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Abstract (English)

Along with the recognized advantages of personalized medicine, a demand for
new manufacturing technologies that allow for production of such products has
emerged. Conventional pharmaceutical manufacturing techniques that have
been used for production of dosage forms based on the ‘one-size-fits-all’
concept are not always suitable for manufacturing personalized dosage forms
due to the lack of flexibility. Printing technologies have been explored for this
purpose as their precise and flexible nature allows for on-demand printing of a
limitless number of product designs with various personalization features, e.g.,
patient-tailored drug content, drug release profile, and customized
functionality.

In this thesis, three different printing technologies, i.e., fused deposition
modeling (FDM), semisolid extrusion 3D printing (EXT), and inkjet printing
(IJP), were used to prepare personalized solid dosage forms. Although all are
printing techniques they require vastly different properties of the starting
materials, involving solid, semisolid, and liquid states of matter. The starting
materials prepared in this thesis were: drug-loaded filaments for FDM, drug-
loaded viscous dispersion for EXT, and drug-loaded ink solutions, as well as
drug-free substrates for IJP. In the first study, FDM was utilized to print oral
tablets with a personalized dose and tailored drug release of the model active
pharmaceutical ingredient (API) isoniazid. This was achieved by modifying the
digital design of tablets to be printed enabling printing of various-sized tablets
with two different internal infill levels. In the second study, EXT and IJP were
successfully used for production of orodispersible films (ODFs) containing 0.1-
2 mg warfarin sodium (henceforward called warfarin). Regardless of the
technique used to print warfarin, the desired dose was achieved by depositing
the drug-containing feedstock material in a single layer. The printed ODFs were
shown to have properties on par and even superior in some aspects compared
to the oral powders in unit dose sachets (OPSs) compounded at hospital
pharmacies today. The ODFs, moreover, offer ease of administration to
pediatrics without the need for water. In the third study, IJP was used to
prepare personalized data-enriched edible pharmaceuticals (DEEP) containing
two cannabinoids. The cannabinoid-containing ink was deposited on a porous
solid foam (substrate) in an information-rich pattern (IRP), enabling
simultaneous incorporation of information and APIs (cannabinoids) in a single
IRP. The dose was tailored by imprinting the solid foam with 1-10 layers of the
drug-containing ink. IRPs offer the possibility to incorporate personalized
information e.g., for the patient, caregiver, nurse as well as enable traceability
and identification of solid dosage forms on a single dosage unit level. This could
e.g., be used for improved treatment outcomes, preventing falsified medicines
from entering the supply chain, preventing medication errors, or avoiding drug
abuse.

This thesis gives an overview of different printing technologies used in the
pharmaceutical field and contributes to the understanding of critical



parameters for fabrication of personalized solid oral dosage forms. Moreover,
it provides insight into the requirements and possible limitations of the
different printing technologies that need to be considered along with the
printed API(s) and the desired properties of the final solid oral dosage form.
EXT is a versatile method that enables production of both low- and high-dose
dosage forms at room temperature. However, EXT typically requires post-
processing steps such as drying or curing which adds to the manufacturing time
and may cause deformation of the printed solid dosage form. IJP has the benefit
of allowing easy incorporation of personalized IRPs on a single dosage unit, as
well as the possibility to accurately prepare low-dose solid dosage forms. I]JP is
typically limited to fabrication of low-dose solid dosage forms as the technique
is based on deposition of droplets in the picoliter range. Preparation of high
doses by means of IJP would require a large volume of ink to be absorbed into
the substrate. FDM has the strength in enabling production of complex inner
structures, which e.g., can be used for tailoring of the drug release. One of the
recognized drawbacks of the technology is the need for intermediate filaments
used as feedstock material. Preparation of printable filaments with a high drug
load has been proven challenging.



Abstract (Swedish)

De erkdnda fordelarna med individanpassad likemedelsbehandling har
resulterat i att det uppstatt en efterfrigan pa nya metoder som mdjliggor
tillverkning av  sddana ldkemedel. Konventionella  farmaceutiska
tillverkningsmetoder som huvudsakligen anvants for tillverkning av lakemedel
ar baserade pa konceptet “one-size-fits-all” dar grundtanken bl.a. dr att en eller
ett fatal dosstyrkor av ett visst ldkemedel ar lampliga for alla patienter. De
konventionella tillverkningsmetoderna ar inte alltid dndamalsenliga for
tillverkning av individualiserade likemedel pa grund av teknologiernas
otillrackliga flexibilitet. Utskriftsteknologier, som till sin natur bade ar flexibla
och exakta, har darfor studerats for detta dndamal. De mojliggér vid behov
tillverkning av lakemedel i sma satser. Likemedel som framstélls med hjalp av
utskriftsteknologier kan ha ett obegradnsat antal strukturer och monster vilket
mojliggér  inkorporering av olika individualiseringsfunktioner, t.ex.
patientskraddarsytt ldkemedelsinnehall, dos och likemedelsfrisattningsprofil
samt anpassad funktionalitet.

[ denna avhandling anvandes tre olika utskriftsteknologier, ndrmare bestamt
fused deposition modeling (FDM), semisolid extrusion 3D printing (EXT) och
blackstraleutskrift (IJP), for att tillverka individanpassade orala fasta lakemedel.
Startmaterialen som anvidnds for de studerade utskriftsteknologierna har
varierande egenskaper (material i l6sningsform, halvfast form samt fast form)
beroende pa vilken teknologi som anvands. Startmaterial som formulerades och
framstdlldes for ldkemedelsutskrivning i denna avhandling var
ldkemedelsinnehallande filament (polymertradar) for FDM,
lakemedelsinnehallande viskds dispersion for EXT och lakemedelsblack (16sning
med lag viskositet) samt ldkemedelsfria substrat for IJP. I den forsta studien
anvandes FDM for att skriva ut orala isoniazid tabletter med individuella doser
samt skraddarsydd lakemedelsfrisdttning. Detta uppnaddes genom modifiering
av den digitala designen av tabletterna som skulle skrivas ut och tabletter med
bade varierande storlek och infyllnadsniva tillverkades. I den andra studien
anviandes EXT och IJP framgangsrikt for tillverkning av munsénderfallande
filmer innehdllande 0,1-2 mg warfarinnatrium (hadanefter kallat warfarin).
Oavsett vilken teknik som anvindes for att skriva ut warfarin uppnaddes den
onskade dosen genom att skriva ut lakemedelsblacket som ett enskilt lager. De
utskrivna munsonderfallande filmerna var minst lika bra, men dven mer
fordelaktiga i vissa avseenden, jamfort med orala pulver i endospasar som idag
rutinmadssigt tillverkas pa sjukhusapotek. De munsonderfallande filmerna
moijliggér dessutom enkel administrering till pediatriska patienter eller till
patienter med svéljningssvarigheter, eftersom de kan tas utan vatten. I den
tredje studien anvidndes IJP for att tillverka individanpassade, databerikade,
dtbara ldkemedel (data-enriched edible pharmaceuticals, DEEP) innehallande
tvd cannabinoider. Det cannabinoidhaltiga blicket skrevs ut i ett
informationsrikt monster pa ett porost fast skum som fungerade som substrat.
Detta mojliggjorde samtidig inkorporering av bade information och lidkemedel
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(cannabinoider) i ett enskilt informationsrikt monster. Dosen skraddarsyddes
genom att skriva ut 1-10lager av lakemedelshaltigt black pa substratet.
Informationsrika ménster som ar utskrivna direkt pa lakemedlet, istillet for
exempelvis pa forpackningen, erbjuder mojligheten att inkorporera personlig
information, t.ex. for patienten, vardgivaren, vardpersonalen samt mojliggor
sparbarhet av enskilda doser. Detta kan tex. tillampas for att forbattra
behandlingsresultaten, forhindra forekomsten av forfalskade ldkemedel i
leveranskedjan, minska medicineringsfel eller fér att undvika
lakemedelsmissbruk.

Denna avhandling ger en oOversikt over olika utskriftsteknologier som
anvands inom det farmaceutiska omradet och bidrar till férstaelsen av kritiska
parametrar vid tillverkning av individualiserade orala lakemedel. Dessutom ger
avhandlingen insikt i fordringar och eventuella begransningar hos de olika
utskriftsteknologierna som maste beaktas tillsammans med den verksamma
substansen och de 6nskade egenskaperna av den fardiga ldkemedelsprodukten.
EXT ar en mangsidig metod som kan anvdndas vid rumstemperatur for
tillverkning av ladkemedel innehallande bade laga och hoga doser av den aktiva
substansen. EXT krédver dock vanligtvis efterbehandling sdsom torkning eller
hirdning vilket 6kar tillverkningstiden och kan orsaka deformation av det
utskrivna ldkemedlet. [JP mojliggdor enkel inkorporering av ett individuellt
informationsrikt monster pa en enskild ldkemedelsdos. IJP kan med fordel
anviandas for att tillverka ldkemedel innehdllande en lag dos och ar aven
vanligtvis begridnsat till detta, eftersom teknologin baseras pa deponering av
droppar av lag volym (pikoliter). Tillverkning av lakemedel innehallande hoga
doser med hjalp av IJP skulle krava att en stor volym av blacket absorberas av
substratet. FDM kan anvandas for att tillverka komplexa inre strukturer, som
tex. kan utnyttjas for att skraddarsy lakemedelsfrisattningen. En av de
identifierade nackdelarna med denna utskriftsteknologi dr behovet av filament
som anviands som startmaterial. Framstdllning av utskrivbara filament
innehdllande en hoég koncentration av aktiv substans har visat sig vara
utmanande.
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1. Introduction

For a medicine to be effective and safe the active pharmaceutical ingredient
(API) needs to be delivered in a desired, safe, and unvarying way to the
intended target in the body. Pharmaceutical development aims to define the
design space, specifications, and manufacturing requirements to achieve this
(European Medicines Agency, 2017). This requires extensive knowledge
regarding human physiology along with the API and the manufacturing
process. Scientists have during the past century worked on numerous drug
delivery strategies to develop safe and effective medicines. The development
has mainly been driven by taking into account the physicochemical properties
of the APIL. However, as the benefits of personalized medicine are becoming
evident, the conventional way of developing and manufacturing dosage forms
needs to be adapted to moreover consider the personalization aspect. This
requires a paradigm shift from manufacturing large batches with a fixed drug
content to manufacturing processes that allows for easy alteration of the
dosage form.

When comparing the development of pharmaceutical manufacturing
techniques for oral dosage forms during the last decades to manufacturing in
other fields, it is evident that the pharmaceutical field is not moving forward as
fast as many other fields (Clarke and Doughty, 2017). This is not to be
misinterpreted as the pharmaceutical field not being innovative and forward-
thinking but is rather a result of the rigid regulatory framework that
pharmaceutical companies need to adhere to in order to ensure the safety and
efficacy of the dosage form. Despite this rigidity, there have been recent
incentives from the regulatory bodies in the direction of patient-centric drug
development and medicines. The European Medicines Agency (EMA) has
recently published an ICH reflection paper with the purpose to advance
patient-focused drug development (European Medicines Agency, 2021a).
Incorporation of the patient’s perspective is envisioned to enhance the quality,
relevance, safety, and efficiency throughout the drug development process as
well as enable more informed regulatory decisions. The U.S. Food and Drug
Administration (FDA) has, moreover, encouraged pharmaceutical companies
to implement modern and innovative manufacturing technologies and
processes as opposed to the fixed procedure and fixed processes parameters
used today (Clarke and Doughty, 2017; FDA, 2015).

Today conventional manufacturing methods, e.g.,, tableting, involve
processes that are well understood and have well-established regulatory
pathways but lack the flexibility needed for manufacturing personalized
dosage forms (Norman et al,, 2017). Printing technologies, which are flexible
and enable production of advanced dosage forms with high accuracy, have been
proposed to solve this unmet need. The ability to manufacture personalized
dosage forms is forecasted to advance treatment outcomes by enabling patient-
tailored medicines that have improved efficacy, safety, compliance, and
accessibility.



To date, the only approved printed dosage form in the world, Spritam®, was
approved by FDA in 2015. Spritam® is not a patient-tailored solid oral dosage
form, it is merely produced by means of printing to take advantage of the rapid
disintegration enabled by the printing technique. However, the printing
technique utilized for preparation of Spritam® would additionally allow for
production of personalized doses if there was a regulatory framework in place
for production of flexible doses. In early 2021, Triastek’s T19 solid oral dosage
form prepared by melt extrusion deposition (MED™), an automated 3D printing
technology, received clearance on their FDA investigational new drug (IND)
application (Everett, 2021; Triastek, 2021). Triastek expects to file a new drug
application (NDA) for T19 with FDA in 2023. This can be considered as
evidence that both the industry and the regulatory bodies find printing
technologies advantageous for production of innovative solid oral dosage
forms. This thesis investigates the suitability to use 2D- and 3D printing
technologies, namely fused deposition modeling (FDM), semisolid extrusion 3D
printing (EXT), and inkjet printing (IJP), for production of personalized solid
oral dosage forms.



2. Literature overview

2.1. Personalized medicine

Personalized medicine has gained increasing interest as the benefit of
personalized approaches has become more apparent. The traditional
treatment regime comprises a ‘one-size-fits-all’ strategy without further
considering interpatient variability despite the fact that this treatment
approach may result in significantly different therapeutic outcomes among
patients. The increased awareness and understanding of personalized
medicine is possible due to ongoing development in the field of human genome
research. Further advances in the field of pharmacogenomics pave the way for
personalized medicines. Providing genetic information on an individual patient
level for improved decision-making regarding the right API, dose, and time
required for a specific patient results in improved treatment outcomes
(European Medicines Agency, 2020a). The EMA defines personalized medicine
as a medicine that is targeted to individual patients with regards to their
genetic characteristics (European Medicines Agency, 2020b). The concept of
personalized medicine further includes both individualized timely and
targeted prevention strategies as well as tailoring the best treatment strategies
for the right patient at the right time point, based on the characterization of an
individual’s phenotype and genotype (European Medicines Agency, 2020a).
Personalized medicine typically includes at least a medical device for
diagnostic purposes and a therapeutic product (US Food and Drug
Administration, 2013). Personalized medicine is associated with fewer adverse
effects, superior treatment outcomes, improved adherence, and lower risk of
sub-therapeutic doses.

In addition to making medical decisions based on patient data and lifestyle
factors, personalized medicine can involve taking into account the personal
preferences of a specific patient (US Food and Drug Administration, 2013). The
concept of personalized medicine is, moreover, moving towards providing
special population groups, such as pediatric and geriatric patients, and
patients, having swallowing problems, with suitable dosage forms. A solid oral
dosage form can be tailored according to personal preferences related to e.g.,
size, color, shape, and taste, which can be particularly important for
acceptability among children (Preis and Oblom, 2017).

To date, the administered dose is typically tailored by manipulation of the
marketed formulation by splitting or crushing tablets into smaller pieces or
opening capsules (Helmy, 2015). However, such manipulation of solid oral
dosage forms is not accurate and may lead to day-to-day variability of the
administered dose and thus result in undesired over- or under-dosing (Helmy,
2015; Hill et al.,, 2016; Madathilethu et al.,, 2018; Van Riet-Nales et al., 2014;
Watson etal., 2018). Manipulations of solid oral dosage forms can also alter the
properties of the dosage form with potentially dangerous outcomes such as
dose dumping of a sustained release dosage form or destroying the pH-
sensitive coating resulting in release of the API at the wrong site in the



gastrointestinal tract. Additional strategies of personalization of the drug dose
are utilization of oral liquids or compounding of e.g., oral dose powders or hard
capsules in (hospital) pharmacies (Brion et al., 2010). The dosing flexibility is
superior for the former, however, oral liquids are associated with drawbacks
such as large volumes that need to be administered, limited suitable solvents
and excipients (especially for children), and reduced shelf life as compared to
solid dosage forms (Oblom et al., 2019a). Especially for pediatrics, also mini-
tablets have been explored for personalization purposes as well as for
improved acceptability and swallowability (Madathilethu et al., 2018).

