer of electrically conducting material, deposited on the
sample either by low-vacuum sputter coating or by high-vacuum evapora-
tion.

As visible in Figure 3.11 D a sputter coater consists of a cathode tube filled
with inert gas. When a current is applied ionization occurs by collision of
electrons with gas atoms causing what is commonly known as Townsend
discharge [186]. When a current is applied and the voltage across the tube
exceeds the breakdown potential, a self-sustaining glow discharge occurs.
In such conditions the ion bombardment of the cathode material causes its
erosion and consequent deposition of the sputtered atoms on the surface of
the anode surface and work chamber. In the case of a sputter coater gold is
usually utilised as a cathode sputter material while the sample is mounted
in such a way to work as an anode. This process allows for a ultra-thin and
uniform gold coating of the sample surface.

For this project images were obtained using a variable pressure scanning
electron microscope (Hitachi TM3030, Fig. 3.11 A) equipped with a multi axis
stage controller (Debem Sprite) in a high vacuum at an accelerated voltage
ranging between 10kV and 20 kV depending on the specific sample.

Each sample was prepared by breaking the initial tablet into small pieces.
The sections were then mounted onto an aluminium stubs (Agar Scientific,
UK) lined with carbon discs (Agar Scientific). Particular attention was paid
in order to arrange the sample such that the surface of interest would be
presented to the beam. The samples were then transferred into the Sputter
Coater (108 Manual Sputter Coater, Ted Pella, ink.) visible in Fig. 3.11 C. Am-
bient air was removed from the main chamber and substituted with Argon
gas the pressure was then reduced to 0.06 mbar and coated with gold for 90
sec with a current of 26 mA to 29 mA.



Chapter 3. Materials and methods 81

3.2.8 Attenuated Total Reflection-Fourier Transform Infrared

Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a third generation IR spec-
trometer, which allows measurement of all infrared frequencies simultane-
ously via the use of an interferometer as visible in Figure 3.12 A. This tech-
nique is used to identify or quantify a material composition by measuring
its IR absorption spectrum since every molecule exhibit a specific IR finger-
prints that can be identify as a signature pattern in the spectrum [187, 188].
By pairing it with a Attenuated total reflection (ATR) crystal it is possible to
examine solid or liquid state samples directly, without the need for further
preparation. As shown in Figure 3.12B a beam of infrared light is shined
through the ATR crystal, by exploiting the total internal reflection property
of the crystal it is possible to produce an evanescent wave which reflects least
once off the internal surface in contact with the sample. This reflection forms
the evanescent wave which extends into the sample. The beam is then col-
lected by a detector as it exits the crystal [189]. The number of reflections and
penetration depth are dependent on sample opacity, angle of incidence and

wavelength of light.
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FIGURE 3.12: Block diagram of an Fourier Transform Infrared Spectroscopy (FTIR)
A) spectrometer [190] and B) ATR [191].

FTIR spectroscopy was here used to verify the content of drug inside the
ink materials before printing, in the printed solid dosage forms and in the
remains after dissolution. All spectra were obtained using a FTIR Routine
Spectrometers Alpha (Bruker), Figure 3.13 equipped with an ATR crystal.
Each sample was loaded individually onto the analysis plate ensuring to
centre it with respect to the crystal. The press was then lowered allowing
the sample material to come in contact with the crystal and tightened in or-
der to maximise the sample-crystal contact surface. Spectra were collected
over the range 4000 cm~! to 700 cm 1.
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FIGURE 3.13: Fourier Transform Infrared Spectrometer: Perkin Elmer FT-IR Spec-
trometer Frontier [163]

In this range Fenofibrate presents two characteristics set of peaks asso-
ciated respectively to the carbon rings and to the Chlorine bond. The C-
C stretch (in ring) is characterised by two distinct peaks at 1600cm™~! to
1650 cm ! while the 720 cm ™! to 765 cm ! peaks are associated with the C-CI
stretch [192, 193]. The 765 cm~! C-Cl stretch peak was selected as a marker to
identify the presence of Fenofibrate due to the fact that it present only inside
of the drug molecule and cannot be found in any of the matrix materials.

3.2.9 Raman Spectroscopy

Raman spectroscopy is a light scattering technique that dates back to 1928
and Professor C.V Raman. Based on Raman scattering, inelastic scattering of
photons see Figure 3.14 D, it is an extremely information rich spectroscopic
technique, useful for chemical identification, characterization of molecular
structures, effects of bonding, environment and stress on a sample [172, 194,
195].

To induce the Raman shift in the sample molecule, it is illuminated with a
laser beam, the most commonly used are in the visible, near infrared, or near
ultraviolet spectra however X-ray wavelenghts may also be deployed [172].

As shown in Figure 3.14 C the electromagnetic radiation from the illumi-
nated spot is then filtered through a monochromator and a frequency filter,
either a notch filter, edge pass filter, or a band pass filter to exclude the laser
back scattering lines (intense Rayleigh scattered laser light). The light coming
from the dispersive single-stage spectrographs is then collected in a detector,
CCD being the most common although Fourier transform (FT) spectrometers
also find application for use with NIR lasers.
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While the most commonly used type of Raman spectroscopy is vibra-
tional Raman many other variations exist including surface-enhanced, res-

onance, tip-enhanced Raman, polarized, stimulated, transmission, spatially-

offset and hyper Raman.
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FIGURE 3.14: Raman system: HORIBA Jobin Yvon LabRAM HR spectrometer (A,B).
Block schematics of Raman instrument [196] (C), Raman shift (D).

A HORIBA Jobin Yvon LabRAM HR spectrometer (Fig. 3.14 A) was used
to perform the Raman analysis of our raw ink materials and printed parts.The
spectrometer comes equipped with an automated Marzh&duser xyz stage that
can be controlled manually or via an external joystick (Fig. 3.14 B) and a KL
2500 LCD(SCHOTT) as a light source to navigate the sample surface and to
help with the focusing process. The system is controlled via a computer and
a dedicated software: LabSpec6.

The samples were loaded one at the time, and the laser beam focused
on the surface with the aid of a microscope. The light intensity and colour
temperature was then adjusted for each sample in order to maximise contrast
and ease of focus.

All spectra were collected using a 785 nm laser at 25mW power, a 50 X
objective, a 300 um confocal pinhole and a 300 lines/mm diffraction grating.
For spectra acquisition a SYNAPSE CCD detector (1024 pixels) was adopted
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and thermoelectrically cooled to —60°C. A silicon sample (Si 100) with ref-

1 was used as a standard to calibrate the instrument

erence band at 520.7 cm™
before spectral acquisition. Single spectra acquisition was performed in the
range between 100cm ™! and 3300 cm~!. Data were collected for 5 seconds
and 16 accumulations per spectral window. Mapping was carried out with
the same acquisition conditions across a 80 pm line at 10 pm intervals for a
total of 9 spectra. The line was located such that the zero of the x-axis fell
on the interface line separating the core and shell region. During the mea-
surements, samples were kept at room temperature (20 °C) and in ambient
air.

Raman spectroscopy was used to determine the API content and distri-
bution inside the ink material before printing and in the printed solid dosage
forms. Of particular interest was the capability of the spectrometer to acquire
sequential spectra along the x or y direction. This allowed us to study the dis-
tribution of the API at the interface core/shell in the multi material tablets.
As for the FTIR technique we decided to use the unique peaks linked to the
C-Cl bond (1.580-1610 cm 1) as a marker to identify the presence of Fenofi-
brate. All spectra were analysed and all peaks were identified and compared
with the theoretical ones. The spectra were then normalised and the marked
peaks were compared. All data was analysed using OriginPro.

3.2.10 X-ray Powder diffraction

X-ray diffraction spectrometry (XRD) is based on the capabilities of crys-
talline substances to act as three-dimensional diffraction gratings for X-ray
wavelengths. As a result, XRD is a common technique used for the study
of crystal structures and atomic spacing [197, 198, 199]. In Figure 3.15B is
visible how the X-rays are generated in a cathode ray tube and forced to go
through a monochromator and a collimator before reaching the sample sur-
face. A CCD detector is used to collect the diffracted ray. Which is the result
of constructive interference of the incident X-rays with crystalline sample
following Bragg’s Law (nA = 2d - sinf ). All sample’s lattice diffraction direc-
tions are scanned by rastering the sample through a range of 26 angles. Each
substance bares a unique set of diffraction peaks and relative d-spacing (dis-
tance between atomic planes characterised which yields a diffraction peaks)
allowing its identification via XRD analysis.



Chapter 3. Materials and methods 85

-

| | il
| Incident x-ray beam % detector

wl @ v

/ Diffracted x-ray
/ \

A

P | 29

Atomic

planes Diffracting

crystallite

(B)
(A)

FIGURE 3.15: XRPD D8 Advance DaVinci (Bruker) spectrometer (A) and block
schematics(B).

For this work XRD analysis was performed using an XRD D8 Advance
DaVinci (Bruker Fig. 3.15 A) using Cu Ka radiation (40 kV and 40 mA) and an
Ni filter with a scanning speed of 0.02° 26s~! with the divergence slit set to
0.3°. The anti-scatter slit was set at 5.2 mm, which is fully open, as required
for fast scanning with the detector in 1D mode. Spectra were collected at
room temperature and in the 3 to 70 26 range.

Samples were prepared by crushing the printed tables utilising a mortar
and pestle into a fine powder, which was then transferred into a shallow
PMMA sample holder (8.5 mm height and & = 25mm, from Bruker). Once
loaded the sample was pressed and the top surface smoothed using a glass
slide, sample was added until a perfectly smooth surface was achieved. Any
loose material present on the rim of the disc holder was removed using a

Isopropanol imbued tissue.

3.2.11 Advanced Drop Analysis

Advanced Drop Analysis (ADA) is a native analytical function of the Pixdro
LP50 (Meyer Burger, Netherlands) and it is used to analyse material jettabil-
ity and optimisation of the printing conditions.

In Figure 3.16 a schematic of the system is presented and its key compo-
nents, namely the camera shutter, jetting head and LED are highlighted.

As the name suggests ADA main goal is to allow fast and efficient opti-
mization of jetting performance for specific inks and printheads in order to
achieve best printing results.

ADA makes use of the integrated high-speed CCD camera to analyse

drop formation, while varying the jetting settings, such as wave form time
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and intensity, frequency and pressure, while recording their effect on the
drop formation and jettability [200]. Thanks to the printing unit motors it is
possible to access any of the printhead nozzles individually or in sequence,
making ADA an invaluable instrument not only for printing optimisation,
but also for routine maintenance of the printhead ensuring top performance
during printing.

In this work ADA was exploited for both purposes. It was initially used
to determine printability and droplet formation optimisation of the ink com-
pounds, firstly the working temperature was set on the base of the properties
of the individual material. The pressure within the system was then made to
vary —30 mbar to 0 mbar until a stable meniscus was formed at the air/ink in-
terface at the nozzle, which prevents nozzle plate flooding during idle times.
The remaining parameter optimisation was performed by cycling over all
parameters possibilities within the range selected and ensuring a velocity of
4ms~!to8ms~! [80]. Specifically:

— rise time: 1 ps to Sps,

— fall time: 1ps to 5 s,

— peak time: 3ps to 7 ps,

— voltage: 90V to 110 V.

Each test was performed on a nozzle in the middle of the printhead to avoid
extremity bias. The validity of the final set of parameters was then checked
through the entire printhead to confirm its applicability to the entire printing
unit. Through our experience we noticed that the first and last 5 nozzle of
each printing head are never performing as well as the rest, and were then

systematically removed from the analysis pool.

Inkjet
head

Driver

’Q‘ generator
gl ] R

FIGURE 3.16: Advanced Drop Analysis (ADA) schematics, including CCD camera,
printhead and LED. Figure from "Vision monitoring" [200].
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3.2.12 Hot-melt inkjet 3D printing

The printing process of hot-melt inkjet printing has been already discussed
in detail in the previous two chapters 2 and 1, here I briefly present the ink
loading and printer set up used during printing. Firstly, the printer is cali-
brated, checking that all motors are moving correctly and that the printhead
and substrate are correctly aligned. Then the temperature of the printing unit
is set to 90 °C and the substrate to 40 °C. While the printer is left to reach tem-
perature (approximately 30 min) the ink mixtures are selected and placed to
melt on a hotplate at 90 °C and 50rpm. When the inks are completely melted
and the machine has reached a stable temperature the inks are transferred
into the reservoirs where are left to acclimate for a minimum of 15min to
ensure a stable temperature through both system and material. The material
is then flushed through the pipe to eliminate air from the tubing and ensur-
ing their complete wetting. Once the correct recipe and printing conditions
are selected on the base of the specific material, a printhead maintenance run
is performed, as described in the previous Section 3.2.11, to identify and re-
move any potentially problematic nozzle from the printing set. Once the set
of nozzles have been selected and the printing parameter entered, the last
step included loading of the design to be printed, placing the substrate onto
the platform plate and selecting the starting point for the print, the input
value will correspond to the bottom left corner of the bitmap design. Last
thing to do is to press start and wait. Once the print was finished it was al-
lowed to remain on the printing bed at the bed printing temperature for an
additional 30 min and then removed alongside with the substrate and placed
in a dessicator at 4 °C where it remained for a minimum of 4h. The samples
were then simply removed from the substrate by bending the latter and al-
lowing the samples to detach. The printlets were stored in a glass petri dish
and in a dessicator at 4 °C until needed. All samples were used as close the
production time as possible and always within a week from printing to avoid

changes in the drug crystallinity and maintain consistency between results.

3.2.13 In vitro drug release

In vitro dissolution testing is a standard method for measuring the rate of
drug release from a given oral dosage form. It is an essential requirement
throughout the product development cycle for drug release optimisation and
stability testing. The testing conditions are tailored to the specific dosage
form, the time in the product development cycle, and the intended route of
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administration [201, 202]. A dissolution test usually includes a vessel kept
at constant temperature, either by partially immersing it in a water bath or
by using a jacket and a stirring element necessary to maintain the concen-
tration of the active ingredient uniform throughout the buffer contained in
the vessel. A single solid dosage is placed in each vessel. The industry stan-
dard to investigate solid dosage forms are the United States Pharmac opoeia
(USP) apparatuses: baskets (UPS 1), paddle (UPS 2), reciprocating cylinders
(UPS 3), flow-through-cell (UPS 4), paddle-over-disc (UPS 5), cylinder (UPS
6) and reciprocating holders (UPS 7) [203]. USP Apparatus 2 (paddle) is the
most commonly used for immediate, modified, and extended release how-
ever the use of a sinker or a USP 1 (baskets) might be required if the solid
forms are prone to float. Known volumes of buffer sample are collected at
predetermined time intervals and replaced with an equivalent amount of
fresh buffer. The samples were then analysed via UV-Vis spectroscopy or
High-performance liquid chromatography (HPLC) to determine the content
of drug in each sample.

The dissolution test machine used in this work is the Copley Dissolution
Test Dis8000 visible in Fig. 3.17, this consists of a temperature regulated wa-
ter bath with enough space for eight one litre round bottom glass vessels

surmounted by a control unit and motor system.

™ W Te T

=1

FIGURE 3.17: Copley scientific Dissolution Test Dis8000, image from Copley scien-
tific’s catalogue [204]

Each vessel is paired with a stirring rod equipped with a type 2 UPS pad-
dle. Before each dissolution session the paddle height was checked using a
calibration ball ensuring uniformity between vessels. The rods are then lifted
and each vessel filled with 500 mL of buffer solution consisting of 0.1 M phos-
phate with 0.05M sodium lauryl sulphate at PH7.4. The choice of buffer was
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based on the literature review to maximise wettability [137, 152, 205]. When
the desired temperature is reached the samples are loaded into a helix wire
sinker to prevent the sample from floating and positioned at the bottom of the
vessels. The paddles are then quickly lowered and the measurement timer
started. Over the entire duration of the test the paddles are kept in motion at
a constant speed of 50 rpm. Even sample volumes (5mL) of buffer solution
is withdrawn from each vessel at regular intervals and filtered via 0.45 pm
MF-millipore membrane filter (MILLEX HA). An equivalent amount of fresh
buffer kept at the same temperature is reintroduced. The amount of drug
released into the medium as a function of time is obtained by analysing the
collected samples using UV-visible spectrophotometry. All dissolution tests
were done in triplicates.

These conditions were used consistently throughout the entirety of this
work, however an exception was made for the pulsatile release tablet. The
changes have been introduced to ensure separation of the two burst release
peaks. In this case the samples were collected every 15min for the entire
duration of the experiment and the buffer solution was completely removed
and substituted with a fresh one after every sampling session. This again
was performed in triplicate.

Test conditions are summarised in Table 3.1.

TABLE 3.1: Dissolution test conditions. Where all values are expressed in therms of
mean value + standard error over five measurements.

Buffer
Composition 0.1 M phosphate buffer
with 0.05M sodium lauryl sulphate
pH 7.4040.02
Temperature 37 +£0.2°C
Volume 500mL
Sample collection
Volume 5mL
Filter 0.45 um MF-Millipore membrane filter
(MILLEX ®HA)
Total collection time 10h

Collection intervals 5, 15, 35, 70, 120, 240, 360, 480, 600 min
or every 15min
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3.2.14 UV-Visible spectrophotometry

UV-Visible spectrophotometry is a technique based on the ability of molecules
(containing 7r-electrons or non-bonding electrons) to absorb photons. It takes
into consideration the interaction of molecular species with radiation in the
ultra violet (200-400 nm) and visible (400-800 nm) regions of the light spec-
trum, hence the name of the technique. Figure 3.18 shows a schematic repre-
sentation of a typical spectrometer [206, 207].

Light Source U

Diffraction 1 ’
Grating I Mirrar 1
slit1
SliE 2 e Light Source Vis
Filter
Reference
Mirrar 4 Cuvette Detector 2
Referance
e |
Beamn 0
l—l ULens 1
Half Mirrar
Mirror 2 Sample
Cuvette Detector 1
sample ﬂ L
Mirror 3 Beam | |Li\_ens 2

FIGURE 3.18: Schematics of UV-Visible spectrophotometer [208].

A beam of light from a visible and/or UV light source is separated into
its component wavelengths by a prism or diffraction grating. The beam then
passes through a cuvette or well (small transparent container) and the inten-
sity of the outgoing beam is collected by electronic detectors (photodiodes).
The spectrometer automatically scans all the component wavelengths. In or-
der to obtain a sensible measurement it is necessary to firstly collect a ground
spectrum of the solvent alone, afterwards it is possible to substitute the mate-
rial in the cuvette with the sample to be analysed. The intensity of the ground
spectrum is referred as Ip. The intensity of the sample beam is defined as I.

Given a certain wavelength if the sample does not absorb light I = I,
however if there is an absorption effect I comes out to be lower than Iy and
it is possible to obtain an estimation of the absorption in terms of absorbance
definedas A = lo glOITO. The wavelength of maximum absorbance is a charac-
teristic value relative to the specific compound, indicated as Ay;4x. The result

is a graph of absorbance versus wavelength [206].
For further interpretation the Beer-Lambert law is used:

A= loglOI—IO =elc (3.13)
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where 1 is the light path length and is a fixed parameter of the cuvette dimen-
sion, c is the concentration of the absorbing molecules and € is the molar ab-
sorptivity. The molar absorptivity is characteristic to the absorbing molecules
and its a measure of how strongly a chemical species attenuates light at a
given wavelength. Thus, by measuring the absorbance of a sample it is pos-

sible to determine the concentration of a compound in the solution.

For this project was used a Spark Microplate Reader (Tecan Trading AG,
Switzerland) equipped with a deuterium - tungsten light source. The A5 =
290 nm peak of maximum absorbance for Fenofibrate was used as a reference
in the analysis of all samples. Measurements were collected after a settling
time of 50ms and for a total of 10 flashes. All results were analysed using
OriginPro.
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Chapter 4

Carrier selection and solid dosage

forms print.

An integral part of this research project was the creation of a library of suit-
able materials readily available for the production of 3D printed solid dosage
forms for the pharmaceutical industry using hot-melt inkjet 3D printing tech-
nology. For this purpose a wide number of materials were taken into consid-
eration, including both traditionally employed excipients and FDA approved
materials that are not commonly used in the pharmaceutical field.

A thorough literature study for compatible candidates revealed that lipid
materials had a range of properties that could make them attractive for 3D
printing and yet are relatively little explored in this application. They com-
prise of fatty acids and their derivatives, including substances related biosyn-
thetically; as such it is not uncommon to find lipidic compounds which are
solid at room temperature and with a melting point below 100 °C. Addition-
ally lipids are renown in making excellent pharmaceutical excipients due to
their being inexpensive, biodegradable and generally nontoxic. [209]

They commonly find applications in controlled release dosage forms as
enhancer of the solubility and permeability of drugs with poor oral bioavail-
ability, in the preparation of gastric floating dosage forms due to their low
densities, in reducing irritation in the gastrointestinal tract, and as taste-
masking agents for bitter tasting drugs. [154, 155, 96]

Lipids are also reported to be used for hot-melt extrusion/ spheronization
process, showing that such materials can be successfully employed in hot-
melt techniques which, as for our case, requires the complete melting of the
lipids at a raised temperature and its solidification at room temperature for a
much desired solvent-free extrusion/ spheronization.

Excipients for this study were selected on the basis of nominal melting
point, availability, price and existing applications; this included both natural

and synthetic derived waxes. The selected materials were then screened to



Chapter 4. Carrier selection and solid dosage forms print. 93

ensure adherence to the strict printing conditions dictated by the nature of
the process and the limitations imposed by the choice of components used to
build the dual material system (see Chapter 2).