Traditional mass production methods such as tableting and capsule filling
processes do not allow for easy modification of the prepared solid dosage form,
making it impractical and expensive to produce tailored solid dosage forms
utilizing these techniques. Mass customization has been proposed as an
enabling model for personalized medicine (Govender et al., 2020; Siiskonen et
al, 2020). Mass customization builds on the principles of mass production
where personalized dosage forms are designed, manufactured, and distributed
in an economical fashion. Mass customization is envisioned to be achieved by
incorporation of key patient parameters in the manufacturing platform
(Govender et al.,, 2020). It is yet to be fully evaluated how far the mass
production platform can be moved towards mass customization and what type
of re-engineering is required of the current platforms for this to be achieved.
Additionally, the use of printing technologies for production of personalized
medicine has been proposed to be the future of personalized medicine (Sandler
and Preis, 2016) and has subsequently been comprehensively investigated
(Chen et al., 2020; Jamréz et al., 2017a). Pharmacoprinting, i.e., utilization of
printing technologies to manufacture pharmaceutical products, is an attractive
approach to attain increased personalized drug treatments. Printing
technologies are precise and highly flexible enabling easy manipulation of the
printed solid dosage form (Sandler and Preis, 2016). Additionally, printing
techniques are cost-effective at a small scale and allow for decentralized
production (Elkasabgy et al., 2020; Ligon et al., 2017; Park et al., 2019; Shaqour
et al, 2020). These factors make printing technologies more suitable as
compared to conventional manufacturing methods for production of
personalized dosage forms as printing allows for production of small unique
batches fabricated based on the need of an individual patient at a specific time.
Manufacturing of personalized medicines can be achieved by a shift from
centralized mass production facilities to decentralized production facilities
such as hospital pharmacies or regional manufacturing facilities. Bringing the
production closer to the patient enables short reaction times when changes in
the treatment regime are needed.

A recent focus group study among pediatric health care professionals
revealed an overall positive attitude towards printed solid oral dosage forms
(Rautamo et al,, 2020). Personalization of dosage forms and more precise dosing
were among the identified attractive features of oral 3D-printed dosage forms.
Age-appropriate dosage forms and combination products were further



recognized as areas where printed medicines would be of value. Prerequisites
for successful use of printed dosage forms in a hospital setting were also
highlighted, e.g., the need for short delivery times of on-demand printed dosage
forms in addition to verification and identification possibilities of the printed
dosage forms.

There are still hurdles to overcome to make personalized medicines widely
available for patients. Medical doctors need to, in an easy way, be able to gather
and interpret genomic and other essential data of patients in order to
determine suitable personalized treatments. Once this data is available for an
individual patient, there needs to be a way to produce the personalized dosage
form, which may not always be feasible with conventional manufacturing
techniques. Printing technologies could solve this unmet need but further
clarity on regulatory requirements and pathways must be established for these
innovative on-demand printed dosage forms. This will require close
collaboration and dialog with the regulatory bodies and other relevant actors
to be able to provide personalized printed dosage forms to patients in the
future. Furthermore, it is expected that new distribution models are needed for
personalized dosage forms.

2.2. Pharmaceutical printing technologies

This section will give an overview of the most common printing technologies
utilized for production of solid oral dosage forms. The classification used for the
different printing techniques in this thesis can be seen in Figure 1, where the
printing techniques explored in this thesis are shown in black.
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Figure 1. Overview of printing technologies commonly used for printing of solid oral dosage forms.




2.2.1. Printing nomenclature

The most commonly used printing technologies can be divided into one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) printing
technologies based on the number of dimensions used for printing an object. In
1D printing, only one dimension is used to print stripe patterns whereas 2D
printing utilizes two dimensions, namely the horizontal (X) and vertical (Y). In
3D printing, a third dimension, depth (Z), is added to enable building of 3D
objects. A 3D-printed object hence comprises two or more printed layers. In
2013, the concept of four-dimensional (4D) printing was introduced. In 4D
printing, the name does not correlate to the number of dimensions used but is
rather a progressed version of 3D printing, where either the shape, functionality,
or property of the 3D-printed object will change upon time (Momeni etal., 2017).
The original definition of 4D printing was simply 3D printing plus time, but as 4D
printing increased in popularity, the definition was broadened to: “4D printing is
a targeted evolution of the 3D-printed structure, in terms of shape, property, and
functionality. It is capable of achieving self-assembly, multi-functionality, and self-
repair. It is time-dependent, printer-independent, and predictable” (Momeni et al.,
2017)". Hence, 4D printing involves 3D printing of an object using stimuli-
sensitive materials that when subjected to a stimulus will transform. A 4D-
printed object differs from a 3D-printed object as it will evolve as a function of
time, whereas the objects fabricated by 3D printing are classified as static.

2.2.2. Perspectives of printed medicine

3D printing enables production of innovative and complex solid oral dosage
forms, drug delivery devices, and medical devices with regards to the
geometrical shape and complex inner structures that are not easy or impossible
to attain with conventional manufacturing methods (Norman et al, 2017;
Sandler and Preis, 2016; Vaz and Kumar, 2021). The ease of manipulation of the
printed solid dosage form makes 3D printing attractive for use in personalized
medicine in comparison to conventional manufacturing processes that do not
allow easy in-process adjustments of the final solid oral dosage forms. This limits
conventional manufacturing to traditional fixed-dose and fixed-drug
combination solid oral dosage forms produced at a large scale rather than
fabrication of tailored solid oral dosage forms produced on-demand and in small
volumes according to the patients’ needs.

The advantages associated with printed medicines are evident and may solve
the recognized unmet need for many treatments, which is why FDA encourages
continued research within the area (Norman et al., 2017). Printing of medicines
is revolutionizing the concept of medicines where conventional drug products
typically are simple, uniform in dose, and aim for a shelf life of multiple years.
The advantages of personalized printed dosage forms may result in improved
treatment outcomes lowering the societal burden associated with poor
treatment outcomes that are costly for society. Printing personalized medicines
enables taking into consideration an individual patient’s preferences, the need



for individual dosing, and characteristics of the dosage forms such as flavor to
achieve improved patient-centricity and compliance.

Other investigated applications in the pharmaceutical and medical field for
printed products that have gained significant attention and which in some cases
already are in clinical use involve fabrication of medical devices such as implants,
prostheses, wound dressings, and surgical models as well as bio-based 3D
printing for production of e.g., organ-on-chips, 4D printing, and biorobots that
imitate biological functions (Jamroz et al., 2018). This thesis focuses exclusively
on investigating the use of FDM, EXT, and IJP for manufacturing personalized
solid oral dosage forms. Medical devices and other administration routes are
thereby outside the scope of this thesis. The printing techniques utilized in the
thesis to prepare personalized solid oral dosage forms will be described in more
detail in the following sections along with an overview of other printing
techniques that have been investigated for this purpose.

2.2.3. 2D printing methods

2D printing methods can be divided into non-contact and contact methods. The
contact-based flexographic printing technique has been explored in the
pharmaceutical field for manufacturing and coating of dosage forms (ODFs)
(Genina et al,, 2012; Janf3en et al., 2013; Raijada et al., 2013). Flexographic
printing is a roll-to-roll printing method consisting of an anilox roll that transfers
the printing ink to the printing cylinder equipped with a printing plate that has a
predefined pattern (Raijada et al., 2013; Tian et al., 2019). The ink is transferred
to the predefined pattern of the printing plate and lastly onto the substrate that
is attached to the third roll, i.e., the impression roll. The printing cycle can be
repeated to allow transfer of more ink thereby enabling manufacturing of
increased doses. Recently, another contact-based printing method, stencil
printing, was explored for pharmacoprinting by manufacturing personalized
orodispersible discs (Wickstrom et al., 2020). The conventional impact printing
method utilizes semisolid ink to print the design corresponding to the negative
pattern on the printing plate. The printing plate is in direct contact with the
substrate and a blade is used to spread the ink over the printing plate enabling
the design to be printed.

[JP is a non-contact printing technique that has gained recent attention for
production of solid oral dosage forms due to its superior dosing precision
compared to e.g., flexographic printing (Genina et al., 2012). The 2D printing
section in this thesis will focus on IJP and describe the technology in greater
detail.

2.2.3.1. Brief history and conceptualization of inkjet printing

[JP is a well-established technique that has been used in the typographical
industry since the mid-20th century and is subsequently widely utilized in
affordable office printers. IJP is a non-contact printing technique that relies on
jetting ink out of one or multiple nozzles onto a specific position according to a
premade design. IJP typically involves a substrate upon which the ink is



deposited. The deposited ink can be absorbed into the substrate depending on
e.g., the porosity and characteristics of the substrate as well as the interactions
of the substrate and ink. The technique is generally classified as 2D but may at
times, within the pharmaceutical field, be referred to as 3D printing if more than
one layer is printed. Multiple subsequent layers are often printed on top of each
other as a measure to increase the amount of the drug-loaded ink that is
deposited or to attain a specific geometry.

Using this multilayer approach, solvent-free hot-melt 3D IJP has recently been
explored (Kyobula et al., 2017; Lion et al, 2021). This free-form technology
builds on the principles of jetting of a hot-melt rather than the traditional
solvent-based inks and the 3D geometry is built in a layer-by-layer manner
without the need of a substrate (similarly to e.g., FDM). The technology has been
used for preparation of tablets possessing complex 3D geometries using a
solvent-free hot-melt ink containing beeswax (Kyobula et al., 2017) or the lipid
Compritol HD5 ATO (Lion et al., 2021). Hot-melt 3D IJP offers the possibility to
print complex geometries with a high resolution where both the macro-structure
as well as the micro-structure of the dosage form can be controlled (Lion et al,,
2021). This enables preparation of solid dosage forms with tunable drug-release
profiles. Further, hot-melt 3D IJP enables printing without the need of traditional
solvent-based inks thus eliminating the post-process drying step that typically is
required when using solvent-based inks. Potential solvent-related concerns,
such as the use of unsuitable solvent(s) for a specific target group, residual
solvent(s) in the dosage form, and solvent-related stability issues are also
eliminated with this technique. Hot-melt 3D IJP has been proposed to be suitable
for drugs that are compatible with lipids and which additionally have a melting
point below the used printing temperature (approx. 90 °C). The drug should
naturally also be stable at the printing temperature used.

The following IJPs sections in this thesis will concentrate on the traditional
solvent-based IJP for production of solid oral dosage forms. This is a
manufacturing method where the substrate, ink, process parameters as well as
their interplay are critical for attaining reproducible, high-quality dosage forms
with the intended characteristics. The important parameters for the components
involved in solvent-based 2D printing are discussed in the sections below.

2.2.3.2. Substrate

The ink is deposited on a substrate or a build plate. A release liner can be utilized
to provide support during manufacturing of the substrate and/or during the
printing step, but it is not a part of the final dosage form. In most cases (however
not typically in the case of e.g., hot-melt 3D IJP), a premade substrate is used for
production of IJP dosage forms and it has a crucial role in the final dosage form.
Various edible films, sheets, solid foams, and tablets are examples of carrier
substrates that have been used for such dosage forms (Edinger et al, 2017;
Genina et al., 2013b; Iftimi et al., 2019; Thabet et al., 2018a). Substrates are
typically prepared by solvent casting, freeze-drying, hot-melt extrusion (HME),
electrospinning, and tableting (Borges et al., 2015; Oblom et al., 2020; Palo et al.,



2017; Simoes et al., 2019). The substrate properties should be developed with
respect to the application and administration route of the dosage form (Raijada
et al., 2013). This is typically dictated by the properties of the API, but in some
cases also, if realistic, by patient acceptability. The substrate should be able to
absorb or hold the amount of deposited ink needed to reach the target dose
(Raijada et al,, 2013). To avoid loss of the API during printing, transport, and
handling, it is typically desired that the ink penetrates into the substrate.
Alternatively, the dosage form can be coated to avoid drug loss and to improve
stability during post-manufacturing steps such as storage and handling. One or
multiple drugs can be loaded in the substrate itself during substrate preparation,
where subsequent personalization can be done in the printing step, e.g., by
printing of a different drug or by adjusting the dose of the drug(s) already
present in the substrate. The substrate should possess properties that are
suitable for the printing process as well as the properties desired in the final
dosage form to allow for it to be administered via a specific administration route.
A flexible substrate that disintegrates rapidly is typically desired for IJP ODFs
from a patient acceptability perspective (Hoffmann etal.,2011; Tian et al., 2019).
Improved flexibility and disintegration can be achieved e.g., by introduction of
plasticizers and superdisintegrants in the substrate formulation. Another
approach to alter the properties of the final dosage form is the inclusion of
ingredients that acts as e.g., plasticizers in the printing ink that will interact with
the substrate. For IJP (and other printed) buccal dosage forms, mucoadhesive
polymers can be introduced in or on the substrate and may further be combined
with a water-impermeable backing layer to enable unidirectional drug release
(Eleftheriadis et al., 2019). Finally, it should be ensured that the deposited ink
does not dissolve or disintegrate the substrate which for instance can be avoided
by imprinting a water-soluble and ethanol-insoluble substrate with an ethanol-
based ink (Raijada et al., 2013; Tian et al., 2019).

2.2.3.3. Ink

The amount of the API incorporated in a single dosage form can be controlled by
factors such as the drug concentration in the ink, printed resolution, i.e., dots per
inch (DPI), printed area, and the droplet volume, which is obtained by a camera
incorporated in the printer close to the nozzles. The number of subsequent layers
printed on top of each other can, furthermore, be utilized to adjust the dose. In
order to successfully [JP dosage forms that contain the intended content of API(s)
with a good print edge definition, special attention must be paid to the
printability of the ink to ensure stable jetting and unvarying physical dimensions
of the droplets during the printing process. Certain ink properties are required
to achieve stable jetting without leaking of the ink from the nozzle or
accumulation of the ink in the nozzle. As for all printing technologies, the
rheological properties of the ink or other starting material play a vital role for
printability and the print result. The most important parameters of an IJP ink are
viscosity and surface tension as they affect the droplet formation as well the ink
flow in the small tubings that feed the nozzle(s). Optimal surface tension and



viscosity have been proposed to be in the range of 25-50 mN/m and 1-30 mPa-s,
respectively (Huang et al., 2012; Raijada et al., 2013; Sun et al,, 2012). If an ink
fails to be within the mentioned range, there is an increased risk that the ink is
not printable as a result of unsuccessful droplet formation. In case the surface
tension and viscosity are too low it can result in leaking of the ink or splashing of
the droplets. To obtain suitable ink properties, pharmaceutical inks are typically
formulated with pharmaceutically approved solvents, co-solvent, a humectant,
and one or multiple APIs. The solvent(s) in the ink should, in addition to the
previously mentioned aspects, be selected based on the solubility of the API and
take into account possible limitations for use in the target population such as
pediatrics. Viscosity- and surface tension modifiers, as well as humectants
(hygroscopic substances), are typically added to the ink to obtain a printable ink
and to avoid evaporation of the solvent(s).

The Z-value (Eq. 1) has been proposed as a prediction of printability (Jang et
al,, 2009), i.e.,, a measure of whether the developed ink will be printable in the
printer used. The Z-value is a dimensionless number that is the inverse
Ohnesorge number (Oh) (Eqg. 2), which in turn is based on the Reynolds (Re) (Eq.
3) and Weber (We) (Eq. 4) numbers. These equations (Eq. 1-4) describe the
various relationships between density (p), surface tension (y), and viscosity (1)
of the ink, in addition to the nozzle radius (d) and average velocity (V) in the used
system.

Z=—Vdn”Y Eq.1
Oh = —— Eq.2
dpy g
Re = 32 Eq.3
n
2
We:deV Eq. 4

The Z-value does not take into account the fluid velocity and it is important to
note that the predictions made with Eq. 1-4 apply to Newtonian fluids only.
Therefore, for more complex inks e.g., non-newtonian suspensions and polymer
solutions printability predictions can be inaccurate (Clasen et al., 2011). Despite
these considerations, the Z-value is a good starting point for developing an ink,
and inks with a Z-value between 1-10 (Derby and Reis, 2003) or 4-14 (Jang et
al,, 2009) have previously been reported as printable.

[JP is a precise manufacturing technique due to jetting of droplets in the
picoliter range, which in turn also is a drawback of the technique. Relatively
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small volumes of the drug are deposited per printing pass, which is why IJP is
usually utilized for printing low-dose dosage forms. As the substrate has a
limited absorption capacity and in order to reduce the printing time required the
concentration of the ink should be as high as possible. The drug present in the
ink should however ideally be below the solubility limit to minimize
recrystallization and subsequent clogging of the nozzles. Clogging is a problem
frequently reported for IJP of dosage forms and can be caused by various
reasons. Nozzle clogging can be seen as a major drawback as it results in
variability in the printing process affecting the print quality and fluctuation in
the amount of drug present in the dosage form. If the formulated ink is a
suspension-type and not solution-type, it is important that the suspension is
colloidally stable and that the particles present in the suspension are small
enough to prevent clogging. Nanosuspensions have been explored for IJP when
the API has poor solubility in pharmaceutically approved solvents to obtain a
high enough drug load in the ink (Cheow et al., 2015; Pardeike et al,, 2011;
Wickstrom et al., 2017a).