Compliance of the carrier to the thermo-mechanical properties of interest
is though not enough to guarantee printability and to ensure the quality of
the end product in terms of surface finish, stability and handleability , par-
ticularly when drug-loaded ink materials are taken into consideration.

Thus, before attempting to produce any 3D structures, for each ink com-
position it is necessary to optimise the jetting conditions and the 2D deposi-
tion as well as understanding layering and solidification effects.

Following this approach, this chapter is divided into two sections. The
first (Section 4.1) includes the thermal, chemical and mechanical properties
of both pure materials (pure carriers and API) and the composite inks. The
second section (Section 4.2) is dedicated to the 3D deposition of solid dosage
forms. This was investigated in two different stages, in the first part the focus
was on the study of drop formation and deposition (Section 4.2.1). In the
second part (Section 4.2.2) the focus was on the 3D deposition of functional
solid dosage form and the characterisation of their mechanical and chemical
properties as well as the evaluation of their functionality as drug delivery
systems.

For conciseness, and to not lose track of the main goal of this work, only
the results for the excipients which were identified as suitable candidates
based on their compatibility with the printhead requirements (melting point
< 90°C, viscosity 8mPas to 20mPas) and could ultimately be successfully
printed are presented. A summary of the remaining materials that were con-
sidered during the selection stage is provided in Appendix A.2.
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4.1 Results and discussion: Ink characterisation

In this section, the characterisation of the pure materials and the ink com-
pounds is presented.

As highlighted in Chapters 1 and 2 temperature plays a key role in the
success of the printing process. It controls not only the post deposition solidi-
fication process, but also the material printability, making it possible to main-
tain the ink in a liquid state within the printing chamber while at the same
time tailoring its mechanical property such as its viscosity. As such, the char-
acterisation of the thermal-mechanical properties of the candidate excipients
and ink mixtures was critical. For this purpose the following techniques were
utilised: Thermogravimetric Analysis (TGA), Differential scanning calorime-
try (DSC) and temperature dependent Rheological analysis. Other key char-
acteristics such as density, drop formation and deposition have been studied
utilising traditional technologies such as a high precision balance, optical mi-
croscopy and optical spectroscopy.

In order to ease the comparison between the different materials while
maintaining a clear understanding of the overall direction of this chapter the
results are organised by characterisation technique or property analysed.

4.1.1 Density studies

Figure 4.1 shows the results of the study for the determination of the density
values of the pure carrier materials.

The data clearly show a high degree of linearity across the different vol-
umes as well as a good agreement with the available values reported in lit-
erature (Table 4.1). The density values were obtained from printed samples,
as described in Section 3.2.3, meaning that these findings do not only pro-
vide essential information about the single materials, but also suggest that
the depositional method is consistent in producing defect free solid dosage
forms. As a result, errors such as air bubble entrapment and misfire which
are sources of weight variations and consequent density evaluation errors are

not significant and can be considered negligible.
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FIGURE 4.1: Density determination via linear regression of the data obtained by
weighting known volumes of each fluid. High linearity and negligible y-axis inter-

cepts are observed.
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TABLE 4.1: Linear regression parameters for density determination. In the case of
data fit all errors come from the fitting procedure and the value of the density was

identified with the slope of the linear regressions from Figure 4.1.

Sample Density [¢/ml]  Intercept [g] R2
Apifil

Literature n.a.

Mean 0.9806 +0.0015

Fit 0.9892 +0.0031 0.0002+ 0.0005 0.99
Candelilla

Literature 0.988 [210]

Mean 0.9881+ 0.0015

Fit 0.9902 +0.0013 0.0004+ 0.0002 0.99
Precirol ATO 5

Literature 1.00+0.02 [211] @

Mean 0.9370 £ 0.0015

Fit 0.9383 +0.0045 0.0004+ 0.0007 0.99
Compritol 888 ATO ATO

Literature n.a.

Mean 0.9594 4+0.0014

Fit 0.9580 £0.0030 0.0002+ 0.0006 0.99
Compritol HD5 ATO

Literature n.a.

Mean 0.9834 +0.0015

Fit 0.9823 4+0.0038 0.00014+ 0.0006 0.99

@ The original value was recorded in kg/ m3 [211] and was con-

verted using the following relation 1000 kg /m3=g/ml.

The results for the combination inks containing increasing amount of ac-
tive ingredient are reported in Table 4.2 and grouped based on the main car-
rier. Once again the results are compatible with a linear regression and are
in good agreement with the theoretical prediction obtained from the linear
combination of the raw components. This suggests that the ink preparation
method was successful, and the inks were composed of the correct and ex-

pected ratio of drug to carrier. Moreover, it demonstrates that the printing
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process does not likely affect the ink composition since the correct density is
found in the printed dosage forms.

TABLE 4.2: Density determination of drug loaded inks. Where "calculated” identifies

the estimated density value calculated from the linear combination of the density of

the single components, while ‘"Measured’ is the density of the final product calcu-
lated as p = W/V (weight over volume). Errors are obtained by propagation.

Sample Matrix (%) Drug (%) Density (g/ml)
Calculated @ Measured
Apifil 95 5 0.9924+ 0.001 0.993+£0.001
90 10 1.003£0.001  1.003+0.001
80 20 1.024+0.001 1.025+0.001
70 30 1.046£0.001 1.047+0.001
Candelilla 95 5 0.999+ 0.001  0.997+0.001
90 10 1.009+£0.001 1.010+0.001
80 20 1.031£0.001 1.032=£0.001
70 30 1.052+0.001 1.05140.002
Precirol 95 5 0.950+ 0.001  0.956+0.004
90 10 0.963£0.001  0.963+0.004
80 20 0.990£0.001  0.987+0.003
70 30 1.016£0.001 1.011=£0.002
Compritol 888 95 5 0.971£ 0.001  0.973+0.004
90 10 0.983£0.001  0.985+0.003
80 20 1.007£0.001  1.008+0.001
70 30 1.032+£0.001  1.032+0.001
Compritol HD5 95 5 0.994=+ 0.001  0.999+0.002
90 10 1.005+£0.001  1.02240.009
80 20 1.027+£0.002 1.011=£0.002
70 30 1.048+0.001 1.050+0.005

4.1.2 Differential Scanning Calorimetry

DSC was employed to study the thermal properties of Apifil CG, Candelilla,
Compritol HD5 ATO, Compritol 888 ATO and Precirol ATO 5 as pure ma-
terials components and the ink preparations obtained by including different
concentrations of Fenofibrate. The aim was to ensure that all materials would

be completely melted at a temperature that is equal or lower than the system
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working temperature (90 °C) as well as obtaining an initial understanding of
carrier and active ingredient interaction, specifically testing for Fenofibrate

crystallinity.

Fenofibrate

A representative Fenofibrate thermogram shown in Fig. 4.2 reveals a sin-
gle sharp endothermic peak at 84.7+0.2°C [212] consistent with the distinc-
tive melting point previously observed for Form I, which is the most stable
crystalline form. Around 65 °C and 70 °C two smaller peaks are visible (<3%)
and indicate the minor presence of the metastable Forms II, which in the lit-
erature has been found to co-exist with Form I in the right conditions [213].
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FIGURE 4.2: Differential Scanning Calorimetry heating curve of pure Fenofibrate.

Compritol HD5 ATO

Figure 4.3 shows the thermograms for pure Fenofibrate, Compritol HD5
ATO, and their mixtures including 5%, 10%, 20% and 30% (w/w) of drug.
The thermogramm of pure Fenofibrate is included for reference. Compritol
HD5 ATO thermogram is characterised by the presence of two endothermic
peaks at57.4 £ 0.1°C and 66.1 & 0.3 °C. This is consistent with the crystalline
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nature of the two lipid families constituting the material. Specifically in Sec-
tion 3.1.5 it was reported how Compritol HD5 ATO consists of mono, di-and
triglycerides of (C21) behenic acid and PEG-8 mono- and di- esters of (C21)

behenic acid.
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FIGURE 4.3: Differential Scanning Calorimetry of pure Fenofibrate, Compritol HD5
ATO and mixture of the two at 10%(w/w), 20%(w /w) and 30%(w /w). The spectra
have been offset on the y-axis for clarity.

It should be noted that even at higher concentrations, the DSC thermo-
grams of Fenofibrate-loaded inks did not show a melting endotherm of the
drug and minimal variation in the position of endothermic peaks associated
to the carrier. This suggest that the drug remains largely in an amorphous
state and that there is no detectable interaction between the active ingredient
and the excipient

Table 4.3 summarises the temperatures of the main endotherm transi-
tions. The analysis suggest a reduction of the onset temperature and melting
peak. While unexpected this behaviour is compatible with what has been ob-
served by Karolewicz and co-worker [214]. Here they reported that Pluronic
F127 and Fenofibrate formed an eutectic mixture, in particular they high-
lighted how while Pluronic F127 melting temperature decreased as expected,

the fenofibrate melting peak was detectable only at high drug concentrations
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> 40%. Thus, it is reasonable to assume that a similar logic could be used to
explain the behaviour shown by Compritol HD5.

Most importantly, from the analysis of the thermograms, it is evident that
all materials completely melted below the printer working temperature of
90 °C confirming Compritol HD5 ATO as a candidate carrier material for

printing.

TABLE 4.3: Identification of endothermic peaks for Compritol HD5 ATO based inks.

Sample Matrix (%) Drug (%) Peak transitions (°C)
I II
Compritol HD5 100 0 574+ 0.2 66.1+0.3
95 5 56.3+ 0.5 66.2£0.2
90 10 546+ 0.1 64.5+0.1
80 20 538+ 0.1 64.9+0.1
70 30 542+ 01 64.0£0.2
Compritol 888 ATO

The DSC scan of Compritol 888 ATO, Figure 4.4, shows one main en-
dotherm peak overshadowing a second smaller transition at lower temper-
ature. This behaviour can be attributed to the complex multi ester nature
of Compritol 888 ATO, which includes mono- di- and tri- esters of (C21) be-
henic acid as seen in Section 3.1.4. Moreover, the thermograms result in good
agreement with what previously reported in the literature [215, 216, 217].

The analysis of Figure 4.4 highlights how the inclusion of Fenofibrate in
the ink materials causes a change in the response of the samples to heating,
resulting in a shift of the endothermic peaks towards lower temperatures
accompanied by the separation of the two transitions.

Of particular interest is the suggested presence of thresholds, indeed the
primary transition appears to shift both when the drug is added and then
noticeably when the Fenofibrate content exceeds 10% (w/w).

While the lack of a drug endotherm indicates that the Fenofibrate has
been successfully dispersed within the matrix material (at least below the
sensitivity of DSC), the observable shift implies an interaction between the
two materials, most likely in the form of a eutectic mixture [218].

As visible in table 4.4, the results once again confirm that all ink com-
pounds are melted below 90 °C, the material thus complies with the printing

conditions.
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FIGURE 4.4: Differential Scanning Calorimetry heating curve of pure Fenofibrate,
Compritol 888 ATO and mixture of the two at 5%(w/w), 10%(w/w), 20%(w /w) and
30%(w /w). The spectra have been offset on the y-axis for clarity.

TABLE 4.4: Identification of endothermic peaks for Compritol 888 ATO based inks.

Sample Matrix (%) Drug (%) Peak transitions [°C]
I II
Compritol 888 100 0 71.7£03 764+ 0.1
95 5 649+ 04 724£0.1
90 10 68.5+ 03 729£0.1
80 20 641+ 0.1 709£0.1
70 30 63.3£ 0.6 70.6+0.1
Apifil CG

The DSC analysis of Apifil CG, visible in Figure 4.5, shows a complex
thermogram with multiple overlapping endotherms. Two main groups are
distinguishable, the first one is a double peak at approximately 50 °C and
53 °C while the second is constituted by one main peak at 61 °C followed
by a really small shoulder at approximately 69 °C to 72°C. As presented in



Chapter 4. Carrier selection and solid dosage forms print. 102

Section 3.1.3 Apifil CG is a compound mixture of beeswax and PEG-8 result-
ing in a complex combination of both amorphous and crystalline structures

which explains the complexity of the thermogram.
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FIGURE 4.5: Differential Scanning Calorimetry of pure Fenofibrate, Apifil CG and
mixture of the two at 10%(w/w), 20%(w /w) and 30%(w /w).The spectra have been
offset on the y-axis for clarity.

The comparative analysis of all thermograms shown in Figure 4.5 is sum-
marised in Table 4.5. The results suggests that the introduction of Fenofi-
brate causes a shift of the entire thermogram of approximately 2°C. It is
furthermore noticeable a decrease in peaks height both overall and relative
to each other. These data combined with the absence of the Fenofibrate peak
at 84 °C are indicators of an interaction between the matrix material and the
API. While also suggesting that the majority of the Fenofibrate is still in an
amorphous phase.

Lastly, it is important for the current work to highlight that regardless of
the drug content all inks were melted below 90 °C.
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TABLE 4.5: Identification of endothermic peaks for Apifil CG wax based inks.

Sample | Matrix (%) Drug (%) Peak transitions [°C]
I II I
Apifil 100 0 519+ 0.1 56.6£0.1 62.1+0.1
95 5 503+ 04 532+0.3 60.8+0.3
90 10 502+ 0.2 522+0.2 61.6+0.1
80 20 504+ 0.2 529+£0.5 60.5+£0.2
70 30 50.0£0.1 53.1+£0.2 61.3+0.1
Candelilla

The pure Candelilla thermogram in Figure 4.6 shows a broad peak cen-
tred at 67.1£0.1°C and onset at 55.31+0.2°C. Three additional transitions ap-
pear masked by the main peak at approximately 53 °C, 60 °C and 75 °C.
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FIGURE 4.6: Differential Scanning Calorimetry heating curve of pure Fenofi-
brate, Candelilla and mixture of the two at 5%(w/w), 10%(w/w), 20%(w/w) and
30%(w/w).The thermograms have been offset on the y-axis for clarity.
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Candelilla comprises of both amorphous and crystalline structures (Sec-
tion 3.1.2). Hydrocarbon molecules and mono-esters crystallites tend to form
orthorhombic structures, whilst the free acids and diesters form a monoclinic
structure [95, 219]. The observed trace is in good agreement with the litera-
ture [126]. Similarly, to what was observed in the case of Compritol HD5
ATO once the Fenofibrate was added to the mixture its endotherm would
not appear and the only Candelilla’s peaks are evident. However in contrast
with what was observed for the other materials present in this section, Can-
delilla does not show a shift in the melting point position suggesting that
Fenofibrate is in an amorphous state. The endotherm transition temperature
of the main melting steps are reported in Table 4.6.

Nevertheless, once again all compounds melt below the printer working
temperature of 90 °C confirming Candelilla as a candidate for printing.

TABLE 4.6: Identification of endothermic peaks for Candelilla wax based inks.

Sample Matrix (%) Drug (%) Mean Transition [°C]
Candelilla 100 0 67.1+ 0.1

95 5 67.9+ 0.6

90 10 66.7+ 0.1

80 20 67.1+ 0.1

70 30 67.3+ 0.4

Precirol ATO 5

The thermogram of the pure Precirol ATO 5, visible in Figure 4.7, shows
a sharp peak centred at 59.6+0.2°C and preceded by an underlying shoulder
at 53.9+0.1°C.

After the introduction of Fenofibrate a reduction of the main peak height
can be observed accompanied by the shift towards lower temperatures of the
shoulder peak as highlighted in Table 4.7. The main endotherm is subject to
a minimal shift with a widening of the gap separating the two peaks which
is proportional to the quantity of drug included.

Such behaviour resembles that of a eutectic mixture suggesting a potential
interaction between the drug and the main excipient indicating a rearrange-
ment of the crystalline structure of the two compounds [218]. Again all inks
melted below 90°C and are thus valid candidates for this work. Further-
more, it is important to notice that the onset point is below 40 °C suggesting
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that the material could be found in a softened state in harsh environmen-
tal conditions. Regardless, due to the nature of this work as a foundation
for future endeavours, it was decided to include Precirol ATO 5 in the pool

of candidate carrier since it fulfils the thermo-chemical requirements to be

printed.
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FIGURE 4.7: Differential Scanning Calorimetry heating curve of pure Fenofibrate,
Precirol ATO 5 and mixture of the two at 5%(w/w), 10%(w/w), 20%(w/w) and

Temerature (°C)
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TABLE 4.7: Identification of endothermic peaks for Precirol ATO 5 based inks.

Sample | Matrix (%) Drug (%) Peak Transition (°C)
I I
Precirol 100 0 59.6 £0.2 54.01+0.1
95 5 49.840.3 60.4+ 0.1
90 10 47.940.3 59.3+ 0.1
80 20 442+0.1 56.6+ 0.1
70 30 449+0.1 58.1+ 0.1
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4.1.3 Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was used to understand the effect of
temperature on sample thermal stability and any degradation processes.
Specifically, the interest was on verifying the capability of the carriers, API,
and ink mixtures to withstand the temperatures of the printing process with-
out undergoing degradation. For this reason in addition to the study of the
transitions onset, outset and decomposition peak temperature (T;) the focus
was placed on the identification of key parameters such as the temperature
at which a 5% mass loss is achieved (T5¢,) and the mass variation, expressed
in terms of mass retained compared to the initial weight (Am7 = %), re-
spectively at 90 °C (Amgg) and 100 °C (Amjgp). These parameters, reported
in Table 4.8, help determine the compatibility of both API and carriers with
the printing method of choice. Recalling what we have seen in the previ-
ous sections all material need to maintain their integrity up to 100°C, the
temperature at which the inks are prepared. The study of each component
will be discussed individually or in conjunction with other relevant ones, a
schematic overview of the results found in this section is presented in Ta-
ble 4.8.

TABLE 4.8: Main Thermogravinometrical parameters expressed in therms of mean
value + standard error.

Sample Onset I [°C] OnsetII [°C] Owutset [°C] T;1 T,;II[°C]
Apifil 167 332 357 214 380
Candelilla 304 365 462 352 418
Precirol 225 402 447 283 403
Compritol 888 396 - 449 430 -
Compritol HD5 408 - 466 445 -
Fenofibrate 256 324 355 294 348
Sample T5% Amgg Amygg

Apifil 196 99.99 99.99

Candelilla 285 99.98 99.97

Precirol 275 99.81 99.80

Compritol 888 354 99.98 99.98

Compritol HD5 355 99.61 99.60

Fenofibrate 248 99.96 99.95
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Fenofibrate

The TGA curve of Fenofibrate alongside its derivative (DTG) is shown in
Figure 4.8. The analysis of the DTG shows a two-stage degradation process,
in agreement with what reported by Shi and colleague in their work [220].

Furthermore, it is possible to identify the two peak temperature associ-
ated with the decomposition stages observable in the TGA graph, respec-
tively 294 °C and 348 °C. The first transition is characterised by an early onset
at 256 °C ( 324 °C for the second one), which is above the working tempera-
ture of the 3D printing process investigated in this thesis.

By examining the material behaviour at high temperatures and particu-
larly past the outset point (355.16 °C) it is possible to conclude that the mate-
rial is completely since it achieves a total 99% weight loss before 385 °C.

Finally, the values of Amgy =99.96% and Amygg =99.95% confirm Fenofi-
brate as an optimal choice as active ingredient, since it results stable in the

temperature range of interest.
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FIGURE 4.8: Thermogravimetric curves of pure Fenofibrate. The inset shows its
DTG curve.

Apifil CG, Candelilla and Precirol ATO 5
Apifil CG, Candelilla and Precirol ATO 5 show a dual transition profile

similarly to what was observed for the Fenofibrate. However, while similar,

each material presents its own peculiar behaviour.
Figure 4.9 shows how Apifil CG is the first component to undergo degra-
dation. In this case the first transition starts at 166.72 °C with a T; = 213.95 °C
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and progresses quickly till the onsets of the second transition at 332.22 °C
characterised by T;; = 380.43 °C. The outset is sharp and happens at 356.57 °C.
Despite the early onset the material still results stable at the temperature of
interest with Amgy =99.99% and Amqpg =99.99%.

Precirol ATO 5 degradation curve occurs over a much wider range of
temperatures compared to Apifil CG, approximately 220 °C, starting at 224.94
°C and terminating at 402.40 °C. In opposition the initial slope, the second
transformation happens at a much faster pace over only approximately 40 °C
centred at T; = 403.23 °C. Lastly, Candelilla shows the sharpest degradation
curve with both transitions happening over a narrow range with initial onset
at 303.52 °C and outset at 462.10 °C. While the distinction between the two
degradation stages does not jump to the eye when looking at the TGA curve
it becomes obvious when analysing the DTG curve. In the latter two peaks
are easily distinguishable, with the local maxima at 352.13 °C and 418.02 °C.

As expected as all materials are organic there is a 99% weight loss just
above 480 °C.

All three material are hence stable at both 90 °C and 100 °C with a total
remaining mass >99.8%. As a result it is possible to conclude that all material
are valuable candidates for the use as carrier in a pharmaceutical formula-

tion.
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FIGURE 4.9: Thermogravimetric curves of pure Apifil CG, Candelilla and Precirol.
The inset shows its DTG curves.
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Compritol HD5 ATO and Compritol 888 ATO

For this section Compritol HD5 ATO and Compritol 888 ATO have been
grouped together allowing for a direct comparison between the original ma-
terial, Compritol 888 ATO, and its derivative, Compritol HD5 ATO. In Fig-
ure 4.10 can be observed that the introduction of PEG-8 esters causes a shift of
the TGA curve towards higher temperatures while maintaining the original
shape. Both Compritol inks, show a single sharp thermo-oxidative decline
with onset respectively at 395.86 °C for Compritol 888 ATO and 408.23 °C for
Compritol HD5 ATO and outset at 448.50 °C and 465.54 °C.