2.2.3.4. Inkjet printing

[JP can be divided into continuous and drop-on-demand (DoD) techniques. In the
former, the ink droplets are continuously ejected out of the printhead, whereas
in the latter the droplets are only ejected when desired. DoD techniques include
piezoelectric (PI]), thermal (TIJ), solenoid valve, electrostatic, and acoustic inkjet
printing (Le, 1998), differing in the methods utilized for droplet formation.
Research in the area of 2D pharmacoprinting has mainly focused on PI] and TI]J
(Tian et al., 2019). In both PIJ and TI] the ink container is connected to a
transducer that is coupled to one or multiple nozzles and the techniques only
differ in the type of transducer utilized (Figure 2). TIJ uses a thermal transducer
element that locally heats the ink when a current is applied, causing the volatile
solvent(s) present in the ink to form a vapor bubble that quickly expands and
collapses enabling the ejection of droplets (Goole and Amighi, 2016; Tian et al,,
2019). The rapid collapse of the bubble and reduction in the ink volume allows
the nozzle to be refilled with ink. As TIJ requires the presence of volatile solvents
in the ink, there is a limitation to which solvents may be used for pharmaceutical
applications. As it is desired to formulate inks with high concentrations of the
APIs, the solubility of the APIs would further define the choice of the solvent
thereby limiting the number of APIs that can be printed using this technique. A
small possibility of thermal degradation of the ink caused by rapidly applying
heat (up to 300 °C) also needs to be considered. This makes PI] operable at room
temperature with a wider range of solvents more applicable for
pharmacoprinting (Park et al.,, 2019; Scoutaris et al,, 2011). PI], which is the IJP
technique used in this thesis, differs mainly from TIJ by the transducer utilized
for droplet formation. PIJ uses a piezoelectric element that deforms when a
voltage is applied. The deformation of the piezoelectric material results in a
droplet being ejected from the nozzle. Stopping the current allows the
piezoelectric element to return to the initial shape and refilling the nozzle with
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ink from the ink container. The droplet ejection process is repeated until the
desired amount of drug is deposited.
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Figure 2. Schematic overview of thermal- (left) and piezoelectric inkjet printing (right).

IJP is an interesting technique for manufacturing personalized dosage forms
as it allows for accurate deposition of the desired volume of the drug-loaded ink
onto an edible substrate. Especially APIs with alow dose or a narrow therapeutic
window are favorably prepared by IJP, as droplets in the picoliter range can be
jetted from the nozzle(s). The printed pattern can easily be modified enabling
personalization of the dosage form. Personalization features can include
tailoring of the drug dose and/or incorporation of information in the form of an
IRP (see section 2.3.3), which is readable by a standard smartphone or other
similar devices. IJP is commonly explored for fabrication of orodispersible films
(ODFs), which according to Ph. Eur. are defined as single- or multilayer sheets of
suitable materials, to be placed in the mouth where they disperse rapidly
(European Pharmacopoeia Commission, 2020a). Batch production is common
for dosage forms prepared by means of IJP, but continuous manufacturing has
also been explored (Thabet et al., 2018a).

2.2.3.5. Liquid dispensing technologies

Various micro-dispensing techniques have been investigated to manufacture
dosage forms. Typically the nozzle diameter is larger for liquid dispensing
technologies making them an alternative to IJP in cases where the ink has a
higher viscosity and/or includes larger particles (Tian et al.,, 2019). A commercial
continuous liquid dispensing technology developed by GlaxoSmithKline is
suitable for production of high volumes (up to 2 million tablets a day) of low-
dose drugs in the range of 1 pg to 5 mg (GlaxoSmithKline, 2021). The potent API
is formulated as a solution or suspension and subsequently deposited on placebo
tablets for production of immediate-release tablets in a safe and reproducible
manner. The process further includes a drying, imaging, and coating step before
real time release of the tablet. The main difference between liquid dispensing
technology and IJP is that liquid dispensing technology deposits the whole drug-
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dose in a single droplet, i.e., the droplet volume can be varied between 4-25 pl,
whereas in IJP the dose is achieved by printing multiple droplets that typically
have a volume in the picoliter range (Clarke and Doughty, 2017). This technique
is thus not suitable e.g., for incorporation of IRPs in the same way as IJP.

2.2.4. 3D printing methods

2.2.4.1. Brief history and conceptualization

The concept of 3D printing was already presented in the 1970s by Pierre Ciraud
when he described that each layer of applied powdered material could be
solidified using a high-energy beam (Jamréz et al, 2018). Charles Hull is
accredited for developing the first working 3D printer based on selective
solidification (SLA) technology in 1984, which was brought to the market by 3D
Systems in 1989 (Horvath, 2014). The same year (1989) fused deposition
modeling (FDM) was patented by Stratasys Ltd, and the technology was
trademarked (FDM™) (Awad et al, 2018; Horvath, 2014). Along with the
expiration of many key patents for various printing techniques the interest in
utilizing 3D printing for innovative purposes arose both in academia and the
commercial space.

3D printing, also referred to as additive manufacturing or solid freeform
fabrication, is a collective term for numerous rapid prototyping techniques,
which can be divided into (i) extrusion-based, (ii) powder solidification, and (iii)
liquid solidification techniques depending on the principles of the technology
(Jamroéz et al, 2018). Irrespective of the variety of 3D printing techniques
utilizing different materials and methods to build the 3D object, all techniques
have some common steps essential for production of a printed object. All
methods require a computer-aided design of the 3D object, which is exported in
a format that is readable by the printer, e.g., stereolithography (STL). In the STL
format, the triangulated surface geometry of the 3D object is registered (Jamréz
et al,, 2017a). The STL file is imported to the printing software where the 3D
design is sliced into layers with a defined thickness that will be printed. This
information is provided as data in the form of XYZ coordinates for the printer
and the designed object is fabricated in a layer-by-layer deposition procedure
according to the given coordinates. The used layer height will affect the quality
of the printed object as well as the production time (Jamroz et al., 2018).

2.2.4.2. Extrusion-based 3D printing

Extrusion-based 3D printing techniques include fused deposition modeling
(FDM) and semisolid extrusion 3D printing (EXT), utilizing a solid and semisolid
starting material, respectively (Figure 3). Amid all printing technologies used for
pharmacoprinting, extrusion-based techniques have gained the most attention.
These techniques are affordable and enable e.g., printing with a variety of
polymers, tailoring the drug release properties by modifying the geometry or the
used excipients, and printing of hollow objects that can be used for fabrication of
gastro-floating tablets (Goyanes et al., 2014). FDM and EXT are the printing
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technologies used for production of tailored dosage forms in this thesis and will
be discussed in greater detail in sections 2.2.4.2.1 and 2.2.4.2.2 below.
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Figure 3. Schematic overview of semisolid extrusion 3D printing (EXT) (left) and fused deposition
modeling(FDM) (right).

2.2.4.2.1. Fused deposition modeling

During the past decade, researchers have extensively explored the potential use
of FDM, also known as fused filament fabrication, within the healthcare sector
(Shagour et al.,, 2020). For pharmaceutical applications, FDM is one of the
printing techniques that has gained the most attention (Oblom et al., 2019a). The
suitability to utilize FDM for personalization of the dose, tailoring of the drug
release, as well as the combination of different drugs and polymers in the same
dosage form, are some of the features that have been investigated. FDM uses a
thermoplastic drug-polymer filament as feedstock material, which typically is
produced by hot-melt extrusion (HME). In the printing step, the filament is
heated above the glass transition temperature of the formulation in order to
transform the solid filament to a semisolid or molten state before it is extruded
through the printhead nozzle. The extruded material is deposited in a layer-by-
layer manner on the build plate while the printhead moves along the X and Y-
axes and the build plate moves in the Z direction to fabricate the designed 3D
object. The thickness of the printed layer, typically in the range of 100-300 um,
directly impacts the resolution of FDM printed objects (Rahman et al., 2018). In
addition, the number of outlines as well as the infill type and ratio used for
printing the dosage form will affect the mechanical properties (Jamroz et al,,
2018) as well as the drug release properties.

As FDM technology requires heat it may be unsuitable for formulations
containing thermolabile API, polymers, and excipients (Awad et al, 2018;
Rahman et al,, 2018). The thermal properties of the formulation, as well as the
rheological properties of the melt, will have an impact on the required printing
temperature, which in turn will affect the quality and mechanical properties of
the printed dosage form (Yang et al,, 2018). In addition to the requirement of
heat, other reported FDM drawbacks are associated with the printability of the
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prepared HME filaments. Printability issues may for example originate from
variation in the diameter of the circular filament and its properties related to
brittleness, stiffness, moisture content, and melt rheology (Fuenmayor et al,,
2018; Jamréz et al, 2018; Oblom et al., 2019b). To overcome the difficulties
associated with production and subsequent printing of drug-loaded filaments,
hot-melt ram-extrusion directly coupled to the 3D printer and hot-melt
pneumatic 3D printing have been explored for the production of 3D-printed
ODFs eliminating the need for filaments (Musazzi et al., 2018; Oh et al,, 2020).
Similarly, single-screw direct powder extrusion 3D printing has been used to
prepare tablets in a single step avoiding the use of filaments (Goyanes et al.,
2019). A final limitation of FDM is the availability of suitable pharmaceutical-
grade thermoplastic polymers with properties suitable for both the printing
process as well as the desired properties in the final dosage form (Rahman et al.,
2018).

2.2.4.2.2 Semisolid extrusion 3D printing

Semisolid extrusion 3D printing (EXT), also called pressure-assisted
microsyringe printing method or extrusion-based bioprinting, is an additive
manufacturing technique where the semisolid starting material such as a gel or
paste is extruded through a nozzle onto a build plate with the help of pressurized
air, a syringe plunger, or a rotating screw to produce the solid dosage form (El
Aita et al,, 2019; Goole and Amighi, 2016; Tian et al., 2019). The object is built in
a similar manner as described for FDM, where subsequent layers are printed
when the printhead moves according to coordinates in the X and Y space and the
build plate moves in the Z-direction.

The technique utilizes both disposable syringes and nozzle tips thus
eliminating the risk of cross-contamination as the drug formulation is not in
contact with the printer. A recognized advantage is that dosage forms with a high
drug load can be fabricated using EXT (Khaled et al, 2018a). An additional
benefit as compared to FDM is that EXT allows for printing of thermolabile drug
formulations as elevated heat is not required, however, solidification of the
dosage form after the printing step is typically needed increasing the production
time (Aita et al., 2020; Khaled et al., 2015a, 2015b). Solidification can involve
drying in specific conditions or curing of cross-linkable materials utilizing heat
or light (e.g., visible or ultraviolet light), which may result in undesired effects
like shrinkage and deformation upon drying (Azad et al., 2020; Hollander et al,,
2018).

2.2.4.3. Powder solidification 3D printing

Drop on solid deposition (DOS), selective laser sintering (SLS), and selective
laser melting (SLM) are powder solidification 3D printing techniques. In DOS,
also named powder bed jetting, ink droplets acting as a binding material are
jetted according to the digital design onto a thin layer of powdered material
(Figure 4). The process is repeated with spreading of a new thin layer of powder
with a defined thickness and subsequent deposition of droplets adhering to the
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previous layer until the designed geometry is formed. The unbound particles act
as support material for the geometry as the subsequent layers are being built.
The API as well as the desired excipient(s) can be present in the ink or blended
in the powder. The only FDA-approved 3D-printed tablet to date, Spritam®
(approved in 2015) is prepared by DOS (Zieverink ]., 2015). Spritam® uses
Aprecia’s proprietary ZipDose® technology platform to fabricate fixed-dose
tablets with a high drug load that due to the porous structure achievable with
DOS offers rapid disintegration for patients with administration or swallowing
problems (Aprecia, 2020). Both tablets with modified release and linear release
properties have been fabricated using DOS (Jamroz et al., 2018). Similar to DOS,
SLS and SLM utilize solidification of subsequent powder layers to build the
dosage form. However, instead of the ink used in DOS, a beam of high energy is
used to solidify the powder by heating the material close to or above the melting
point of the powder blend (Jamréz et al., 2018). SLS is an attractive method for
production of dosage forms ranging from porous fast disintegrating dosage
forms to dosage forms with a prolonged drug release without the use of binding
agents. Nevertheless, degradation of one or more components in the formulation,
due to the use of a high-energy beam, is a concern for dosage forms fabricated by
SLS and SLM.
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Figure 4. Schematic overview of drop on solid deposition (left) and selective laser sintering (right).

2.2.4.4. Liquid solidification 3D printing

Liquid solidification printing techniques comprise drop-on-drop deposition and
stereolithography (SLA), which are similar to powder solidification techniques.
Drop-on-drop deposition is similar to DOS, but instead of jetting a liquid on a
solid material, droplets are ejected on top of each other to form a solid object. As
a result of the small droplet size (approx. 100 um in diameter), DOS is a precise
method that enables fabrication of microscopic dosage forms with flexible
geometries (Park et al., 2019). SLA, being the most precise 3D printing method,
uses computer-controlled laser light or digital light projector to solidify liquid
photosensitive polymers (resins) to a predefined depth (Jamroz et al., 2017a;
Melchels et al., 2010). Subsequent layers are solidified according to the premade
design to generate a solid 3D object. The cross-linked surface is recoated with
and a new layer of liquid resin, equal to the thickness of one layer by either
moving the build plate up or down along the Z-axis depending on the position of
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the light source. The high-energy light source can be located either on the top or
the bottom (inverted SLA) of the resin tank. Post-processing such as removal of
excess resin and post-curing for improved mechanical properties is typically
required for SLA adding to the manufacturing time (Melchels et al., 2010). As a
result of the limited availability of nontoxic resins as well as the use of UV-light,
the use of SLA for production of dosage forms is not as common as the extrusion-
based 3D printing techniques.

2.3. Printed solid oral dosage forms

Compared to conventional manufacturing techniques utilized for production of
oral dosage forms, the benefits of printing technologies are specifically related to
increased product complexity, personalization, suitability of on-demand
manufacturing, (Norman et al., 2017) as well as incorporation of data on a single
dosage unit (Edinger et al., 2018a; Oblom et al., 201943, 2020). Conventional
manufacturing methods for solid oral dosage forms such as tablets typically
involve multiple process steps such as mixing, wet or dry granulation, drying,
size reduction, tablet compaction, and coating (Hemanth et al., 2021). The
printing process on the other hand commonly involves preparation of feedstock
material, printing, and depending on the printing method utilized potential post-
processing such as drying or curing. Opposed to the flexibility attainable for
printed dosage forms, the size and the shape of conventionally manufactured
tablets are limited to geometries manufacturable using stainless steel punches.

Further, printed dosage forms could be used for manufacturing orphan drugs
that are characterized by small patient populations. Orphan dosage forms are
manufactured in smaller batches and personalization is often required making
conventional manufacturing techniques less cost-efficient for these types of
products. Similarly, printing technologies may be used to manufacture dosage
forms for clinical trials. In specific first in human studies where there is a need
for rapid production of dosage forms with flexible dosing (Hemanth et al., 2021).
Another application where printed solid dosage forms have been explored is for
veterinary use (Sjoholm et al,, 2020). Today, there is only a limited number of
approved veterinary dosage forms available on the market, which is why
manipulation of marketed dosage forms or extemporaneous manufacturing is
required. Printed veterinary dosage forms, which can be produced in small
batches, have been proposed to solve the need for flexible doses needed due to
great differences in e.g., the body mass of animals as well as variabilities in
pharmacokinetic factors between different species.

Pharmacoprinting has mainly been explored for manufacturing of solid oral
dosage forms, such as tablets, capsules, orodispersible tablets, and
orodispersible films with various properties (Jamréz et al, 2017a). This is
expected as the oral administration route still remains favored compared to
other administration routes due to ease of administration resulting in improved
patient acceptability and compliance (Alhnan et al,, 2016; Homayun et al., 2019).
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2.3.1. Complexity

Pharmacoprinting, especially 3D printing, enables fabrication of complex
geometries that are not possible with conventional tableting or molding
techniques. This is due to the flexibility of the technique achieved by a layer-by-
layer approach and digital control of the deposition of the printed material
(Norman et al., 2017). These features are attractive in the development and
manufacturing of dosage forms in cases where modification of the drug release
kinetics and drug targeting is desired. Dosage forms with e.g., immediate (Khaled
etal, 2018a, 2015b; Oblom et al., 2019b; Pietrzak et al., 2015; Sadia et al,, 2016),
sustained (Goyanes et al., 2015a; Khaled et al, 2015b; Yang et al., 2018),
controlled (Khaled et al, 2014; Oblom et al., 2019b; Zhang et al, 2017a),
extended (Khaled et al., 2015a; Pietrzak et al.,, 2015; Skowyra et al., 2015),
modified (Goyanes et al., 2017), delayed (Okwuosa et al., 2017), and pulsatile
(Lion et al., 2021) release profiles have been prepared by pharmacoprinting.
Moreover, osmotic pumps have been 3D-printed resulting in zero order release
of the drug (Khaled et al., 2018b, 2015a). These different release characteristics
are achieved by e.g., changing the geometry (Goyanes et al., 2015b; Khaled et al,,
2018b), internal/external structure (Oblom et al.,, 2019b; Sadia et al.,, 2018;
Tagami et al, 2018; Yang et al,, 2018; Zhang et al., 2017b), or composition
(Alhijjaj et al., 2016; Oblom et al., 2019b) of the dosage form. Tailoring of the
surface area to volume ratio of printed dosage forms, which is easily achievable
with printing of complex shapes has been shown to affect the drug release
kinetics, which is why the geometrical design of the dosage form needs to be
carefully selected (Goyanes et al., 2015b). A large surface area has been explored
to facilitate faster disintegration of the dosage form and an increased drug
release rate (Arafat et al,, 2018; Jamroéz et al,, 2017a; Zieverink ]., 2015). 3D
printing has also been utilized to alter the inner structure of dosage forms to
produce gastro-floating tablets with prolonged gastric residence time required
for APIs with e.g., pH-dependent solubility or with an absorption window in the
stomach. This has been achieved by printing low-density or hollow dosage forms
that allow for entrapment of air (Chai et al., 2017; Huanbutta and Sangnim, 2019;
Li et al,, 2018; Wen et al,, 2019). In addition dosage forms containing multiple
APIs have been explored to increase the compliance of multimorbidity patients
(Pereira et al, 2019; Robles-Martinez et al, 2019). 3D printing enables
fabrication of multi-compartment oral dosage forms, where the various APIs
loaded in a single dosage form can be spatially separated in case of
incompatibility, which also allows for tailoring of the drug release kinetics for
each incorporated API (Genina et al., 2017; Khaled et al., 2015a; Robles-Martinez
etal, 2019).

2.3.2. Personalization

Pharmacoprinting of dosage forms enables printing of endless different shapes
and geometries using the same printer. This allows for personalization of the
dose without the need for splitting and/or crushing fixed-dose strength tablets
or the use of liquid dosage forms often resulting in inaccurate doses being
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administered (Alomari et al., 2015). Manipulation of dosage forms is moreover
perceived as inconvenient by the patient (Chen et al,, 2020). Personalization is
especially useful for tailoring the dose of potent drugs or for children that
undergo physiological changes (e.g, mass and metabolism) during the
treatment. Pharmacoprinting can be utilized for tailoring the dosage form to
possess drug release characteristics based on the patient’s physiological factors
such as anatomy, metabolism, elimination, and genetics.

Tailored solid oral dosage forms have been explored e.g., by FDM printing
tablets with personalized drug dose combined with tailored release profiles
originating from the polymer composition as well as the infill percentage of the
printed tablet (Oblom et al., 2019b). Personalization of the dosage form has also
been studied by printing so-called ‘polypills’ that contain the patient’s
medications combined in a single dosage unit (Gioumouxouzis et al.,, 2018;
Khaled et al., 2015a; Pereira et al., 2019; Robles-Martinez et al.,, 2019). This
benefits many patients, especially geriatric patients that commonly are on
complex treatment regimens requiring that the patient take multiple dosage
forms several times a day leading to medication errors and poor adherence in
many cases (Chen et al,, 2020). As many as 80% of the reported adverse effects
are associated with inappropriate dosing or dose combinations (Cohen, 1999),
which is why personalized therapies may improve adherence, the effectiveness,
and success of the treatment (Breitkreutz and Boos, 2007; Preis and Oblom,
2017). Personalized dosage forms are especially desired for children and elderly
as the deviation from what is considered normal physiological factors are
greatest in these populations (Breitkreutz and Boos, 2007). These population
groups may have difficulties swallowing conventional dosage forms, which is
why e.g., personalization of orodispersible films and tablets employing printing
have been explored (Elbl et al., 2020; Jamroz et al., 2017b; Musazzi et al., 2018;
Oblom et al., 2019a; Sjoholm and Sandler, 2019). Pharmacoprinting can further
tailor the dosage form to suit the patient’s individual preferences regarding e.g.,
size, color, taste, and shape, which all are factors that may affect patient
acceptability (Fastg et al., 2019; Preis and Oblom, 2017). An example to increase
acceptance in the pediatric population is 3D printing of chewable taste-masked
dosage forms with shapes imitating commercially available sweets (Scoutaris et
al,, 2018).

Printing technologies aid printing of various geometries and sizes by
changing the digital design rather than the complex and costly process of
modifying/exchanging the physical equipment e.g., punches in the tableting
machines. This is one reason why printing technologies are superior and cost-
effective when manufacturing small batches or single dosage units. In
comparison, conventional manufacturing methods are more cost-effective for
large-scale production of dosage forms of the same dose and size (Goyanes et al.,
2015a; Park et al, 2019; Zema et al,, 2017). Personalized dosage forms are
typically produced in small batches based on the patient’s need at a specific time,
which is why personalized medicine is envisioned to be prepared on-demand
close to the patient.
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2.3.3. Information-rich dosage forms

Falsified, substandard, and unregistered/unlicensed medical products entering
the global supply chain remains a huge problem accounting for as much as 10.5%
of medical products in the supply chain in low- and middle-income countries
(WHO, 2019). As a result, 30.5 billion USD is spent annually on unsafe medicines
with unpredictable treatment outcomes causing increased socioeconomic cost,
failed treatment outcomes, and potential death. IRPs are being explored to
prevent these potentially hazardous medical products from entering the supply
chains by increasing traceability of dosage forms on a dosage unit level enabling
safe medicines and improved treatment outcomes.

The increased availability and popularity of small medical devices, often in
combination with smartphones, are foreseen to have a great impact on
improving healthcare and treatment outcomes (Accenture, 2017; Haluza and
Jungwirth, 2018; Wac, 2012). Combining these devices with information-rich
dosage forms enables the possibility to identify and trace a patient’s dosage
forms thereby advancing drug safety and patient adherence (Mira et al., 2015;
Tseng and Wu, 2014), preventing the distribution of falsified medicines
(European Commission, 2019), and reducing the number of physical visits to
healthcare professionals (Rathbone and Prescott, 2017). To allow tracing, IRPs
such as quick response (QR) codes are being explored. These codes can be read
by both inexpensive smartphones equipped with a camera and more
sophisticated devices.

IRPs are already being used in pharmaceutical products on a packaging level.
Since 2019 all European Union (EU) member states should comply with
supplement 2016/161 to the EU directive 2011/62/EU stating that machine-
readable unique identifiers (in a form of a 2D matrix) are mandatory on a
packaging level for traceability and preventing falsified medicines from entering
the supply chain (European Commission, 2015). Another guideline published by
EMA (European Medicines Agency, 2015) concerns IRP readable by mobile
technologies to be found on the packaging or the leaflet to provide further
information for health care professionals and/or the end-users. More novel track
and trace barcodes have been explored as a measure to circumvent falsified (fake
medicines that deliberately and dishonestly pass themselves off as real,
authorized medicines (European Medicines Agency, 2021b)) and counterfeit
medicines (medicines that do not comply with intellectual-property rights or
that infringe trademark law (European Medicines Agency, 2021b)) by printing a
barcode visible only in a specific light at a position of the package so that it would
be broken in case the package is opened (Zhang et al., 2020). However, IRPs
included on the packaging still allow for exchanging the authentic medicine
inside the package, which is why in-drug labeling of every dosage unit would be
more sufficient in combating falsified products from entering the supply chain.
QR-encoded dosage units could be incorporated in a blockchain environment
enabling immutable traceability since the dosage unit would be registered once
manufactured and deregistered from the blockchain ledger when the patient
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scans the QR code prior to administration (Figure 5). This would allow tracing of
a single dosage unit along the entire supply chain (Ngrfeldt et al., 2019). IRPs
used today on a packaging level contribute to generic information for the patient,
but do not provide personalized information.

Figure 5. Scanning of an IJP pink dosage form prior to administration. The dosage form contains a
personalized dose and an IRP readable with a smartphone. Unpublished picture.

To enhance the benefits of IRPs, individualized QR-encoded dosage forms,
also called data-enriched edible pharmaceuticals (DEEP) have been explored.
DEEP have the possibility to combine personalized dosing with the incorporation
of data relevant to different stakeholders (Figure 6). Manufacturing of such
advanced dosage forms has been proposed by IJP QR codes with a drug-loaded
ink (Edinger et al., 2018a; Oblom et al., 2020) or drug-free ink (Oblom et al.,,
2019a). Although typically printed by IJP, IRPs have also been investigated using
hot-melt pneumatic extrusion technology (Oh et al., 2020) and a combination of
different printing technologies together with IJP. QR-encoded dosage forms have
been fabricated both to prevent falsified medicines and for identification
purposes. This has been achieved by using e.g., fluorescent inks (Logue et al,,
2015; You et al,, 2016), drug-free biodegradable QR codes (Trenfield et al., 2019),
and traceable fluorescent micro-tags to be inserted in a capsule (Han et al,
2012).

Data
Enriched Edible
Pharmaceuticals
nalized

dose

Figure 6. Concept of data-enriched edible pharmaceuticals (DEEP), exemplifying the potential use
for medical cannabinoids. Reproduced with permission from (Oblom et al., 2020).
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The use of personalized IRP on a single dosage unit opens up immense
opportunities for improved and safer medications. The objective for encoding
the dosage units with tailored information may be numerous. It may, for
example, be related to the nature of the API (e.g., API with abuse potential or
challenging dosing regimens) or the environment where the treatment is given
(e.g., support correct administration in hospitals, patient’s home, or nursing
home as well as administration to the right patient in a hospital ward). The
incorporated information would thus be based on the actual need for using such
advanced dosage forms.

2.3.4. On-demand manufacturing

In addition to the personalized aspect of on-demand manufacturing, it enables
printing at the point-of-care. This is beneficial for dosage forms and formulations
with short shelf life and can facilitate bringing APIs to market that otherwise
could not be developed (Norman et al., 2017). The suitability of low-cost 3D
printers as reactors for synthesis of molecules has been investigated and could
potentially eliminate the stability problems associated with certain APIs (Kitson
et al,, 2013; Symes et al,, 2012). Additionally, printing technologies can be used
in drug product development, where the simple modification of the digital design
enables cost-efficient and fast optimization of the drug product. This can
decrease the time required to bring a new drug product to the market. Printing
technologies can furthermore be utilized for on-demand low-cost screening
purposes (Rosqvist et al., 2020) and drug discovery.

2.3.5. Analytical methods

When exploring the suitability to manufacture printed oral dosage forms a
variety of conventional analytical methods are used to gain an understanding of
the formulation, processes, and properties of the final dosage form. The
analytical methods used to investigate final dosage forms are typically
destructive, expensive, require skilled operators, and involve time-consuming
analysis of the results. Before printing of dosage forms can become a reality,
especially for small personalized batches, there is a need for fast, reliable, and
robust analytical methods that can quantify the content of API present in the
printed dosage form (Edinger et al, 2018b). Conventional, sampling-based
destructive analytical methods (e.g., HPLC and UV-Vis spectroscopy) for
quantification of the API used for batch release are not suitable for personalized
dosage forms printed in small batches. Traditional pharmacopoeia methods
require analysis of multiple samples for each analytical test making
personalization of dosage form by printing too expensive and slow with the
printers available today. This highlights the need for real time non-destructive
analytical methods suitable for printed dosage forms to ensure that the
fabricated dosage form complies with the specifications and can be released
ideally with a real time release testing approach (European Medicines Agency,
2012a). The analytical equipment used for quantification and/or qualitative
aspects of the printed dosage forms, e.g., in a pharmacy setting, should be fast
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and small in size (Edinger et al., 2018b) to enable integration in the printing
process or preferable handheld if the printed dosage forms are manually
analyzed after the printing process. The most commonly proposed non-
destructive analytical methods for the final printed dosage forms are Raman,
near-infrared (NIR), and infrared (IR) spectroscopy (Boetker et al., 2016;
Edinger et al,, 2018b; Scoutaris et al., 2018; Trenfield et al., 2020, 2018; Vakili et
al, 2017). Moreover, colorimetry, which is an indirect technique for
quantification of the API in the printed dosage forms has been used. Colorimetry
analyzes the color density in the dosage from printed with a colored drug-
containing ink and the color density is correlated to the drug content (Vakili et
al, 2016; Wickstrom et al.,, 2017b). Additionally, analytical balances are being
incorporated in the printers for quality control purposes.
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3. Aims of the thesis

The overall objective of the research conducted in this thesis was to explore
printing-based manufacturing of personalized solid oral dosage forms, more
specifically to investigate the use of FDM, EXT, and IJP. The thesis mainly focuses
on printed dosage forms for challenging patient populations, i.e., pediatrics and
patients who benefit from increased traceability, as these target groups
potentially would profit most from personalized dosage forms. It is hypothesized
that printed dosage forms for these populations groups would be superior to the
currently marketed products in aspects of personalization of the dose, age-
appropriateness as well as incorporation of data on a single dosage unit. Such
dosage forms likely result in improved treatment outcomes thereby contributing
to a net positive societal impact.

The specific aims of the thesis were to:

e Produce HME filaments with a sufficient drug load consisting of
pharmaceutical-grade polymers that can be used for printing of dosage forms
with various drug release characteristics (I).

o Evaluate the content uniformity and dosing flexibility of printing
technologies for oral dosage forms (I-I1I).

e Investigate the printability of the prepared filaments and inks (I, III).

e (Compare printed dosage forms with a conventional manufacturing technique
utilized at hospital pharmacies (II).

e Fabricate DEEP, allowing for simultaneous personalization of the dose and
incorporation of desired data in the form of an IRP at a single dosage unit
level (III).
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4. Materials

An overview of the materials used in the studies included in the thesis is
described in the sections below. A more detailed description can be found in the
respective original publications (I-I1I).

4.1. Active pharmaceutical ingredients (I-11I)

The active pharmaceutical ingredients (APIs) used as model drugs were all
selected based on one or numerous personalization needs. The different APIs
used for printing of personalized dosage forms were isoniazid (>98%, TCI
America, Portland, OR, USA) (I), warfarin sodium (henceforward called warfarin)
(Sigma-Aldrich, St. Louis, MO, USA) (II), and cannabidiol (CBD) and delta-9-
tetrahydrocannabinol (THC) present in Sativex® (GW Pharmaceuticals,
Cambridge, UK) (III).

4.2. Filaments (1)

Pharmaceutical grade polymers and excipients, namely
hydroxypropylmethylcellulose (HPMC, Benecel™ grade E5 Pharm and K100M
Pharm, Ashland, Covington, KY, USA), hydroxypropylcellulose (HPC, Klucel™
grade EF Pharm, MW 80,000 and HF Pharm, MW 1,150,000, Ashland, Covington,
KY, USA), polyethylene oxide (PEO, Sentry™ Polyox™ WSR N-80 NF, MW
~200,000, and Sentry™ Polyox™ WSR N-750 NF, MW ~300,000, Dow Chemical
Company, Midland, MI, USA), Eudragit® RS PO, RLPO and L 100 (Evonik
Industries AG, Essen, Germany), triethyl citrate 299% (TEC) (Sigma-Aldrich,
Darmstadt, Germany), and Kolliphor® TPGS (vitamin E polyethylene glycol
succinate, D-alpha-tocopherol content min 250 mg/g, BASF, Ludwigshafen,
Germany) were utilized for the production of isoniazid-loaded filaments for
FDM. Commercially available polylactic acid (PLA) filament (PLA natural,
MakerBot Industries, Brooklyn, NY, USA) with a diameter of 1.75 mm was used
as reference material to the prepared drug-loaded filaments.

4.3. Inks (II-111)

Drug-loaded inks with suitable properties for EXT as well as IJP were prepared.
The EXT ink contained warfarin, HPC (Klucel™ EXF, MW 80,000, Ashland,
Schaffthausen, Switzerland) and a mixture of ethanol (294%, Etax A, Altia,
Helsinki, Finland), and purified water (Milli-Q water, Millipore SA-67120,
Millipore, Molsheim, France) (II).

The warfarin containing ink for IJP was formulated in a mixture of ethanol
(294%, Etax A, Altia), purified water (Milli-Q water, Millipore SA-67120,
Millipore), and propylene glycol (PG) (299.5%, Sigma-Aldrich, St. Louis, MO,
USA). The colorant quinoline yellow (Sigma-Aldrich, Bangalore, India) was
added to the ink for visualization purposes (II).