The analysis of the DTG curve visible in the inset of Fig. 4.10, made also
possible to identify the characteristic temperature of these transitions:

T; =430.23 °C for Compritol HD5 ATO and 445.01 °C for Compritol 888 ATO.

For both material complete degradation (>99%) was reached before 500 °C
confirming their organic nature.

Lastly, the attention was focused on determining the degradation of the
samples at the temperature of interest for the printing process and ink prepa-
ration. It was found that in the range of interest less than 0.4% was lost,
indicating that both carriers are stable and suitable for hot-melt inkjet print-

ing.
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FIGURE 4.10: Thermogravimetric curves of pure Compritol 888 ATO and Compritol
HD5 ATO. The inset shows its DTG curves.

Lastly, to better understand the behaviour of not only the single carrier,
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but also of the composite inks, Compritol HD5 ATO was selected as test ma-
terial alongside three different concentrations of Fenofibrate: 10%, 20%, and
30% (w/w). The results are presented in Figure 4.11A, B where the thermo-
grams of the composite inks are plotted in conjunction with the pure materi-
als to work as reference.

It can be observed that in contrast to the pure carrier all drug-loaded ma-
terials present two main mass loss stages, Figure 4.11A. The DTG curves in
Figure 4.11B highlight the dual nature of the decomposition process show-
ing two distinctive peaks for each of the inks. By comparing the T; values of
the different drug concentration mixes to the main transition of the original
constituents it becomes clear that they correspond to the direct combination
of the two original constituents. All key parameters are summarised in Ta-
ble 4.9. This effect results are even more evident when considering the peaks
relative height which is proportional to the concentration of each component.
Such behaviour is in good agreement with what seen in the previous section
4.1.2 indicating the formation of homogeneous mixture or a solid dispersion
of the drug and matrix material. Noticeably only the main Fenofibrate peak
shows in the combined inks, this could be linked to an overshadowing effect
where the resolution of the data collection is not enough to distinguish the
two peaks and the main one overshadows the other.

In conclusion it is possible to infer that not only the pure carrier and API
are compatible with the printing process, but also in combination.

TABLE 4.9: Compritol HD5 ATO Thermogravimetrical parameters expressed in
therms of mean value + standard error.

Compritol 10%(w/w) 20%(w/w) 30%(w/w) Fenofibrate

HD5 [°C] [°C] [°C] [°C] [°C]
onset [ - - - - 256
onset II - 274 270 267 324
onset III 408 401 399 406 -
outset 465 455 450 453 355
T;1 - - - - 294
T; 11 - 331 329 324 348

T, III 445 433 430 432 -
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FIGURE 4.11: Thermogravimetric curves (A) and their derivatives (B) of pure Fenofi-

brate, Compritol HD5 ATO and mixture of the two at 10%(w/w), 20%(w/w) and

30%(w/w). (C) shows the height of the two derivative peaks of interest (namely
348 °C and 408 °C) in relation to the drug concentration.
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4.1.4 Shear viscosity characterisation

As seen in the previous sections 1 and 3.2.6 the main goal of the study of
the inks rheological properties is to ensure drop formation and ejection from
the printing head. Specifically, given the choice of printhead (Spectra SE-
128 printheads, Fujifilm, Japan) the inks must show a low viscosity in the
8mPas to 20mPas range. The range of temperatures examined for this sec-
tion were selected to reflect the working temperature of the 3DP apparatus
(<90°C) in addition to the restriction imposed by the melting point of each
individual raw material. In the case of ink compounds the lower range limit
was matched with the API’s one, since it happens to be higher than all the
carriers’.

During the data analysis it was possible to appreciate the effect the in-
crease in drug concentration on the ink’s viscosity. Most notably, two distinct
behaviours became evident. In the first case the effect was a gradual drop
in the material viscosity while in the second the opposite behaviour was ob-
servable. As a result, in the next section the materials have been grouped
on the base of their response. The Fenofibrate (API) is presented separately
since it constitutes a category of its own.

Fenofibrate

In Figure 4.12 it is easily noticeable that Fenofibrate shows an almost
Newtonian behaviour plateauing at high shear rates for all the tempera-
tures examined. The averaged experimental data are presented in Figure 4.12
(dots) alongside their respective Cross fit flow curve (full line) calculated as
described in section 3.2.6. From the data it is clear that the model represents
the experimental data well with x? > 0.97. Furthermore, it is appreciable that
in the range of temperatures tested with exception of 80 °C the estimated vis-
cosity at the highest rates (1) is within the range of interest. The results are
summarised in Table 4.10.

Notably the lowest temperature, 80 °C is not suitable for the pure material
to be printed. Indeed, while the material is in a softened state it has yet to
reach its complete melting point (see Section 4.1.2). It was decided to include
the test to provide a bench mark for the behaviour of the ink composites.
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TABLE 4.10: Fenofibrate 77, obtained from the fitting using Cross model.

Temperature [°C] Viscosity 174 co[mPa - 5]

80 20.15+ 0.04
85 15.774 0.02
20 12.58+ 0.03
95 10.274+ 0.03
22 4-80°C 4 85°C 90°C-4-95°C
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FIGURE 4.12: Flow curves of Fenofibrate at 80 °C, 85°C, 90 °C and 95 °C. The solid

symbols represent the averaged experimental data from a rotary rheometer while

the lines represent the Cross fit. The fit is in good agreement with the measured
values.

Candelilla, Compritol 888 ATO and Precirol

All materials here presented show the expected shear thinning behaviour
typical of most lipids [177, 221], see plots 4.13A, 4.14A and 4.15A. At low
temperatures, a rapid decrease in viscosity was observed in response to an in-
crease in the shear rate, before an almost-Newtonian behaviour was reached.
Notably at higher temperature an easing of initial viscosity gradient is vis-
ible. As a result, the stable state is also reached more quickly. Following
what can be found in the literature all flow curves were fitted using the Cross
model (continuous line) by minimising the x?. From the analisis of the plots
4.13A, 4.14A and 4.15A it is clear that the method best fits the data profiles at



Chapter 4. Carrier selection and solid dosage forms print. 114

higher temperatures where x? > 0.99 while at lower temperatures the value
drops to )(2 < 0.96.

To form the ink compounds Fenofibrate was added to the carrier materi-
als in the desired concentrations (5%, 10%, 20% and 30% w/w). For all the
materials here considered the viscosity of the pure carrier is comparable or
higher than the Fenofibrate at temperatures above 80 °C. Thus, the addition
of Fenofibrate causes a decrease in the inks viscosity, compared to the pure
carrier, which is proportional to the content of API. This behaviour is easily
appreciable in Digures 4.13C, 4.14C and 4.15C. Lastly, it is important to notice
that while it strongly influences the response to the shear rate, the addition
of the drug does not have major effect on behaviour when it comes to tem-
perature, see Figures 4.13B, 4.14B and 4.15B. The results are summarised in
Table 4.11 As a result all ink mixes are compatible with the operative range
of the printhead and are thus, suitable for printing. Amongst the pure car-
rier Candelilla is the only one for which a temperature restriction is needed,
specifically 80 °C has to be excluded.

TABLE 4.11: Fenofibrate, Candelilla, Compritol 888 ATO and Precirol ATO 5 com-
parative table of 774, Vvalues organised by temperature and drug concentration.
The coefficients are given as average + standard error.

APL(w/w)  80°C 85°C 90°C 95°C
Fenofibrate  20.154+ 0.04 15774 0.02 12.58=+ 0.03 10.27+ 0.03
pure  23.04+ 024 19.95+009 17.41+0.03 13.08+ 0.03
= 5% 18.47+ 0.09 16.044 0.03 14.20+ 0.02 12.80+ 0.02
Eé 10% 17.80+ 0.02 15.634 0.02 13.9140.02 12.44+ 0.01
S 20% 18.64+ 042 16194 033 14.124+ 026 12.59+ 0.17
30% 17.764+ 0.01 15.694 0.03 13.46% 0.06 12.09+ 0.02
o pure  18.86+027 16324057 1507+0.73 14.0740.19
2 5% 18.05+ 0.09 15.634 0.04 13.7340.04 12.17+ 0.01
£ 10% 17.04+ 0.05 15.144 0.06 13.2140.02 11.76= 0.03
£ 20% 1691+ 0.05 14.734 0.03 13.09+ 0.03 11.50+ 0.04
O 30% 15594+ 024 13.404 0.14 11.764 0.10 10.49+ 0.07
pure  14.94+ 004 13.03+0.02 11.59+0.02 10.32+ 0.02
= 5% 1470+ 0.02 1334 0.03 11.2240.02 10.21+ 0.02
g 10% 14.40+ 0.01 12.644 0.03 11.174 0.03 10.07+ 0.03
=
A 20% 1414+ 0.02 12474+ 0.02 10.894 0.01  9.64-+ 0.02
30% 11.84+ 0.01 10.674 0.02 9.65+ 0.01  9.26 0.02
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FIGURE 4.13: A) Flow curves of pure Candelilla at 75°C, 80°C, 85°C, 90°C and
95°C. The solid symbols represent the averaged experimental data from a rotary
rheometer while the lines represent the Cross fit. The fit is in good agreement with
the measured values. B) Effect of Temperature on ( = #j«) value evaluated at five
different concentrations 0%, 5%, 10%, 20% and 30%. C) Effect of Fenofibrate content
on (7 = 1) value evaluated at four different temperatures 80 °C, 85 °C, 90 °C and
95°C.
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FIGURE 4.14: A) Flow curves of pure Compritol 888 ATO at 80 °C, 85°C, 90 °C and

95°C. The solid symbols represent the averaged experimental data from a rotary

rheometer while the lines represent the Cross fit. The fit is in good agreement with

the measured values. B) Effect of Temperature on (7 = 7.) value evaluated at five

different concentrations 0%, 5%, 10%, 20% and 30%. C) Effect of Fenofibrate content

on (7 = 1) value evaluated at four different temperatures 80 °C, 85 °C, 90 °C and
95°C.
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FIGURE 4.15: A) Flow curves of pure Precirol ATO 5 at 80 °C, 85°C, 90 °C and 95 °C.

The solid symbols represent the averaged experimental data from a rotary rheome-

ter while the lines represent the Cross fit. The fit is in good agreement with the

measured values. B) Effect of Temperature on (7 = 1) value evaluated at five dif-

ferent concentrations 0%, 5%, 10%, 20% and 30%. C) Effect of Fenofibrate content

on (7 = 1) value evaluated at four different temperatures 80 °C, 85 °C, 90 °C and
95°C.

Compritol HD5 ATO and Apifil CG

The data collected from the flow curve measurement alongside with their
fit for the Apifil CG and Compritol HD5 ATO are displayed in Figure 4.16
and 4.17 respectively.