The THC- and CBD-containing commercial product, Sativex® (GW
Pharmaceuticals, Cambridge, UK), with the added colorant erythrosine B (90%
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dye content, Sigma-Aldrich, Bangalore, India) was used as ink for IJP of
personalized cannabinoid dosage forms (III).

4.4, Substrates (II-11I)

Substrates for IJP were prepared by dissolving the film-forming polymer HPC
(Klucel™ EXF, MW 80,000, Ashland) in a mixture of ethanol (294%, Etax A, Altia)
and purified water (Milli-Q water, Millipore SA-67120, Millipore) (II).
Freeze-dried porous substrates for IJP were fabricated from a mixture of
hydroxypropylmethylcellulose (HPMC, Metolose 60SH-4000, Shin-Etsu, Tokyo,
Japan) polyethylene glycol 4000 (PEG 4000, Emprove, Darmstadt, Merck KGaA,
Germany), polysorbate 20 (Tween 20, Emprove, Merck KGaA, Fontenay-sous-
Bois Cedex, France), glycerol (299%) (Sigma, Petaling Jaya, Malaysia), and
poloxamer 188 (Lutrol F68, Sigma, Steinheim, Germany) together with purified
water (MilliQ-water, Purelab flex 4, ELGA LabWater, High Wycombe, UK) (III).
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5. Methods

An overview of the methods used in the studies included in the thesis is
described in the sections below. A more detailed description can be found in the
respective original publications (I-III).

5.1. Preparation

5.1.1. Filaments for fused deposition modeling (I)

Various formulations containing 30% (w/w) isoniazid and pharmaceutical grade
polymers and excipients possessing different characteristics were formulated
into filaments used as feedstock material for FDM (Table 1). The formulations
were mixed using a Maxiblend (GlobePharma, New Brunswick, NJ, USA) at
25 rpm for a minimum of 20 min before being extruded utilizing a co-rotating
twin-screw extruder (Thermo Fisher Process 11 mm, Waltham, MA, USA)
equipped with a standard factory screw assembly and a circular die (¢ 2 mm).
The various formulations were subjected to a constant screw speed of 50 rpm
and a barrel temperature between 100 and 155 °C depending on the formulation.
A conveyor belt was in addition to cooling the filament also utilized for adjusting
the filament diameter by changing the speed of the conveyor belt.
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Table 1. Process temperatures for the hot-melt extruded formulations as well as subsequently applied
temperatures during the printing step. All formulations contained 30% (w/w) isoniazid.
F = Formulation, HME = hot-melt extrusion, T =temperature. Modified and reproduced with
permission from (Oblom et al., 2019b).

F Polymer(s) and plasticizer(s) HMET PrintT
(°0) (0
1 50% HPC EF + 20% HPMC E5 150 185
2 70% PEO N80 140 185
3 65% HPC EF + 5% PEO N80 140 190
4 60% HPMC E5 + 10% PEO N80 140 —
5 40% HPC EF + 30% PEO N80 140 195
6 40% HPMC K100 + 20% PEO N80 + 10% TPGS 120 —
7 40% HPMC K100 + 30% PEO N750 155 —
8 45% HPC HF + 25% PEO N750 130 185*
9 20% RS PO + 20% RL PO +30% PEO N750 140 —
10 60% HPC EF + 10% PEO N80 130 185
11 20% RS PO +20% RL PO +27.5% PEO N750 + 2.5% TEC 100 165
12 40% HPC HF + 30% L100 130 170
13 40% HPCHF + 30% E PO 130 175

*Showed day-to-day variability regarding the printability and should therefore be considered as non-printable.

5.1.2. Inks for semisolid extrusion 3D printing (II)

The drug-loaded printing solution was prepared by dissolving 1.5% (w/w)
warfarin and 15% (w/w) HPC in a 1:1 mixture of ethanol and purified water. The
placebo solution for EXT was prepared similarly without the addition of
warfarin.

5.1.3. Inks for inkjet printing (II-1II)

Various inks for IJP, both drug-loaded and drug-free placebo formulations for
analytical purposes, were prepared. More precisely, an inkjet printable ink
solution was prepared by dissolving 100 mg/g warfarin in the ink base
consisting of a mixture of 5% purified water (w/w), 27% PG (w/w), and 57.99%
ethanol (w/w). 0.01% of quinoline yellow (w/w) was added to the ink for
improved visualization of the printed area (Table 2). A placebo ink was prepared
in a similar manner with a composition of 5% (w/w) purified water, 27% (w/w)
PG, 67.99% (w/w) ethanol, and 0.01% (w/w) quinoline yellow (II).

To obtain an inkjet printable cannabinoid ink, the colorant erythrosine B was
added to the commercial product Sativex® containing 25 mg/ml CBD and
27 mg/ml THC, respectively, and a 1:1 (v/v) mixture of PG and anhydrous
ethanol with a small amount of peppermint oil for improved taste (Table 2) (III).
The printability of the commercial oil-based cannabinoid product, Stenocare®,
containing 12.5 mg/ml of both CBD and THC was also investigated.
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Table 2. Composition of the drug-loaded inks used for IJP of oral dosage forms in studies Il and I11.

Study Ink base API(s) Concentration Colorant
(mg/ml)
II Ethanol, PG, purified Warfarin 100 Quinoline
water yellow
111 1:1 (v/v) ethanol* CBD 25 Erythrosine B
and PG THC 27
*Anhydrous ethanol

5.1.4. Substrates for inkjet printing (II-1II)

HPC-based substrates for IJP, prepared from a solution containing 15% (w/w)
HPC and a 1:1 mixture of ethanol and purified water, were solvent cast utilizing
a film applicator (Multicator 411, Erichsen, Hemer, Germany). The polymeric
solution was cast on top of transparency sheets (clear transparent X-10.0, Folex,
Germany) with a wet thickness of 600 um and the cast substrates were allowed
to dry in ambient conditions overnight before imprinting of the drug (II).

Porous substrates, i.e., solid foams, for IJP were fabricated by solvent casting
and subsequent freeze-drying. Briefly, the polymer solution was prepared by
dispersing 2.5% (w/v) of HPMC, 0.0825% (w/v) of Lutrol, and 0.25% (w/v) of
PEG, Tween 20, and glycerol in purified water. An in-house 3D-printed casting
knife was utilized to cast the HPMC-based solution on top of transparency sheets
(type A paperbacked laser/copier transparencies, Xerox, Norwalk, CT, USA). The
cast film was immediately freeze-dried using an Epsilon 2-4 LSC shelf freeze-
dryer (Martin Christ, Germany). The freeze-drying cycle consisted of freezing to
-30 °C over 3 h and retaining the temperature at -30 °C for the next 3 h. After the
freezing step, the pressure was reduced to 0.12 mbar over 10 min whereafter the
temperature was increased to 0 °C over 1 h 20 min. The temperature (0 °C) and
pressure (0.12 mbar) were kept constant during the following primary drying
for 16.5 h. Additionally, the HPMC-based solvent cast films prepared similarly
without freeze-drying were dried at ambient conditions for three days. The air-
dried film and commercially available potato starch substrate (wafer paper) (AB
Marketing GmbH, Germany) were used as reference materials for the freeze-
dried foam.

5.1.5. Oral powders in unit dose sachets (II)

Oral powders in unit dose sachets (OPSs) that were used as a comparator to the
printed dosage forms were extemporaneously prepared according to the
standard operating procedure at the hospital pharmacy of Helsinki University
Hospital (HUS) in batches of 30 or 120 OPSs. Commercially available Marevan
forte® 5 mg tablets (Orion Pharma, Espoo, Finland) were crushed in a mortar and
ground with a pestle to a fine powder. Lactose monohydrate was added in
geometric amounts to receive the final concentration needed for each dose and
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batch size. 200 mg of the prepared powder blend was weighed (analytical
balance, MettlerToledo XP204, Greifensee, Switzerland) into waxed powder
papers (Herra Jarvisen Verstas Oy, Helsinki, Finland). The OPSs were finally
labeled and further packed in plastic ziplock bags.

5.2. Printing
5.2.1. Fused deposition modeling (1)

Various sized tablets (6, 8, or 10 mm in diameter and 2.5 mm in height), as well
as replicates of the HME filament geometry (cylinders 40 mm long and 1.75 mm
in diameter), were designed in the Rhinoceros software (version 4.0). The 3D
designs were saved as STL files and imported into the MakerBot Desktop
software (version 3.7.0.108) where the printing parameters were determined.
The 3D designs were subsequently printed using a MakerBot Replicator 2
(MakerBot Industries, Brooklyn, NY, USA) equipped with a custom-made air-
cooled printhead. The different HME filaments were printed at temperatures
ranging from 165 to 195 °C using a layer height of 0.05 mm, two printed outlines,
and printing and traveling speeds of 90 mm/s and 150 mm/s, respectively. To
obtain tablets with different porosities, infill levels of 15% and 90% were used
for printing the tablets.

5.2.2. Semisolid extrusion 3D printing (II)

ODFs were prepared by means of EXT. The HPC-based solution was inserted into
10 ml single-use syringes equipped with a disposable 25 G electro-polished tip
(1/4” Techcon TE Needle, Ellsworth adhesives, Norsborg, Sweden). The
Biobots 1 (Biobot, Philadelphia, PA, USA) EXT coupled to an air compressor was
used to print both drug-free ODFs and ODFs containing warfarin. The ODFs were
printed one at a time on top of transparency sheets. They were fabricated with a
layer height of 0.1 mm, a printing speed of 8 mm/s, and a pressure of 25 PSI.

5.2.3. Inkjet printing (II-1II)

ODFs were prepared by imprinting the prefabricated HPC substrates with the
warfarin ink according to a premade digital design made in PowerPoint (II). A
PixDro LP50 piezoelectric printer (Roth and Rau, Eindhoven, Netherlands)
equipped with a 128-nozzle printhead (SL-128 AA, Fujifilm, Tokyo, Japan) and a
camera for visualization of the jetted droplets was used for preparation of
personalized warfarin doses. The prepared ink (drug or drug-free) was filtered
(0.45 pm polypropylene membrane syringe filter, VWR International, Radnor,
PA, USA) prior to printing. The used printing resolution was 720 DPI and the IJP
was conducted with a jetting frequency of 1400 Hz, a voltage of 80V, an ink
pressure of -18 mbar, and a pulse shape of 3-16-5 ps. One printing pass resulted
in 32 ODFs, which were allowed to dry in ambient conditions overnight before
manually being cut into the final size using a scalpel and an in-house designed
cutting template.
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DEEP, combining personalization aspects both regarding the dose as well as
incorporation of desired data in a single step, were prepared by IJP (IlI). The
cannabinoid ink was loaded into an empty disposable ink cartridge and the ink
was deposited on the prepared porous substrates according to the pre-generated
QR code (2 x 2 cm) utilizing a low-cost Epson XP-8500 desktop piezoelectric
inkjet printer (Seiko Epson Corporation, Nagano, Japan). The QR code was
generated using a free online QR generator (goQR.me, Foundata GmbH, Karlsruhe,
Germany). Personalized doses were achieved by subjecting the printed area to
various numbers of subsequent printing passes. The printed DEEP were allowed
to dry atambient conditions overnight and the final size of the DEEP was attained
by manual cutting with scissors.

5.3. Characterization

5.3.1. Hot-melt extruded filaments (I)

The HME filaments used for FDM were studied with regards to their mechanical
properties (n=10) utilizing a three-point bend test with a TA-XTZ2i texture
analyzer (Texture Technologies, Hamilton, MA, USA) to get a deeper
understanding of factors influencing the printability. Filament pieces (45 mm)
were cut from the filament strand and placed on the three-bend rig sample
holder (TA-95N, Texture technologies) with a set gap of 25 mm. The
measurement was conducted at 10 mm/s and recording started when the trigger
force of 5.0 g was exceeded. The endpoint was defined as a 15 mm downward
movement of the upper probe. Data analysis was performed using the Exponent
software (version 6.1.5.0, Stable Micro Systems, Godalming, UK).

To further evaluate factors affecting the printability, dynamic vapor sorption
analysis of the HME filaments was performed using the SPS11 (ProUmid, Ulm,
Germany) to get insight regarding the moisture uptake of the prepared filaments.
The analysis started with drying of the samples at 0% relative humidity (RH),
whereafter the RH automatically was increased to 90% RH in steps of 10% RH
after reaching equilibrium (0.0100%/30 min) at the previous cycle. The weight
was determined every 10 min, and the minimum and maximum time at each
climate cycle was 60 min and 72 h, respectively.

The drug content uniformity of the prepared filaments was evaluated by
determining the drug content (n = 10) in filament pieces (150 * 6 mg) cut from
random sections of the extruded filament. The filament pieces were immersed in
100 ml of purified water and shaken at 120 rpm (Multi-shaker PSU 20, Biosan,
Latvia) for 24 h. Dilutions were performed when needed and the drug content
was determined by utilizing a UV-Vis spectrophotometer (Lambda 35,
PerkinElmer, Singapore) at 263 nm. Moreover, the drug release profiles (n = 3)
of the HME filaments in 900 ml phosphate buffer (pH 7.4) at 37 + 0.5 °C with
paddles rotating at 100 rpm were investigated using an automated setup (Sotax
AT 7smart, Basel, Switzerland). At predetermined time points samples were
automatically withdrawn using a pump (Sotax CY 6, Basel, Switzerland) and
filtered (glass microfiber filter GF/B, GE Healthcare Life Sciences, UK), prior to
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measuring the absorbance at 263 nm utilizing an online UV-Vis
spectrophotometer (Lambda 35, PerkinElmer, Singapore). For calculations of
drug release at various time points, the theoretical drug content of 30% (w/w)
present in the samples was used.

The thermal properties of the prepared drug-loaded filaments were
investigated by differential scanning calorimetry (DSC 1, Mettler Toledo,
Columbus, OH, USA) to get an understanding of how the different processing
steps affected the formulation. Samples weighing 3 to 6 mg were placed in
pierced aluminum pans that were subjected to a heat-cool-heat cycle from - 20
to 250°C with a heating and cooling rate of 10°C/min and 20 °C/min,
respectively. The data was analyzed using the STARe software (Version 9.20,
Mettler Toledo).

5.3.2. Printing inks (III)

The printability of the investigated cannabinoid inks was evaluated by
determining the density, dynamic viscosity, and surface tension of the
formulations in order to formulate a printing ink with suitable properties to be
jetted out of the nozzles in the used printer. The density was attained by
accurately weighing 1 ml of the ink at ambient conditions (n =5), whereas the
viscosity of the inks was determined by using a Discovery HR-3 Rheometer (TA
Instruments Ltd, New Castle, DE, USA) with a cone (angle 1.002°) and plate
(# 40 mm) setup at 25 °C. The ink was pipetted onto the plate and a 60 s soaking
time was used before starting the measurement using a shear stress ramp from
0.01 to 1000 st with 4 points per decade and a maximum equilibration time of
60 s. The average viscosity at 1000 s (n = 3) was defined as the viscosity of the
ink. The Trios software (version 4.0.1.29891, TA Instruments) was used to
acquire the data. Furthermore, a DSA100 Drop shape analyzer (Kriiss GmbH,
Hamburg, Germany) was used to determine the surface tension of the inks
(n = 6) at ambient conditions. The surface tension of an ink droplet was attained
with a 5 s interval over 1 min. The average of all measured droplets was used as
the surface tension for the ink.

To further predict the printability of the cannabinoid inks in the used printer
the Z-value was calculated according to equation 1 (see section 2.2.3.3), which
comprises the following parameters: nozzle diameter of the printer, density,
surface tension, and viscosity of the ink.

5.3.3. Substrates and printed solid oral dosage forms (I-1II)

5.3.3.1. Weight, thickness, and appearance (I-111)

The appearance of the prepared filaments for FDM (I), substrates for IJP (II-1II),
as well as the printed dosage forms (I-111) were evaluated visually. Moreover, the
weight of the dosage forms was determined using an analytical balance (AND
GH-252, A and D Instruments Ltd., Tokyo, Japan) (I-II) and the thickness of the
substrates and printed dosage forms was determined using a digital caliper (CD-
6”CX, Mitutoyo, Kawasaki, Japan) (n=10 and n=3 for studyll and III,
respectively).
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5.3.3.2. Absorption capacity (111)

The absorption capacity (n = 6) of the prepared substrates was evaluated by
immersing 1 x 1 cm pieces of the substrates in paraffin oil for 24 h in a desiccator
with an applied vacuum (III). After 24 h, excess oil from the surface of the
substrates was removed by carefully wiping the substrates with Kimwipes
(Kimberly Clark Worldwide Inc., Irving, TX, USA). The absorption capacity was
calculated according to equation 5, where w; represents the weight after
immersion in paraffin oil and worepresents the initial weight.

Absorption capacity (%) = % * 100% Eq.5

0

5.3.3.3. Microscopic analysis (I11)

The morphology of the surface and the cross-section of the freeze-dried, air-
dried, and commercial potato starch substrates, as well as the DEEP (drug
imprinted freeze-dried substrate) (III), were analyzed utilizing a tabletop
TM3030 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) applying
different levels of magnifications at 5 kV. Before analysis, small pieces of the
substrates were cut and gold-coated for 30 s using the 108 Auto sputter coater
(Cressington Scientific Instruments, Watford, UK). The TM3030 software
(version 01-02, Hitachi) was used to acquire the SEM images.

5.3.3.4. Texture analysis (1I-111)

Various mechanical properties of the prepared substrates and the printed
dosage forms were studied using a TA-XTplus (Stable Micro Systems, Godalming,
UK) texture analyzer equipped with either a 5 kg or 10 kg load cell utilizing
different setups.

The burst strength and elongation at break of the drug-free and drug-loaded
ODFs (n =5) prepared in study Il were investigated using a film puncture setup
conducted at ambient conditions. The setup consisted of a perspex film support
platform and an aluminum circular top plate (film support rig HDP/FSR, Stable
Micro Systems) clamping the ODF in place as well as a spherical probe (g 5 mm,
SMS P/5S, Stable Micro Systems) that was used to puncture the ODF. The
acquisition of data was initiated when the trigger force of 0.049 N was reached
and the measurement was conducted at a constant speed of 1 mm/s until
reaching the target distance of 5 mm (EXT films) or 15 mm (IJP films). The
maximum applied force (N) and penetration depth (mm) into the film before
rupturing was recorded.

The mechanical properties of the freeze-dried, air-dried, and commercially
available potato starch substrates, as well as DEEP (drug imprinted freeze-dried
substrates), were studied in tension mode (n = 3) (III). The samples were cut into
rectangular samples (40 mm x 10 mm) and fixed to the tensile grips (A/TG
tensile grips, Stable Micro Systems) with a distance of 20 mm between the two
grips. The acquisition of data started when the trigger force of 0.049 N was
reached and the analysis was performed at a constant speed of 2 mm/s until the
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upper grip had moved 40 mm. The attained data included the change in length
(% strain) of the sample versus the applied force divided by the cross-section
area (stress, N/mm?2).

5.3.3.5. Surface pH (1)

The surface pH of the ODFs prepared by means of EXT, IJP (drug-loaded and
placebo), and OPSs were analyzed by addition of 1 ml of purified water to a small
glass vial containing the ODF or OPS (n = 3). The pH of the media was determined
at room temperature at 1 min and 15 min utilizing a pH meter (Mettler Toledo
FE20, Mettler Toledo AG, Greifensee, Switzerland).

5.3.3.6. Moisture content (1)

The moisture present in the fabricated ODFs (drug-loaded and placebo, n = 3)
was evaluated using a moisture analyzer (Radwag Mac 50/NH, Radom, Poland).
Samples were placed in an aluminum pan and heated up to 120 °C while the
weight loss measured in mass % (i.e., moisture evaporation) was recorded. The
measurement was completed when the difference in mass was lower than
1 mg/min.

5.3.3.7. Disintegration (II-111)

The disintegration time of the substrates and printed dosage forms was studied
using a static Petri dish disintegration test. The substrates and drug-loaded ODFs
were placed in a Petri dish (plastic, g = 10 cm) prefilled with 10 ml of purified
water (II). Similarly, the substrates and subsequently printed DEEP were added
to a Petri dish (glass, g = 6 cm) prefilled with 5 ml of purified water (1II). The time
for the samples to fully rupture into smaller fragments was recorded and defined
as the endpoint of the static test.

5.3.3.8. Drug content (I-111)

The drug content for the 3D-printed tablets was calculated from the data
attained in the in vitro dissolution study (section 6.1.4.7) (I). Briefly, the drug
content was determined by calculating the mean drug content of five subsequent
time points in the dissolution study once the drug release had reached 100%
drug release (n = 3).

The drug content in the prepared dosage forms was studied by dissolving the
ODFs or OPSs (the comparator formulation) in 100 ml of purified water while
agitated at 50 rpm on a Multi-shaker PSU 20 (Biosan, Riga, Latvia) for a minimum
of 3h (n=10) (II). The drug present in the fabricated dosage forms was
subsequently determined using a spectrophotometer (Lambda 35, PerkinElmer)
measuring the absorbance at 207 nm and samples were diluted when required.
Uniformity of content of single-dose preparations (UC) was calculated according
to the European Pharmacopoeia (Ph. Eur. 9.0) 2.9.6, testB (European
Pharmacopoeia Commission, 2017). Furthermore, the uniformity of dosage units
was determined as defined in Ph. Eur. 2.9.40. The acceptability constant k = 2.4
(n=10) and T = 100% were used to calculate the acceptance values (AV). In the
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conducted study, the compliance with the stated limits for UC and AV were based
on 10 replicates, an additional 20 dosage forms were not analyzed.

The drug content in the IJP DEEP containing cannabinoids was determined
using ultra-performance liquid chromatography (UPLC) (III). DEEP imprinted
with various layers of the cannabinoid containing ink were dissolved in 3 ml of a
mixture of acetonitrile and purified water (70:30 v/v) (n = 3). The samples were
vortexed until fully dissolved and subsequently centrifuged at 5000 rpm for
10 min (Hettich EBA20, Tuttlingen, Germany) whereafter the supernatant was
analyzed or diluted if needed prior to analysis on an Ultimate 3000 (Thermo
Scientific, Waltham, MA, USA). The UPLC was equipped with a Kinetex C18 LC
column (1.7 ym, 100 A, 150x2.1 mm, Phenomenex), a vacuum degasser, a
temperature-controlled column compartment, and an autosampler
compartment, kept at 30 °C and 8 °C, respectively. The mobile phases used to
elute the sample comprised of 0.1% (v/v) formic acid in both acetonitrile (A) and
purified water (B). A multistep gradient program as described by Oblom et al.
(2020) was used. 10 pl of the sample was injected and analyzed at 228 nm with
a flow rate of 0.4 ml/min. The chromatograms were acquired and analyzed in the
Thermo Xcalibur software (version 3.0.63).

5.3.3.9. In vitro drug release (I-111)

The 3D-printed tablets were placed in capsule sinkers and the drug release
characteristics of the various printed formulations were determined utilizing the
same method as previously described for the filaments (section 5.3.1) (I).

The drug release behavior of the printed ODFs was determined in 10 ml of
purified water at 37 °C under continuous shakingat 50 rpm (n = 3) (II). The ODFs
were placed in dissolution baskets to avoid sticking to the glass. At
predetermined sampling times, 3 ml samples were manually withdrawn and
replaced with 3 ml of preheated media. The absorbance of the withdrawn
samples was measured at 207 nm utilizing a UV-Vis spectrophotometer
(Lambda 35, PerkinElmer, Singapore). In parallel to the manual dissolution
study, the ODFs containing the highest amount of drug were analyzed with an
automated setup (Sotax AT 7smart, Basel, Switzerland) in 500 ml of purified
water at 37 £ 0.5 °C (n = 3). The ODFs were placed in dissolution baskets, which
rotated at 50 rpm and samples of the release media were automatically
withdrawn using a pump (Sotax CY 6, Basel, Switzerland), subsequently filtered
(glass microfiber filter GF/B, GE Healthcare Life Sciences, Little Chalfont, UK),
and analyzed using an on-line UV-Vis spectrophotometer at 207 nm (Lambda 35,
PerkinElmer, Singapore). The percent of drug released at the different time
points in both setups was calculated based on the data attained from the drug
content analysis.

The drug release from the 10 layers imprinted DEEP (n = 3) was determined
in 6 ml of simulated saliva (pH 6.8) prepared according to (Palo et al., 2017) and
to which 0.5% (v/v) polysorbate 20 was added (III). The experiment was
conducted at 37 °C and the dissolution media was continuously stirred at 60 rpm
utilizing a magnetic stirrer. Manual sampling at each time point consisted of

35



withdrawal of 200 pl of the sample and addition of 200 pl of the preheated
simulated saliva. The withdrawn samples were centrifuged at 10,000 rpm for
10 min at 4 °C, and the supernatant was transferred into silanized high-
performance liquid chromatography (HPLC) vial inserts (450 ul, Phenomenex),
whereafter the drug content was determined using the UPLC method previously
described in the drug content section (5.3.3.8).

5.3.3.10. Thermal properties (I-11)

The thermal properties of the 3D-printed tablets, ODFs (drug-loaded and
placebo) as well as OPSs were investigated using differential scanning
calorimetry (DSC). The thermograms for the 3D-printed tablets were attained
using the method described for thermal analysis of the filaments in section 5.3.1
(D.

In study II, the samples (n = 2-3) were placed in sealed Tzero aluminum pans
and analyzed from -20 to 230 °C with a heating rate of 10 °C/min using the
Q2000 (TA Instruments, New Castle, DE, USA) with a nitrogen purge gas flow of
50 ml/min. The TA Universal Analysis software (version 4.5A, TA Instruments)
was used to acquire and analyze the data.

5.3.3.11. Infrared spectroscopy (I1)

Attenuated total reflectance fourier transform infrared (ATR-FTIR)
spectroscopy (Spectrum Two, PerkinElmer Inc., Beaconsfield, UK) equipped with
a diamond was used to determine the infrared spectra of the prepared ODFs
(drug-loaded and placebo) and the OPSs (n = 2-3). The samples were subjected
to an applied force of 75N and analyzed from 4000 to 400 cm-! with four
accumulations at a resolution of 4 cm-1. The data was acquired using the
Spectrum software (version 10.03.02, PerkinElmer). The same software was
further used for data treatment (baseline correction, normalization, and data
tune-up) and analysis.

5.3.3.12. Stability (II-1II)

The stability of the fabricated ODFs and OPSs stored in ambient conditions in the
dark was investigated with regards to visual appearance, mechanical properties
(texture analysis), drug content (UV-Vis spectroscopy), thermal properties
(DSC), and chemical interactions (ATR-FTIR) (II). The samples were analyzed on
days 1, 7, 14, 21, and 28.

The stability of the [JP DEEP was studied with regards to the readability of the
printed QR code as well as the drug content after 1 day, 1 week, 2 weeks, and
8 weeks (n = 3) (III). The readability was evaluated using a QR code scanner app
for iPhone 11 Pro (QR-kod, App Store) and the drug content was investigated by
UPLC according to the method described in the drug content section (5.3.3.8).
The stability of the IJP DEEP was investigated in two different storage conditions,
namely, accelerated stability conditions (40 °C/75% RH) as well as cold and dry
storage conditions (4 °C, in a desiccator with silica).
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6. Results and discussion

In the thesis, three different printing techniques were successfully used to
produce personalized dosage forms. APIs with a specific need for personalization
and/or traceability were formulated into printed solid oral dosage forms, namely
tablets and ODFs. An overview of the different manufacturing methods and APIs
used to prepare the oral dosage forms is listed in Table 3.

Table 3. Overview of the manufacturing methods and APIs used in the different studies.

Study Manufacturing | API Feedstock Dosage form
method material(s)

I FDM Isoniazid Filament Tablet
EXT Viscous ink ODF

Substrate & low-

11 IJp Warfarin viscous ink ODF
Tabl?t . Commercial tablet OPS
manipulation

CBD ;
1 IJp Substrate & low DEEP
THC viscous ink

6.1. Preparation and characterization

6.1.1. Hot-melt extruded filaments (I)

HME, an established method used in the pharmaceutical industry, was utilized to
prepare 13 drug-loaded filaments with various compositions. These filaments
were subsequently used as feedstock materials for FDM. The filaments contained
30% (w/w) isoniazid and various combinations of pharmaceutical-grade
polymers and excipients (Table 1). To investigate the release behavior based on
the specific formulations a fixed drug load was used, thereby eliminating the
effect originating from the drug load, which is known to alter the drug release
behavior (Boetker et al., 2016; Water et al,, 2015). The use of one specific drug
load further supported the concept that personalized medicines can be
fabricated on-demand in e.g., a hospital pharmacy utilizing premade filaments
with a fixed drug load, thus, highlighting that personalization of the dosage form
could be achieved utilizing FDM.

A total of eight out of the thirteen filaments formulations prepared were
printable. Out of these eight printable formulations, six were HPC-based
formulations indicating good printability of HPC. In comparison filaments
containing a high amount of HPMC were unprintable. For successful printing, the
filament should possess sufficient flexibility without being too soft (Smith et al.,
2018). A brittle filament will break from the pressure from the driving gears that
the filament is subjected to during the feeding step, while a filament that is too
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soft is prone to feeding problems as it is deformed under the pressure
(Fuenmayor et al., 2018; Zhang et al.,, 2017a). To get an understanding regarding
the printability of the prepared filaments a 3-point bend test was utilized to
study the mechanical properties. Commercially available PLA filaments with
ideal properties for printing were used as a reference. The test revealed that
filaments possessing a higher breaking distance (i.e., tougher filaments) typically
were printable compared to filaments with a breaking distance below 1.5 mm.
These were too brittle and failed to load into the 3D printer, which is in line with
what has been previously reported in the literature (Korte and Quodbach, 2018;
Zhangetal., 2017a). However, the printability of filaments is complex and cannot
be fully understood by only one mechanical parameter. Some filaments with
adequate breaking distance were found too soft to be printable and other
filaments were subjected to wear, both resulting in failed feeding of the filament.
Therefore, other mechanical properties of the material should be evaluated, such
as column strength, Young’s modulus, and softness to get a deeper
understanding of the filaments and their printability.

In addition to the mechanical properties, moisture uptake of the filament is of
importance as the ambient RH can vary greatly. Moisture uptake by the filament
has been associated with poor print quality and printing failures as a result of
the materials' ability to absorb moisture from the air (Duran et al., 2015). The
absorption process depends on e.g., the RH, temperature, affinity between the
surface of the material and the water molecules as well as the surface area
(Airaksinen, 2005). When water is taken up by the filament it may cause an
increase in the diameter of the filament by swelling and alter the glass transition
temperature of the formulation, both resulting in unpredictable printing
performance and day-to-day variability in the printability of the filament (Halidi
and Abdullah, 2012). Therefore, printing should be performed in a controlled
humidity environment to achieve repeatable results.

All the prepared filaments showed moisture uptake in a sigmoidal manner,
revealing low moisture uptake at low humidity and high uptake at higher RH as
expected for cellulose- and starch-based polymers (Szakonyi and Zelko, 2012).
Based on the results obtained from the analyzed filaments it can be concluded
that filaments with a high overall moisture uptake were more likely to be
unprintable. No clear correlation could be made between printability and
moisture uptake at low RH, which is the typical condition during printing. Future
studies are thus needed to get a full understanding of how moisture uptake
affects printability.

6.1.2. Printing inks (III)

Understanding the ink properties is imperative in order to have a robust printing
process that enables production of high-quality dosage forms. A suitable ink for
I[JP shows stable ink jetting, which is needed for a content uniformity of the
API(s) that is within the specified limits as well as a good print edge definition
required for decoding of printed IRPs. The most important parameters of a
printable ink are described in section 2.2.3.3.
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The printability of the printing ink containing the two cannabinoids, CBD and
THC, was evaluated by determining the viscosity, surface tension, and density of
the ink. In addition, the Z-value was calculated and used to predict printability in
the used printer (Table 4). The same was done for various placebo formulations
to get an understanding of how the ink composition could be modified, if needed,
to achieve a printable ink.

Table 4. Measured properties of the cannabinoid-containing inks and the placebo ethanol-propylene
glycol (PG)-based inks (% v/v) as well as the calculated Z-value as a predictor of printability. Data
are presented as average * SD, n = 5, 3, and 6 for density, viscosity, and surface tension, respectively.
Reproduced with permission from (Oblom et al., 2020).