The viscosity curves for Compritol HD5 ATO are plotted in Fig. 4.17A and
reveal a shear-thinning behaviour. Notably 77 is inversely proportional
to the temperature of collection, with 95 °C showing the lowest flow curve
and 75 °C presenting the most unstable trend. As we have previously seen
this behaviour is compatible with the lipidic nature of Compritol HD5 ATO.

In contrast, Apifil CG shows an unexpected shear-thickening behaviour
(Fig. 4.16A). This might be explained by the complexity of the Apifil CG com-
position, which includes a mixture of both long and short organic chains. At
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high shear rates this might form aggregates with high cross-linker density
due to slow chain diffusion resulting in transversal flows and the resulting
raised viscosity [222]

When the APl is added to the mixture both Apifil CG and Compritol HD5
ATO show a similar behaviour where the viscosity of the ink increases with
the Fenofibrate content and is higher than the combined viscosity of the orig-
inal materials as highlighted in figures 4.16C and 4.17C. Notably, despite the
increase in viscosity all materials retain the same behaviour when it comes to
temperature as seen in figures 4.16B and 4.17B. The results are summarised
in Table 4.12.

What differentiates these two carriers from those previously analysed and
a possible explanation for the observed behaviour is the presence of PEG es-
ters. This assumption is supported by the behaviour of Compritol. Specif-
ically, in this work both Compritol HD5 ATO and 888 have been studied
offering a comparison. Indeed, the only thing that separates the two is the
presence of a PEG ester in the HD5 sample, starting with the comparison
of the flow curve it can be noted that they do not greatly differ from one
another. However, when it comes to comparing results for the ink com-
pounds containing the API the behaviour is quite different with the change
in viscosity moving in opposite directions. As a result of this trend, com-
bined with the difference in composition alongside with reports in the liter-
ature [223], it is reasonable to suggest that PEG and Fenofibrate are capable
of forming localised agglomerates which in return would disrupt the origi-
nal flow and cause the observed increment in viscosity. Regardless, all Apifil
CG preparations approach a Newtonian behaviour at high shear rates with
14— Within the range of interest for the hot-melt 3D printing application.
In the case of Compritol HD5 ATO, in the range of temperatures analysed,
all inks show Newtonian behaviour at high sheer rates and the resulting vis-
cosities are compatible with the 3D printing process with the exception made
for 20% (w/w) and 30% (w/w) which require temperature >85°C. In Fig-
ure 4.17A low temperature rheological curves have been included for com-
pletion. However, it is clear that at these temperatures are too close to the
material melting point and as a result present a problematic behaviour at
small shear rates. Furthermore, they are not capable to achieve a Newtonian
state within the interval analysed. As a result these two temperatures have
been excluded from further analysis.
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TABLE 4.12: .

Fenofibrate, Compritol HD5 ATO and Apifil CG comparative table of 770
values organised by temperature and drug concentration. The coefficients

are given as average + standard error.

API (w/w) 80°C 85°C 90°C 95°C
Fenofibrate 20.15£0.04 15.77£0.02 12.58+0.03 10.27+ 0.03
B pure 18.61+ 0.07 1649+ 0.05 14.74+0.03 13.24=+ 0.01
E 5% 18.41+ 0.06 16.33£ 0.07 14.47£0.07 13.04=* 0.06
.g 10% 19.63+ 0.05 17.45+0.07 15.51£0.06 13.73=+ 0.03
g* 20% 21.06% 0.07 18.69+ 0.07 16.59+ 0.04 14.77+ 0.03
8 30% 21.54+0.07 18.81+£0.09 16.69+0.06 15.02+ 0.05

pure 13.42+0.01 11.88£0.01 10.66£ 0.02 9.65+ 0.01
— 5% 13.20£ 0.04 12.22+0.03 10.74£=0.04 9.88+ 0.04
E 10% 13.54+0.04 12.13£0.05 10.90£ 0.03 9.95+ 0.03
< 20% 14.83+ 0.03 13.16£0.02 11.54+0.02 10.43=+ 0.01
30% 18.01£0.02 15.62+0.06 13.96+ 0.12 12.54=+ 0.02
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FIGURE 4.16: A) Flow curves of pure Apifil CG at 80°C, 85°C, 90°C and 95°C.

The solid symbols represent the averaged experimental data from a rotary rheome-

ter while the lines represent the Cross fit. The fit is in good agreement with the

measured values. B) Effect of Temperature on (17 = ) value evaluated at five dif-

ferent concentrations 0%, 5%, 10%, 20% and 30%. C) Effect of Fenofibrate content

on (7 = 1) value evaluated at four different temperatures 80 °C, 85 °C, 90 °C and
95°C.
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FIGURE 4.17: A) Flow curves of pure Compritol HD5 at 80 °C, 85 °C, 90 °C and 95 °C.

The solid symbols represent the averaged experimental data from a rotary rheome-

ter while the lines represent the Cross fit. The fit is in good agreement with the

measured values. B) Effect of Temperature on (7 = 1) value evaluated at five dif-

ferent concentrations 0%, 5%, 10%, 20% and 30%. C) Effect of Fenofibrate content

on (7 = 1) value evaluated at four different temperatures 80 °C, 85 °C, 90 °C and
95 °C.

4.1.5 Fourier Transform Infrared Spectroscopy

Here Fourier Transform Infrared Spectroscopy was used to confirm the pres-
ence of Fenofibrate within the ink preparation and to obtain a qualitative
understanding of the amount of API contained in each of them, in such a
way to confirm our capability to reliably produce the desired concentration.

Figure 4.18 shows the spectra obtained for each of the samples, grouped
on the base of the matrix material.
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FIGURE 4.18:

Wavenumber (cm™)

Wavenumber (cm™)

Fourier Transform Infrared Spectroscopy analysis of pure carriers and

ink samples with Fenofibrate concentrations of 5%, 10%, 20% and 30% (w/w). A)
Apifil CG, B) Candelilla, C) Compritol 888 ATO, D) Precirol, E) Compritol HD5 ATO
and F) Highlight of the C-CI peak of Compritol HD5 ATO. In all instances the blue
box highlights the two C-C stretch (in ring) peaks at 1600 cm ! and 1650 cm ™!, while
the red highlights the 765 cm ™! peak associated with the C-Cl stretch.

In the range here considered Fenofibrate presents two characteristic set of

peaks associated respectively to the carbon rings and to the Chlorine bond.

The C-C stretch (in ring) is characterised by two distinct peaks at 1600 cm ™
to 1650 cm ! while the 765 cm ™! peak is associated with the C-Cl stretch [192,
193]. In the graphs the blue and red boxes highlight respectively the carbon
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rings and the Chlorine bond peaks. Although both sets of peaks are char-
acteristic of the presence of Fenofibrate, the 765cm ™! peak is more reliable
since the C-Cl bond can be found only in the Fenofibrate molecule, the latter
was chosen as the main focus in the pursuit of a validation method.

From Figure 4.18 and the respective Table 4.13, it is clear that all materials
present satisfyingly larger features in correspondence to the higher concen-
trations of Fenofibrate as expected, meaning that the peak intensity scales
with the concentration.

TABLE 4.13: FTIR characterisation of Immediate release tablets via the intensity of
the Fenofibrate characteristics, 765 cm ! and 1600 cm ! to 1650 cm~!. The intensities
values are given as average & standard error.

API (w/w) C-Cl[%] C-C stretch (in ring) [%]
765cm~! 1600cm™! 1650 cm ™!
Apifil 5% 21.3+2.0 109+0.7 8.6+ 1.0
10% 299+ 1.6 11.0£0.8 9.0+ 1.0
20% 56.5+ 0.8 21.0£0.7 19.0+04
30% 80.1+1.0 354+04 329+0.2
Candelilla 5% 132+ 04 85+0.2 55+ 0.1
10% 173+ 0.2 13.8+0.1 82+ 0.2
20% 23.8+£05 99+0.3 8.1+ 0.2
30% 426+ 8.7 34.54+0.2 272+ 05
Compritol 888 5% 284+ 0.6 115+0.7 12.0+0.7
10% 38.6£1.6 20.6Et1.6 204+ 19
20% 514+ 04 248+0.1 23.5+ 0.3
30% 8344+ 0.2 488+02 447402
Compritol HD5 5% 23.6 £2.8 2094 2.5 17.94 3.0
10% 37.0+35 39.1+1.1 3744+ 3.1
20% 425429 28.84+2.0 18.4+ 6.2
30% 705 +0.1 31.£0.2 31.64+ 0.2
Precirol 5% 282+ 0.3 109£0.1 10.8+ 1.0
10% 38.6+1.6 20716 204+19
20% 50.64+ 0.9 26.6+26 255+29
30% 8344+ 0.2 484+04  44.0+0.8

Moreover, it was possible to successfully fit the values of the peaks in-
tensities using a linear regression strengthening the belief that the correct
amount of drug was loaded into the ink preparations, the fit parameters are
visible in table 4.14. All the carriers here taken into consideration display
similar chemical structure including mixtures of mono-di- and tri- glycerides

esters of long chain lipids. It is thus reasonable to expect similar slope values.
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In conclusion, although qualitative, this analysis strengthens the validity

of the previous assumptions on the amount of drug loaded into each ink.

TABLE 4.14: Parameters of the linear regression of the FTIR intensities associated to
the 765 cm ™! peak.

Carrier intercept  slope X

Apifil 76+ 15 242+0.1 0.997
Compritol 888  16.1+5.8 2.14+0.3 0.960
Compritol HD5 3.3+18 22+0.1 0.933
Precirol 169+ 03 22+0.1 0.992

4.1.6 Conclusions

In this section the density, melting point, viscosity and drug loading capa-
bilities of the five carrier materials used in this work were characterised and
discussed.

All materials presented in this section showed properties that are within
the range of printing requirements. Firstly, combining the use of FTIR with a
density study it was possible to confirm that the ink preparation method was
successful and the inks were composed of the correct ratio of drug to carrier.
Furthermore, via the TGA and the DSC analysis it was possible to determine
that the material can successfully survive the temperature required for print-
ing without undergoing degradation. In addition it was also shown that it
is possible to find a range of temperatures within the working range of the
printhead for which the inks are completely melted allowing for ejection.

Lastly, the study of Rheological properties allowed to gain an initial in-
sight into the inks behaviour when subjected to shear stress. In particular it
was shown that if the correct temperature is selected all inks can flow with
a Newtonian behaviour at high shear rate, as it is expected for a successful
print.

Thus, it is possible to conclude that all materials presented are suitable
candidates for 3D printing and in the future for multi-material 3D printing.
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4.2 Results and discussion: 3D deposition of solid

dosage forms

The scope of this Section is to explore the possibility of producing drug re-
leasing solid dosage forms via hot-melt inkjet 3D printing using the materials
described in Section 4.

3D printing technologies follow a layer-by-layer approach, as a result be-
fore attempting to produce 3D structures, it is crucial to optimise each ma-
terial for 2D depositions. This includes understanding drop sizing, drop
spacing (dpi) and single layer thickness. While the first two are necessary
to guarantee a dense 2D geometry, the latter determines the resolution in the
z direction. Furthermore, the combination of droplet density and native layer
height decides the time and energy necessary to produce the final product.

The initial investigation was focused on establishing a set of printing pa-
rameters capable of guaranteeing the production of solid 2D designs for each
of the selected inks. Based upon insights from this study, the second part is
focused on the production and characterisation of 3D objects. Specifically,
a set of honeycomb geometries were produced to test the printer capability
to manufacture intricate designs without loosing resolution. A simple disc
geometry was also employed to study the effect of drug loading on drug
release from the printlets. Lastly X-ray Powder Diffraction (XRPD) analysis
was deployed, when possible, to better understand the crystalline state of the
printed material.

4.2.1 Drop formation and deposition

The material of section 4.1 were loaded into the main chamber of the print-
ing unit and their printability was evaluated via the use of the ADA analyt-
ical function by varying the printing parameters such as temperature, firing
pulse shape and applied pressure while monitoring the output as described
in Section 3.2.11.

The drop formation was observed by recording still frames of droplets
during/after ejection near the nozzle while the printing settings were made
to vary. For this purpose a set of reliable nozzle in the centre of the printing
unit have been selected for the test.

During this calibration phase particular attention was used in the analy-
sis of the drop tail. Specifically, the droplet needed to show separation from
the nozzle and clean tail formation within the frame of acquisition in order
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to guarantee recoil before impact on the substrate. Such behaviour is neces-
sary to ensure a round footprint upon deposition and thus avoiding print-
ing imperfections. Furthermore, a longer tail might result in tail separation
and satellite formation, which are detrimental to the production of a dense,
smooth and highly detailed 2D layer. Indeed, once a satellite is detached
from the main drop body the weight of the latter is modified causing a change
in its trajectory and consequently a displacement in its landing position that
will not coincide with the original design. Besides, the newly formed satellite
will have its own flight path determined by its mass (< droplet mass), the
velocity of separation and the tail recoil force [80]. The result is a course that
is completely different from the one of the original droplet, but which might
still bring the satellite to land within the printing pattern causing an imper-
fection in the print. In the case of satellites landing outside of the region of
interest some of the material from the main part is now lost causing a deficit
in the end result. Lastly a clean separation from the nozzle is necessary not
only to ensure the desired drop speed, but also because it is a key point in
the maintenance of a clean working nozzle, assuring that at the moment of
separation there is no material pooling on the plate causing misfire, which
ultimately dictates the repeatability of the process.

Concurrently the droplet footprints after deposition were analysed to ob-
tain their printed diameter, which was then used establish the print 2D reso-
lution in terms of droplets per inches (DPI).

Once the printing conditions for 2D patterns were established sets of discs
with increasing number of layers were produced in order to determine the
layer thickness and the consequent native resolution of each material along

the z-axis.

4.21.1 Drop formation

The establishment of a working set of printing parameter was done exploit-
ing the capabilities of the native ADA program, which allows to cycle over
different sets of parameters conditions so to obtain all possible pairing com-
binations.

The printer was set to work at a constant negative pressure of —20 mbar
which prevents nozzle plate flooding during idle times by maintaining a sta-
ble ink meniscus at the air/ink interface at the nozzle, preventing jet insta-
bility. The Temperature restrictions imposed by both the maximum working
temperature of the printheads unit (T},y,,;, <90°C as seen in Section 3.2.12)
and the melting point of the chosen materials for which T;,.;; >85°C (see
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Section 4.1.2), the range of temperatures available was extremely limited. In
order to ensure flowability and thus maximise the ejection rate of success
the initial experiments were run at the higher limit of the range, 90 °C. This
ensures that all ink compounds are well within the range of viscosity set by
the manufacturer, as seen Section 4.1.4. Frequency was adjusted to the shut-
ter frame of the camera and set to ~ 900 Hz and was not representative of
the printing firing speed. As a result, the focus was on the determination
of the printing pulse parameters (Fig. 4.19), specifically: rising edge, peak
time, falling edge and maximum voltage. The aim was to obtain well formed

droplets with velocity in the 3ms™! to 8ms™!

range, aiming for the higher
limit in order to expedite the printing process while retaining precision of
deposition. The upper limit is imposed by the maximum moving speed of
the printhead and the distance between the substrate and the nozzle, higher
velocity would force lower firing rates to guarantee to the same level of pre-

cision.

High voltage -

Low voltage -

+ t t +
Raising edge Peak time Falling edge

FIGURE 4.19: Piezoelectric actuator trapezoidal printing pulse, highlighted: rising
edge, peak time, falling edge, threshold and maximum voltage.

During the optimisation phase the parameters of interest were made to
vary one at the time and until all possible combinations were tested. For
each cycle the best performing conditions were noted based on the criteria
described in the example below. The best results were then compared, and
the optimal set of condition selected.

Figures 4.20 shows an example of the optimisation process for Compritol
HD5 ATO. Values were made to vary one at a time to understand their effect
on droplet formation and ejection.

A similarity in drop behaviour in response of changes in the rise and fall
time is clearly visible in Fig. 4.20A and B. Short impulse times <1 ps are not
able to generate a viable drop. As the time interval increases so does the
droplet size and velocity until a maximum is reached at 3ps. Further in-
crement in the inset/outset time causes slower contraction/expansion cycles

for the piezoelectric actuators imparting less velocity. A similar reasoning
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can be applied to the peak time behaviour where the maximum is reached at
5ps (Fig. 4.20D).

A) Rise time B) Fall time
[ — e —
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FIGURE 4.20: Printing parameters optimisation via Advance Drop Analysis of Com-

pritol HD5 ATO. The images show the image acquisition of in-flight droplets 20 us

after ejection. A) rise time, B) fall time, C) printhead voltage and D) peak time. The

scale of the images is 1.56 pum px 1. The results were obtained as the mean value of

five separate acquisitions. The average was rounded to the closest integer. The error

provided is calculated as the standard deviation and is here included to provide a
measure of the precision associated with each parameter choice.

During the Voltage study it became evident that above a threshold value
the increase in voltage power causes minimum variation to the droplet ejec-
tion behaviour. The choice of working parameter was thus made on the base
of the lowest value providing the highest speed and volume. In this case it
was 100 V.

The same process was repeated for all materials and the results are re-
ported in Table 4.15. Notably, minor differences are recorded between inks
sharing the same carrier but different drug loading, suggesting that the same
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parameters can be used and that the addition of Fenofibrate do not effect

printability within the concentration range considered.
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TABLE 4.15: Optimised printing waveform parameters. T rise time, Tr fall time, Tp
peak time, V voltage and u speed.

Apifil-Fenofibrate (w/w)

100-0% 95-5% 90-10% 80-20% 70-30%
TR [ps] 2+ 0.5 2409 2+ 09 2+ 0.5 2+ 0.5
Tr [ps] 2+ 0.5 2+ 0.5 2+ 0.8 2+ 0.8 2+08
Tp [ps] 5+ 0.5 5+0.5 5+ 0.5 5+0.6 5+0
V [V] 90+ 3.2 90+ 3.2 90+ 2.6 90+ 3.2 90+ 0
u[ms~!]| 515+£0.15 5.114+0.23 5.05+0.14 5.0440.14 5.084 0.20

Candelilla-Fenofibrate (w/w)

100-0% 95-5% 90-10% 80-20% 70-30%
TR [ps] 4+ 0.52 4+ 0.82 44097 4 + 0.00 4+0.82
Tr [ps] 4+ 0.52 4 +0.51 4 + 0.00 4+ 0.52 4+0.82
Tp [ps] 6 +0.63 6 £ 0.82 6 £ 0.82 6 £0.82 6 £+ 0.00
V [V] 100+ 4.08 100+ 4.83 100+ 4.08 101+£4.83 100+ 3.16
u[ms~1] | 445+0.24 4404029 4.38+0.19 4.334+0.19 4.30+0.19

Compritol HD5-Fenofibrate (w/w)

100-0% 95-5% 90-10% 80-20% 70-30%
TR [ps] 34+0.82 3+ 0.00 3+ 0.00 3+ 0.52 3+ 0.52
Tr [ps] 3+0.52 3+ 0.52 3+ 0.63 3+ 0.52 3+ 0.52
Tp [ps] 5+ 0.52 5+ 0.52 5+ 0.52 5+ 0.63 5+ 0.00
V [V] 100 +3.16 100 £3.16  100£0.00  100+£4.83 100+ 2.58
u[ms~1]| 6.01£0.10 6.03+£0.16 6.04+0.15 6.07+0.14 6.12+0.21

Compritol 888-Fenofibrate (w/w)

100-0% 95-5% 90-10% 80-20% 70-30%
Tr [ps] 3+ 0.97 3+ 0.00 3+ 0.26 3+ 0.52 3+ 0.82
Tr [ps] 3+ 0.63 3+ 0.52 3+ 0.52 3+ 0.52 3+ 0.82
Tp [ps] 5+ 0.63 5+ 0.52 5+ 0.00 5+ 0.63 5+ 0.00
V[V] 100+£3.16  100£2.58 100+0.00 100£5.16  100+£2.58
u[ms~1] | 6.096+ 0.09 6.05+0.15 6.07+£0.20 6.04+0.13 6.124 0.14

Precirol-Fenofibrate (w/w)

100-0% 95-5% 90-10% 80-20% 70-30%
Tr [ps] 3+ 0.82 3£ 0.00 3+ 0.00 3+ 0.52 3+ 0.52
Tr [ps] 3+ 0.52 3+ 0.52 3+ 0.63 3+ 0.52 3+ 0.52
Tp [ps] 6+ 0.63 6+ 0.82 6+ 0.63 6+ 0.52 6+ 0.82
V [V] 105£2.58  105£3.16 105+4.08 105£2.58  105+4.08
u[ms']| 544019 5524020 552+0.19 5424034 5524 0.12
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4.2.1.2 Drop deposition, 2D and 3D resolution

The main goal of the drop deposition study was to determine the x, y and
z resolution achievable for each material. Specifically, the former two are
determined by the working DPI which allows for a smooth and dense 2D
layer. The latter is defined by the single layer thickness.

The DPI of a material was determined as the number of droplets neces-
sary to obtain a 1inch long continuous line with constant width.

However, when two droplets come in contact a change in the overall
shape takes place and can cause the displacement of one or both the origi-
nal droplets depending on the boundary conditions. Therefore, in order to
fully optimise the 2D deposition it is necessary to understand not only the
impact size of a single droplets, but also fluid interactions between droplets
deposited sequentially.