Formulation Density (g/ml)  Viscosity Surface tension Z-value
(mPa-s) (mN/m)

Sativex® 0.907 £ 0.002 11.0+0.1 26.5+0.2 1.4
Stenocare® 0.933 £0.003 29.2+0.1 24.0+1.8 0.5
EtOH/PG 0/100 1.030+0.011 409+0.5 30.6 £ 0.3 0.4
EtOH/PG 20/80 0.993 + 0.004 249+04 29.7+0.1 0.7
EtOH/PG 40/60 0.937 + 0.002 129+ 0.7 27.8+0.0 1.3
EtOH/PG 50/50 0.902 +0.001 83+0.2 26.3+0.0 1.9
EtOH/PG 60/40 0.877 +0.008 3.6+0.2ab  252+0.0 4.1
EtOH/PG 80/20 0.829 +0.008 N/A2 23.2+0.1 N/A
EtOH/PG 100/0 0.773 +0.008 1.162 ac 219+0.1 12.9

a Could not be measured with the used setup due to too low viscosity and solvent evaporation.
b Viscosity at 30 °C for the ink taken from (Genina et al., 2013a).
¢ Viscosity value at 20 °C taken from (Kriiss GmbH, 2019).

6.1.3. Substrates (1II)

Personalized IJP dosage forms are commonly prepared by imprinting solvent
cast substrates, but other substrates such as tablets (Edinger et al., 2017) and
electrospun fibrous substrates (Palo et al., 2017) have been explored. Successful
IJP of dosage forms requires high-quality substrates that have the capacity to
absorb a sufficient amount of the drug-loaded ink. For the purpose of
incorporation of IRPs, the substrate further needs to absorb the ink without
spreading of the ink as a high print edge definition of the printed IRP is required
to enable decoding after drying. Polymeric solutions that are solvent cast to form
orodispersible substrates are typically thin and non-porous and can therefore
absorb only a limited amount of deposited ink. To overcome this limitation
substrates containing mesoporous silica and porous substrates, also referred to
as solid foams, have been developed (Edinger et al., 2018a; Iftimi et al., 2019).
Solid foams have improved absorption capacity due to the porous structure and
can retain the ink in the foam while drying so that it is not easily smeared off
(Iftimi et al., 2019).
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In study III porous substrates were prepared by freeze-drying in a similar
manner as previously described (Iftimi et al., 2019), however, the substrates
were solvent cast prior to freeze-drying to achieve thinner substrates that could
be fed into the printer. The porous substrates were white with a thickness of
0.78 £ 0.03 mm, while the air-dried films prepared as comparator were
transparent and only 0.06 *+ 0.01 mm thick despite being cast with the same wet
thickness. Commercially available white potato starch substrates with a
thickness of 0.32 + 0.02 mm commonly used for food printing were included as
a second comparison.

Microscopic analysis of the substrates with SEM revealed differences in
porosity. The air-dried film was non-porous (Figure 7 A-B), the potato starch
substrate showed some heterogeneous pores (Figure 7 C-E), while the foam had
a homogenous network of open pores (Figure 7 F-H). The cross-section of the
foam confirmed that the porous structure was present throughout the substrate,
not only on the surface.

Figure 7. Scanning electron microscopy images of the A) top surface of the non-porous air-dried film
and B) cross-section of the non-porous air-dried film C) rough surface of the commercial potato starch
substrate, D) smooth surface of the commercial potato starch substrate, and E) cross-section of the
commercial potato starch substrate F) top surface of the freeze-dried solid foam, G) bottom surface
of the freeze-dried solid foam, and H) cross-section of the freeze-dried solid foam. Modified and
reproduced with permission from (Oblom et al., 2020).

The oil absorption study revealed a greatly improved absorption for the foam
(freeze-dried) as compared to the film (air-dried), with absorption capacities of
1620 £101% (w/w) and 10 * 4% (w/w), respectively. These findings indicate
that the porous foams have improved drug-loading capacity compared to
conventionally prepared films as the foam can absorb more of the ink deposited
during printing.

6.1.4. Printed solid oral dosage forms (I-1II)

6.1.4.1. Physical appearance (I-111)

In study I, the FDM 3D-printed tablets were pale yellow to yellow, similar to the
HME filaments, depending on the formulation. The shape of the different sized
tablets complied with the premade design (Figure 8 A), except for some smaller
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imperfections for several of the formulations resulting in not completely round
tablets. Some formulations had a rough surface (Figure 8 C-D) on the tablet side
that was not in contact with the build plate while other formulations had a
desired smoother (Figure 8 A-B) top surface. This indicates that the printing
parameters would require fine-tuning to achieve a smoother finish of the printed
tablets. All formulations were printed with identical printing parameters that
were initially optimized for PLA. Since the formulations likely possess different
melt-flow properties this should be accounted for when choosing the printing
parameters. It has been reported that the melt flow behavior of a formulation,
which changes with temperature, impacts both the printability and the final
quality of the 3D-printed object (Fuenmayor et al., 2018; Wang et al,, 2018).
Investigation of the polymer melt properties could have assisted in the selection
of the optimal process parameters thereby improving quality (Aho et al,, 2015).

(B N

n
Figure 8. FDM 3D-printed tablets. A) Photograph of the various sized 3D-printed tablets and cylinder
rod replicating the HME filament as well as the top surface visualized with a digital microscope of the
tablets printed with B) formulation 2 (smooth tablet surface) C) formulation 1 (rough tablet surface

with small holes) and D) formulation 8 (poor print quality). Modified with permission from (Oblom
etal, 2019b) and unpublished pictures.

The ODFs and OPSs prepared in study II are presented in Figure 9. EXT ODFs
were transparent with a slightly wavy structure that was observed upon close
inspection. In comparison, the IJP ODFs were pale yellow as a result of the
colored ink that was deposited on the transparent solvent cast substrate. In both
cases the printed ODFs were thin and flexible. The powder in the OPSs had a pink
color consisting of a mixture of larger ground pink tablet particles and smaller
white lactose particles.
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Figure 9. Photographs of the prepared dosage forms A) EXT ODFs B) IJP ODFs C) oral dose powder,
and D) OPS. Reproduced with permission from (Oblom et al., 2019a).

The DEEP prepared in study Il were imprinted with a pink QR code on the
white slightly shiny substrate (solid foam) (Figure 10 A-C). Part of the DEEP was
noticed to be compressed during the printing process as a result of the feeding
roll compressing the porous structure of the substrate (Figure 10 C). This was
more pronounced the more consecutive layers that were printed as this
subjected the substrate to further printing passes and thus further compression
by the feeding rolls in the printer.

Figure 10. Photographs of printed DEEP showing the A) size, B) flexibility, and C) compressed part of
the DEEP originating from the printing process. Modified with permission from (Oblom et al., 2020)
and unpublished picture.

6.1.4.2. Mechanical testing (1I-111)

According to Ph. Eur. ODFs should possess suitable mechanical strength to resist
handling without being damaged (European Pharmacopoeia Commission,
2020a). To date, no standardized test method or acceptable limits for mechanical
properties are provided in the guidelines making it hard to compare results from
different studies. The DIN EN ISO 527 tensile test, originally developed for foil,
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has been utilized to determine the mechanical stress (also referred to as tensile
or breaking strength) for ODFs, buccal dosage forms, and substrates used for
pharmaceutical purposes (DIN, 2003, 1996; Garsuch and Breitkreutz, 2009;
Hoffmann et al.,, 2011; Jamroz et al, 2017b; Preis et al., 2014). However, the
method has low sensitivity and originally required an 80 mm bone-shaped
specimen (DIN, 1996). ODFs are generally smaller in size and have a less complex
geometry, e.g., rectangular or square shaped thus deviating from the standard. It
is challenging to perform mechanical testing on thin films due to their fragile
nature and the drastic decrease in the cross-sectional area during testing (Pryor,
2021). Today most used standards for testing thin films used as packing material,
but also in optical coatings, various electronics, batteries, etc. are ASTM Standard
D882 usually used in the US and ISO 527-3 typically favored in Europe and Asia.
The ISO 527-3 is aiming at films that are less than 1 mm in thickness and does
not require the common bone-shaped specimens but rather a rectangular shape
making it more suitable for testing of thin films compared to ISO 527-1. Due to
the challenges described above and the lack of standardized tensile test methods
for pharmaceuticals like ODFs, various other mechanical testing methods have
been used. These tests aim to determine the mechanical strength in order to
ensure that ODFs are not damaged during any of the steps involved prior to
administration, i.e., manufacturing, distribution, and handling by the patient.

In this thesis, a texture analyzer was utilized to investigate the burst strength
(N) (i.e., the maximum tolerated force on the ODF before rupturing) and the burst
distance (mm) (i.e., the flexibility of the ODF) (II) as well as Young’s modulus (an
indication of stiffness of a material), ultimate tensile strength (UTS) (the
maximum stress that a material can withstand before breaking), and elongation at
break (the ability for the material to stretch before breaking) for the prepared
substrates and subsequently imprinted DEEP (1II).

Different manufacturing techniques revealed differences in the mechanical
properties of the ODFs (II). Placebo IJP ODFs were found to be more than twice
as strong as compared to the placebo EXT ODFs, which may be partly explained
by the thicker placebo IJP ODFs and by the structure of the ODF. The placebo IJP
ODF (solvent cast) was completely flat whereas the placebo EXT ODF had a
slightly wavy structure originating from the line-by-line fabrication of the film
during the printing process. Incorporation of the drug in the EXT ODFs resulted
in a slight decrease in strength and a decreased burst distance. These ODFs were
also the most brittle assessed in the study (II). In comparison drug-loaded IJP
ODFs had the greatest flexibility, over twice as much as compared to the placebo
[JP ODFs (i.e., the printing substrate for IJP). This can be explained by the
introduction of plasticizers, e.g., moisture and PG, which both have a plasticizing
effect. The addition of plasticizers typically increases the polymer chain mobility
by interaction with these polymer chains resulting in a decreased glass transition
temperature and improved mechanical properties, which are important for
ODFs, such as plastic and elastic properties (Boateng et al., 2009). This study
indicates that the thickness of the prepared ODF, the printing technique itself
including differences in the involved process steps, and additional liquid serving
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as a plasticizer for IJP ODFs may all affect the mechanical properties. The
mechanical properties did not change drastically during the one-month stability
study except for a trending decrease in strength and flexibility for the drug-
loaded EXT ODFs during the first week. This is an indication that the ODFs may
have contained residual moisture upon initiation of the study or that the
properties changed due to changes in the ambient RH.

Mechanical analysis of the substrates and imprinted DEEP revealed that all
formulations showed more brittle than ductile characteristics, apart from some
minor necking for the air-dried film substrates (III). Similar to what was
observed in the previous study, the manufacturing method affected the resulting
mechanical properties. The air-dried film was the strongest and stiffest substrate
revealing much higher UTS and Young’s modulus values compared to the freeze-
dried porous foam. The UTS of the commercially available potato starch
substrate was between the other two substrates and displayed a higher Young’s
modulus than the foam. The imprinted DEEP (foam imprinted with lipophilic
cannabinoid ink) was stiffer and stronger as compared to the foam. This may be
explained by the porous structure of the foam being partly damaged during the
printing process (Figure 10 C and Figure 11 C-D). The feeding rolls in the desktop
printer caused observable compression of the foam thereby affecting the
mechanical properties. This resulted in a higher UTS attributed to a decreased
stress area of the compressed foam. In addition, deposition of the ink was seen
to change the surface structure by dissolving the surface of the foam resulting in
a non-porous layer where the ink was deposited (Figure 11 A-B). The foam
substrate exhibited the greatest ability to stretch, which further improved after
printing. Similar to the findings in study II, imprinting the substrate with ink
resulted in improved elongation at break (for 3 and 5 layers imprinted DEEP).
This can also in this case be attributed to the introduction of an additional
plasticizer (PG) present in the ink. Studying the mechanical properties of the
substrates and DEEP revealed that the printed DEEP possess a slightly increased
UTS, Young’s modulus, and elongation at break compared to the foam. The
mechanical compression observed during printing resulted in a heterogeneous
structure of the printed DEEP and therefore also variability in the results.
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Figure 11. Scanning electron microscopy images of A) 1 layer imprinted DEEP, and B) 10 layers
imprinted DEEP showing the different surface structure of the printed and unprinted area of the DEEP
C) cross-section of 10 layers imprinted DEEP, and D) cross-section of the compressed part of the
10 layers imprinted DEEP. Reproduced with permission from (Oblom et al., 2020).

All the prepared ODFs (II) and DEEP (III) could be handled without breaking
and thus complying with the European Pharmacopoeia (European
Pharmacopoeia Commission, 2020a). If desired, the mechanical properties of the
prepared ODFs and DEEP could be further altered by addition of plasticizers such
as PG, PEG, sorbitol, citrates, and low molecular weight macrogols to the
formulation (Hoffmann et al., 2011; Liew et al., 2014).

6.1.4.3. Surface pH and moisture content (1)

For ODFs that are administered without water in the oral cavity, the pH must be
in the range of physiological saliva (pH 5.8-7.4) to avoid potential local irritation
of the mucosa and discomfort to the patient upon administration (Pechova et al.,
2018). All the ODFs prepared revealed pH in the preferred range, indicating that
no local irritation at the administration site should occur (Table 5) (II). The OPSs
were found to initially (after 1 min) be slightly alkaline, but in the neutral range
when allowed to further dissolve/disperse (15 min). This suggests that OPSs
preferably should not be administered immediately after dispersion in water to
avoid possible local irritation if they are administered directly in the oral cavity
with a low volume of water without any other delivery vehicle.
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Table 5. Surface pH and moisture content of the printed drug-loaded and placebo ODFs, as well as
OPSs prepared in the hospital pharmacy. Data presented as average * SD, n = 3. Modified and
reproduced with permission from (Oblom et al., 2019a).

Sample Surface pH Moisture content
1 min 15 min Mass loss (%)

EXT ODF 7.1+£0.1 7.1+£0.1 9.4 +25

EXT placebo 6.9+0.1 6.4+0.3 10.5+25

IJP ODF 7.4+0.3 7.1+0.0 124+ 1.7

IJP placebo 7.0+0.2 6.4+0.2 9.1+4.1

OPS 94+1.6 7.3+0.2 24+0.3

The moisture content of pharmaceutical products is of interest as it is known
to affect various properties of the dosage form, such as the physicochemical,
chemical, and microbiological stability (Szakonyi and Zelk6, 2012). ODFs with
high moisture content are typically sticky making them more difficult to
administer. However, a little residual moisture is typically desired due to its
plasticizing effect. Dry films are usually brittle and may break during handling.
To evaluate the moisture content in the printed ODFs and the prepared OPSs a
moisture analyzer was utilized (II).

As expected, the OPSs showed lower moisture content (2.4 + 0.3%) compared
to the drug-loaded EXT ODFs (9.4 £ 2.5%) and IJP ODFs (12.4 + 1.7%) as the
printing technologies introduce moisture during the manufacturing processes.
The drug-free EXT ODFs revealed a moisture content (10.5 + 2.5%) comparable
to the drug-loaded ODFs, whereas the drug-free IJP ODFs displayed a lower
moisture content (9.1 £ 4.1%). The difference in moisture content for the drug-
free and drug-loaded IJP ODFs was a result of additional moisture and
plasticizers being introduced during IJP as compared to only solvent casting. The
ODFs and OPSs were stored in ambient conditions allowing the hygroscopic
components in the ODFs (e.g., HPC) to absorb moisture from the air. It has been
proposed that ODFs should have a moisture content lower than 5% (Nair et al,,
2013). All printed ODFs showed higher moisture contents but were still easy to
handle and non-sticky. Only the IJP ODFs were observed to slightly stick to each
other upon storage, which suggests that an increased drying time or drying in an
oven would be beneficial due to additional plasticizers present after IJP.

6.1.4.4. Disintegration (1I-111)

Fast disintegration upon administration is required for orodispersible
formulations in the oral cavity to allow for convenient administration of the
dosage form. To date, there are no disintegration limits to comply with in the Ph.
Eur for ODFs (European Pharmacopoeia Commission, 2020b). This has led
scientists exploring novel ODFs to adopt the disintegration limit for
orodispersible tablets, which states that disintegration should take place within
180 s (Thabet et al., 2018b).

The prepared ODFs (II) and DEEP (III) can be administered sublingually or
elsewhere in the oral cavity such as on the tongue, where they either partly or fully
disintegrate before subsequent swallowing without the need for water. An increased
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disintegration time for the drug-imprinted substrates was reported in both studies
for all the analyzed formulations (Table 6).

Table 6. Disintegration times for IJP substrates, placebo ODF (EXT), and drug-loaded printed oral
dosage forms (ODFs and DEEP) using a similar static disintegration method. The samples shown for
study Il are the largest-sized ODFs from the study with a target dose of 2 mg. Data are presented as
average + SD, n=3. EXT=semisolid extrusion-based 3D printing, [JP =inkjet printing,
ODF = orodispersible film, DEEP = data-enriched edible pharmaceuticals.