"Drawback" effect refers to the withdrawal of the droplets edges along
the axis joining the centres causing a shrinkage of the overall footprint of
the combined drops compared to the initial individual ones [224]. This ef-
fect becomes more pronounced if the first droplet have had the time to cool
and solidify before the impact of the second. The former will then withdraw
less causing asymmetry. To avoid this for the experiments here presented the
substrate temperature was kept at a stable 40 °C, to ensure merging between
subsequent drop depositions while allowing curing between layers. Ideally,
to form lines it should be enough to deposit consistently spaced overlapping
droplets, however due to drawback this might not lead to the desired out-
come and instead cause line interruption or scalopping depending on droplet
pacing.

After determining the single droplet size via microscope analysis, a series
of single lines with increasing drop spacing was printed with the aim to iden-
tify the best DPI to obtain a continuous and homogeneous printed line. To
best understand the material behaviour two key parameters were identified,
A and 0. The former defines the extent of overlap between two droplets and
can be written as:

L
A=1-— D. (4.1)
where L is the center-to-center distance between two consecutive droplets
and D; is the single droplet diameter after impact and solidification on the
substrate measured from photographs.
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The drawback index is indicated with 6 and can be calculated as follows:

D, D,=3¥2D, J
p= Vg V2 4.2)
Ds +L 2-A

where D, is the real measurement and can be approximated to D, =
v/2D;s when the two droplet system reaches the equilibrium.

The relationship between the two determines the capability of the mate-
rial to form a continuous un-broken line. Specifically Li and coworker [224]

determined the existence of a critical condition:

2(1-A)

O=——%

(4.3)

which divides the A — 6 plane into two separate regions (breakup and non-
breakup) as visible in Fig. 4.21.

i Non-breakup . }

S|

FIGURE 4.21: Equation4.3 is plotted as a curved line that divides the first quadrant
into break-up and non-break-up regions. Figure from "Drawback during deposition
of overlapping molten wax droplets"[224]

Combining our results with the non-breakup condition it was possible to
optimise the printing resolution on the X-Y plane. The final results for the
pure carrier materials are reported in Table 4.16.

Along the Z-axis the resolution is equivalent to the minimum layer height,
which was easily obtained by printing a set of five discs each with an increas-
ingly higher number of layers. The overall part height was then measured
using a caliper (HILKA TOOLS Digital Calipers) and divided by the number
of layers. The obtained values were then averaged to determine the set layer
thickness. The process was then repeated five more times and the results
averaged and reported in Table 4.16.
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TABLE 4.16: Optimised depositional parameters. The values are reported as mean
value + standard deviation when resulting from direct measurements, otherwise
the error were calculated by propagation.

Apifil
Ds [pm] A [%] 0 Layer thickness [nm] DPI [inch—1]
73.56+ 0.31 63.65+1.70 0.92+0.32 72.63+ 1.24 950
Candelilla
Ds [pm] A [%] 0 Layer thickness [um] DPI [inch—1]
61.05+ 0.61 60.374+2.00 0.90£0.25 68.23+ 0.18 1050
Compritol HD5
Ds [pm] A [%] 0 Layer thickness [nm] DPI [inch—1]
62.64+ 0.36 61.38+3.74 0.91£0.49 67.57+ 0.37 1050
Compritol 888
Ds [pm] A [%] 0 Layer thickness [nm] DPI [inch—1]
64.284+ 0.38 62.37+£2.12 0.91£0.29 68.844 0.45 1050
Precitol
Ds [um] A [%] 0 Layer thickness [nm] DPI [inch—1]
76.00£ 0.53 62.861+2.23 0.92+0.45 65.77+ 0.47 900

4.2.2 3D functional deposition

Here the knowledge gathered in the previous section is used to create func-
tional 3D tablets for the delivery of Fenofibrate. The goal is to select the
best performing carrier amongst the one selected, which will then be used
in the following chapter to showcase the present and future capabilities of
the multi-material approach proposed in this work. The carriers’ perfor-
mance evaluation was based on two properties, their capability to produce
high precision design, fundamental in the production of complex geome-
tries, and their ability to release the drug. To assess drug delivery capac-
ity a standard circular tablet design was implemented (10 mm diameter and
5mm height), see Fig. 4.22A. In addition three honeycomb geometries were
selected to investigate the quality of the printed dosage forms (cell diameter:
0.6 mm, 1.22mm and 1.83 mm). The digital design is shown in Fig. 4.22B, C,
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D. For each geometry and carrier material tablets containing Fenofibrate at
5% (w/w), 10% (w/w), 20% (w/w) and 30% (w/w) were printed utilising
the optimised set of printing conditions and working parameters found in
Sections 4.2.1.2 of this chapter.

A B Cc D

FIGURE 4.22: Digital design of 3D functional tablets. Top view of A) full disc (100%
infill), B) honeycomb with cell diameter of 0.60 mm (45% infill), C) 1.22 mm (24%
infill) and D)1.83 mm (17% infill).

While variation in tablets geometry and specifically the use of a honey-
comb design offer a series of benefits including higher surface area to volume
ratio, in this section their use will be limited to test for the printing capability
of each ink to produce complex geometries.

In the next Chapter 5 the benefit associated with this choice of geometry

will be discussed in depth alongside an example of its application.

4.2.21 Optical imaging

From a visual point of view all tablets were printed with the same degree
of success regardless of the choice of carrier material or drug concentration,
suggesting that given the correct set of printing parameters the drug content
does not influence the printed results in this example. In Figure 4.23 a rep-
resentative set of tablets are displayed per carrier type, specifically for 10%
(w/w) Fenofibrate.

Each set includes three honeycomb structured samples (cell diameter:
0.6 mm, 1.22mm and 1.83 mm) alongside with a conventional disc tablet all
with diameter of 10mm. By visual inspection all tablets are well-defined,
with a smooth surface, free channels and without appreciable defects. Upon
closer inspection printing lines typical of the 3D depositional process can be
found on the top surface. Though undesired this feature does not compro-
mise the functionality of the tablet or dissolution process and should thus not
considered a concern. In contrast to the top, surface of the bottom is smooth
and even by virtue of the choice of substrate (PET) on to which the tablets

were printed.
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Apihl Candelilla

FIGURE 4.23: Photos of 3D printed tablets showing three honeycomb structured (cell
diameter: 0.6 mm, 1.22 mm 1.83 mm) alongside with a conventional disc tablet with
diameter of 10 mm. Tablets are grouped based on carrier material, A) Apifil CG, B)
Candelilla, C) Compritol 888 ATO, D) Compritol HD5 ATO and E) Precirol ATO 5.
Each set of tablets was prepared with 10% (w/w) Fenofibrate concentration.

4.2.2.2 Drug loading evaluation

An essential step before the in vitro dissolution study was the determina-
tion of the drug content in each of the printed tablets. This was done with a
double intent, firstly to validate hot-melt inkjet printing as a method for pro-
ducing accurate dosing, secondly to accurately interpret the raw dissolution
results.

To this end all tablets were weighted and the weight of the active ingredi-
ent calculated on the basis of the density of the constituents as determined in
Section 4.1.1. While drug weight is most commonly calculated by % assay by
High Performance Liquid Chromatography (HPLC), this method could not

be applied in this situation. Indeed, the carrier materials here utilize are not
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easily dissolvable and have Chloroform as their main solvent, which is in-
compatible with the HPLC technology. The results are reported in Table 4.17.

TABLE 4.17: Study of the Fenofibrate content in 3D printed derived from density
calculations.

Fenofibrate Tablet’s weight Fenofibrate’s weight

(w/w) [mg] [mg]

5% 354.7 +0.8 17.740.4
g 10% 356.1+0.9 35.640.6
& 20% 367.7+0.6 73.540.3

30% 380.8+1.6 114.240.5
g 5% 362.5 0.9 18.140.9
= 10% 358.5+1.6 35.840.6
'§ 20% 370.4+1.5 741415
o 30% 382.44+1.8 114.740.4
2 5% 347.5 £1.3 17.440.4
E 10% 348.6--0.9 349405
a. 20% 357.1+0.8 71.440.2
§ 30% 366.2+1.7 109.94-0.4
Lo
g 5% 352.9 4£2.0 17.742.0
3 10% 358.7+1.7 35.94+1.7
B 20% 363.2+1.4 72.6+1.4
g 30% 370.4+1.3 111.14+1.3
Q
_ 5% 3489 £2.3 17.442.3
g 10% 342.8+1.3 35.9+41.3
k 20% 354.5--0.5 70.940.5

30% 366.0+1.4 109.841.4

To further confirm the results found using the density approach one of
the printed tablets from each batch was selected to be analysed using FTIR.
As previously seen in Section 4.1.5 the 765 cm ™! peak is uniquely associated
with the C-Cl and was here employed as a marker to judge the quantity of
Fenofibrate within each tablet.

In Table 4.18 a comparison of peak intensities from the tablet samples to

the reference value previously recorded for the ink materials is shown. The
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results are consistent, within the error, and suggest that the printing process
does not effect ink composition. Furthermore, since samples for FTIR analy-
sis were taken from different regions within the tablets, but yield consistent
results it is possible to infer that Fenofibrate is homogeneously distributed
throughout the tablet.

TABLE 4.18: FTIR characterisation of Immediate release tablets via the intensity of
the Fenofibrate characteristic 765 cm ™! peak.

Fenofibrate (w/w) Reference [%] Tablet [%]

5% 21.34£20  21.040.6
= 10% 299416  29.940.7
& 20% 565+ 08  63.742.3

30% 80.10.8  80.6+ 0.5
o 5% 132404 133402
= 10% 173402 173402
'% 20% 238405  23.7+0.2
o 30% 42.6+85 47.6+0.7
Lo
= 5% 23.6+23 227407
3 10% 370434 387430 -
' 20% 425409 449444
g 30% 705+ 0.6  70.5+0.8
]

2 5% 284405  28.4-+04
E 10% 386+ 1.6  383+04
& 20% 514404  51.3+0.3
§ 30% 834402  83.4+0.2
_ 5% 282403  28.8-+ 2.0
k= 10% 38.64+1.6  36.8+ 09
ks 20% 50.640.9  49.5+ 0.5

30% 834402  83.1+0.8
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4.2.2.3 Drug crystallinity: X-ray Powder diffraction (XRPD)

Drug crystallinity plays a key role in molecular mobility and drug availabil-
ity, with lower degrees of crystallinity associated with higher release rates
and reduced physical stability [225, 226, 227, 228].

Thus, before the dissolution study it was important to understand the
crystalline state of the 3D printed tablets. For this purpose samples were pre-
pared by crushing the printlets using a mortar and pestle into a fine powder
and analysed following the procedure described in Section 3.2.10. Unfor-
tunately, only samples from Compritol 888 ATO, Compritol HD5 ATO and
Precirol ATO 5 had the correct brittleness to allow grinding via mortar and
pestle.

Fig. 4.24 shows the results for Compritol HD5 ATO, Fig. 4.25 for Compri-
tol 888 ATO and Fig. 4.26 for Precirol ATO 5.
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