Study Printing Sample Thickness (mm)  Disintegration (s)
11 EXT Placebo ODF 0.04 £ 0.00 28+9

11 EXT Warfarin ODF 0.04 £ 0.00 39+4

11 IJp Film substrate2 0.05 £+ 0.00 90+1

11 IJP Warfarin ODF 0.05 +0.00 1235

111 IJp Film substrate2 0.05+0.02 58+3

111 IJp Foam substrateb 0.76 £ 0.08 102

I IJpP DEEP 1L 0.58 £ 0.11 157 +39

I IJP DEEP 3L 0.55+0.06 > 180

I IJP DEEP 5L¢ 0.54+0.12 > 180

a = air-dried solvent cast substrate, b = freeze-dried solvent cast substrate, c = 1, 3, and 5 layers
imprinted foam with cannabinoids

In study II, all the ODFs disintegrated within 180 s, thus complying with the
limit stated in the pharmacopeia for orodispersible tablets. The ODFs prepared
by EXT disintegrated faster (> 40 s) than the corresponding I[JP ODFs (> 130 s)
(Table 6). This can be explained by an increased thickness for the IJP substrate
and subsequently printed ODF as well as a difference in the surface structure of
the ODFs. EXT ODFs revealed a wavy structure originating from the rectilinear
infill utilized for printing thereby slightly increasing the surface area resulting in
faster wetting as compared to the flat [JP substrate and ODF, although probably
not significantly. Similar findings have previously been reported where FDM
ODFs were shown to possess faster disintegration compared to conventional
solvent cast ODFs (Jamrdz et al.,, 2017b). Incorporating the drug in the ODFs
resulted in a slightly increased disintegration time irrespective of the used
printing method. An increase in the disintegration time has also previously been
reported for drug-loaded ODFs prepared by conventional solvent casting
(Garsuch and Breitkreutz, 2010). The OPSs were not successfully analyzed
applying this method due to the nature of the comparator formulation and thus
could not be compared to the printed ODFs.

As in study I, the unprinted substrates showed the fastest disintegration,
where the foam (freeze-dried) disintegrated considerably faster than the
corresponding film (air-dried) (III). This can be explained by the differences in
the structure of the two substrates. The foam is a porous substrate (Figure 7 F-
H), thus allowing for faster wetting than the corresponding non-porous film
(Figure 7 A-B). Imprinting the foam with the drug-loaded ink resulted in slower
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disintegration, as also found for the imprinted ODFs in study II. In addition to
imprinting the foam with lipophilic cannabinoids resulting in a slower wetting
process of the DEEP, the porous structure of the foam was partly destroyed
during the printing process. The feeding rolls in the used printer were seen to
compress the porous foam (Figure 10 C and Figure 11 C-D) leading to loss of the
porous structure thus also contributing to the slower wetting of the DEEP. The
compression of the foam resulted in a foam with higher density and properties
similar to the dense air-dried film.

The lack of a harmonized Ph. Eur. disintegration test makes it hard to compare
disintegration results from different studies displaying the need to develop a
biorelevant dynamic disintegration test for ODFs. The disintegration method used
in studies II and III is static. A setup that allows controlled movement such as
shaking will likely result in much faster disintegration, which needs to be taken
into account if comparing results to other studies. The used method further only
allows wetting of the ODF from one side, which is expected to further contribute
to a slower disintegration time. Nonetheless, the used method has an easy setup
where the ODF does not stick to the side of the Petri dish and is therefore well
suitable for comparing the different ODFs in these two studies. However, a
disintegration setup that better could mimic the conditions in the oral cavity would
deepen the understanding of the disintegration behavior and aid the development of
improved ODFs.

6.1.4.5. Solid-state analysis (I-11)

The solid-state properties of the raw materials, physical mixtures, intermediate
products, and final dosage forms were investigated to gain an understanding of
whether the process alters changes in the formulation.

In study I, the filament thermograms obtained by DSC were similar to the
printed tablets, suggesting that no apparent changes occur during the printing
process that involves brief reheating of the prepared thermoplastic filament. No
evident drug degradation was thus observed for the printed tablets. None of the
HME filaments or subsequently printed tablets were found to be completely
amorphous. Due to the high water-solubility of isoniazid, an amorphous
formulation is not required and HME was merely used to produce the filaments
for FDM. HME of the physical mixture of the formulations into filaments typically
resulted in a small melting point depression along with a broadened
endothermic peak. A further lowering of the melting point was observed for
some of the 3D-printed tablets. This is likely originating from further dispersion
or dissolving of the drug in the polymer when the formulation is reheated close
to the melting point of the drug resulting in a reduction of the chemical potential
of the system. Other endothermic events on the thermograms could be attributed
to either the drug, polymers, or dehydration of the formulation.

The results from the DSC in study Il showed similarities to the results found
in study I. A small melting point depression for IJP ODFs and also a broadening
of the peak attributed to HPC were observed for the drug-loaded ODFs as
compared to the printed placebo ODF or substrate containing only HPC. In the
case of the IJP ODFs this can be attributed to the additional materials present in
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the ODFs originating from the printing ink, such as PG acting as a plasticizer. The
endothermic events were generally small for the ODFs. No evident melting point
for the drug was observed for the ODFs, indicating that the drug was present in
the amorphous state, while the polymer was semi-crystalline. As in study [, other
endothermic events could be attributed to HPC or dehydration of the
hygroscopic HPC. The OPSs showed a sharp endothermic event (peak onset
142 °C) with subsequent decomposition. This can be attributed to lactose
monohydrate that was present in the formulation as a filler. It has been reported
that the crystallization water present in lactose monohydrate is lost at
temperatures above 100 °C resulting in the anhydrous form (DFE Pharma,
2019). Decomposition of the material occurs at approximately 140 °C when all
the water is removed. No further conclusions could be made regarding warfarin
in the formulation as the decomposition occurred before melting of warfarin,
which according to the pure drug was expected to melt around 178 °C (peak
onset).

In study I, ATR-IR was further used to investigate the dosage forms and
starting materials. The attained spectra for the drug-free ODFs, namely placebo
EXT ODF and the substrate used for [JP, were identical. This was expected as the
formulations also were identical and only the manufacturing process, i.e., EXT at
room temperature and solvent casting, was different. When the IJP substrate was
imprinted with the drug-loaded ink the spectra remained unchanged, although
new materials (PG and colorant) were introduced in the I[JP ODFs. The drug-
loaded EXT ODFs, however, differed from the drug-loaded IJP ODF, suggesting
that the differences originated from interactions between the drug and the ink.
Characteristic bands for warfarin were present at 759 cm-! and 700 cm-1. As
lactose monohydrate was present in a greater ratio than the drug in the OPSs, it
was challenging to draw any conclusions from the spectra. One characteristic
band for warfarin was found at 760 cm-1, although this band also was seen in the
spectra for pure lactose monohydrate. The spectrum for the commercial product
Marevan® was very similar to the OPSs prepared in this study, which can be
attributed mainly to the presence of lactose monohydrate in a much larger ratio
than the drug.

According to these studies, it appears that EXT and IJP are methods that will
not likely have a big impact on the formulation during the printing process,
whereas FDM that is performed at elevated temperatures may cause formulation
changes during the printing step. This was, however, not seen to a larger extent
in study 1.

6.1.4.6. Drug content (I-111)

Study 1

In study [, all the HME filaments and thus also the subsequently printed tablets
had a target drug load of 30% (w/w). Both the filaments and the tablets printed
from the filaments showed a similar drug content in the range of 27.9 + 2.6 to
31.7 £ 0.2% (including 8 different filaments formulations) and 27.5 + 1.1% to
34.7 £ 0.2% (including 48 different tablets), respectively (Table 7). This
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indicates that degradation of isoniazid does not occur when processed into
tablets by FDM that utilizes heat. The drug was found to be homogenously
distributed throughout the filaments, although they showed a slightly higher
standard deviation than the further processed 3D-printed tablets. This is likely
because the filament pieces analyzed were cut from various places of the
filament strand whereas the tablets were printed with a short piece of the
filament.

Table 7. Drug content (%) of the hot-melt extruded filaments (feedstock material) and the
subsequently 3D-printed tablets (three different sizes and two different infill levels) for the different
formulations (F). Data presented as average * SD, n = 10 (filaments) and 3 (tablets), respectively.
Modified and reproduced with permission from (Oblom et al., 2019b).

% API in 3D-printed tablets and hot-melt extruded filament (w/w)

F 6 mm, 6 mm, 8 mm, 8 mm, 10 mm, 10 mm, Filament
15% 90% 15% 90% 15% 90%
1 31.6+0.2 28.0+1.7 30.4+0.2 31.2+14 27.5+1.1 299+1.3 279 +2.6
2 30.6 £ 0.3 30.8+0.1 30.1+0.7 309 +0.0 30.4+0.1 30.6 £ 0.1 30.2+1.0
3 31.0+0.1 309+0.1 31.1+0.1 31.0+0.0 309+0.1 30.7+0.1 31.7+0.2
5 30.3+0.5 30.5+0.1 30.6 £ 0.2 30.8+0.0 31.3+0.0 30.7 £ 0.1 29.6 £ 1.2
10 34.7 £0.2 34.6 £ 0.1 32.8+0.4 334 +04 34.3+0.1 304+ 0.4 31.3+1.8
11 31.8+0.1 32.1+0.1 31.6 £ 0.0 309 +0.0 31.2+0.1 31.0+0.1 31.0+0.3
12 30.2+04 309+0.1 31.1+0.1 30.3+0.0 30.4+0.1 30.7+0.1 29.7+1.1
13 31.1+0.1 30.8 +0.3 30.8+0.1 30.8+0.2 30.9 £ 0.0 30.3+0.1 30.2 + 0.6

The weight of the 3D-printed tablets of a specific size and infill level varied
depending on the printed formulation (Table 8). The mass variation of the
printed tablets is likely a result of the different melt flow properties of the
formulations at the utilized printing temperature. As melt flow has been
identified as a parameter that affects the printability as well as the quality of the
printed object (Fuenmayor et al., 2018; Wang et al., 2018) it would be beneficial
to determine the melt flow behavior of the material prior to printing to enable
optimization of the printing parameters (e.g., printing speed). Although there
were weight differences between the printed formulations, a correlation
between the tablet size and weight for an individual formulation was >0.99 for
all formulations except formulation 12 with an infill level of 15%. This is at the
same level as for PLA, which indicates that the printing process for a specific
formulation is robust, thus enabling printing of targeted personalized doses.
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Table 8. Weight and correlation of printed isoniazid tablets with various sizes and infill. Reprinted
from Oblom et al., 2019b.

6 mm, 6 mm, 8 mm, 8 mm, 10 mm, 10 mm, R?, R?,
15% 90% 15% 90% 15% 90% 15%  90%
(mg) (mg) (mg) (mg) (mg) (mg)

PLA 764+06 839+0.5 135.8+0.2 150.1 £ 1.1 2103 +1.3 235.1+2.7 09958 0.9948
1 88.7+27 77.7+34 1412+45 1452+ 1.0 181.5+2.2 220.8+4.5 09942 0.9989
61.6+0.7 65306 107.6 £1.3 116.2£5.3 1438+ 1.2 170.0+£0.8 0.9952 0.9997

3 59.2+05 69453 133.2+0.4 141.4 £ 2.0 195.0£7.2 192.0+£8.1 0.9973 0.9900
5 59.2+17 678%22 140.0 £ 3.4 1445+41 203.6+126 236.7+31 09996 0.9972
10 708+1.0 73509 121.5+24 130.1+2.1 193.4+£5.2 2059+1.7 09902 0.9930
11 66112 73.7x21 1414+ 49 136.5+0.6 2083+10.0 2225+19 0.9988 0.9920
12 681x26 747x0.7 1159+1.8 133.4+4.8 196.5 £ 8.1 214.8+4.7 09786 0.9913
13 645+07 73626 130.0 £ 3.7 143.4+54 163.1+2.1 165.7+09 09651 0.9182

To achieve therapeutic serum concentrations of isoniazid (approx. 3 ug/ml
for a duration of minimum 6 h) in children over 3 months the World Health
Organization (WHO) recommends doses of 10 (10-15) mg/kg (European
Medicines Agency, 2012b). Clinical data shows that especially younger children
and fast acetylators of isoniazid require an increased dose compared to adults to
achieve this. Theoretically, a patient weighing 10 kg would thus need a dose of
100 mg. The 10 mm (@) tablets prepared in study I weighed roughly 200 mg,
thus, containing around 60 mg of isoniazid. To obtain higher doses by FDM, the
drug content in the filaments or the tablet size could be increased, ideally the
former to achieve better patient acceptability.

Study 11

In study II, child-friendly dosage forms, i.e., ODFs and OPSs, with therapeutic
doses of warfarin were prepared. Ten dosage forms of each dose (0.1, 0.5, 1, and
2 mg), prepared batch, and preparation method were analyzed to determine the
uniformity of content of single-dose preparations (UC) and the acceptance value
(AV) as described in the Ph. Eur. All dosage forms with a target dose of 1 or 2 mg
from the different batches showed acceptable UC values regardless of the
manufacturing method used (Table 9). For the dosage forms with a target dose
of 0.5 mg, the printed ODFs were superior to the OPSs as all ODFs complied with
the limits, whereas one batch of OPS failed to comply with the limits as one
dosage unit was outside the required *25 of the average drug content. Another
OPSs batch would have required further testing of 20 dosage units as two dosage
units were outside +15%, which was not done in this study and was considered
to fail without further testing. For the lowest target dose, i.e., 0.1 mg, two of the
three batches fulfilled the UC criteria for all the manufacturing methods. For both
printing methods, one batch failed to fulfill the requirement as one dosage unit
was outside £25%, whereas another 20 dosage units should have been analyzed
for OPSs as three dosage units were outside +15%. These results highlight the
challenge to prepare low-dose dosage forms with acceptable drug content. For
the higher doses, the dose fluctuations were small which is evident from the UC
values. Inter-batch variability was observed for all utilized manufacturing
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methods. When including all the prepared dosage forms in the three batches
printed on different days for the 0.1 mg target dose, the drug content compared
to the target dose was 72-140% and 52-112% for the EXT ODFs and IJP ODFs,
respectively, and between 36-104% for OPSs. These results show that there is
great variability in the administered drug amount for these low-dose dosage
units. As the dose increases improved accuracy was observed, i.e., less
fluctuation between the single dosage units. For the 2 mg target dose dosage
units corresponding values to the ones presented for the 0.1 mg target dose
dosage units were 100.5-109.3% for EXT ODFs, 93.1-109.4% for IJP ODFs, and
100.2-116.3% for OPSs.

Table 9. Drug content, content uniformity, uniformity of dosage units (acceptance value, according
to Ph. Eur 9th ed.), and dose accuracy compared to target doses for the various batches prepared by
different manufacturing techniques. Drug content is expressed as average # SD, n = 10, AV and UC are
calculated based on 10 dosage forms from each batch. Note that the weight of the OPSs are given
without a decimal as that is how it is routinely done when manufacturing OPSs in the hospital
pharmacy. The weight of the ODFs are, however, given with one decimal to show differences between
the dosage forms. Modified and reproduced with permission from (Oblom et al., 2019a).

Dosage Weight Thickness Average Maximum Amount of drug Acceptance
form; (mg) (mm) drug content  deviation (% of target dose) value
Batch (mg) (%) min / average / max
EXT ODF
1 1.5+0.0 0.04 + 0.00 0.14 + 0.00 +2.92 1329/136.8/ 41.04
139.7
2 1.3+0.1 0.04 + 0.00 0.11+0.00 +1.12 110.0 /110.7 / 10.9¢
1119
3 1.2+0.2 0.04 +0.01 0.10+0.02 - 30.0b%*x 71.6 /102.2 / 116.5 47.14
IJP ODF
1 2101 0.06 +0.00 0.07 +0.01 + 25,90k 52.1/66.3/83.4 55.0d
2 23+0.2 0.06 +0.00 0.09 +0.00 -9.02 82.3/90.5/95.4 17.64
3 22+0.0 0.06 +0.00 0.09+0.01 +21.4e* 84.5/92.1/111.8 25.4d
OPS
1 2000 N/A 0.05+0.01 - 22.5ekkk 36.9/46.2 /54.1 67.84
2 2000 N/A 0.09+0.01 -23.3a% 71.6 /93.4 /1045 29.0¢
3 200+0 N/A 0.08+0.01 +18.3+* 69.7 /82.1/97.2 37.64
EXT ODF
1 6.2+0.1 0.04 +0.00 0.59 +0.00 +1.22 116.1 /117.2/ 17.54
1185
2 52+0.1 0.04 +0.00 0.48+0.01 -1.82 94.5/96.2 /97.6 4.9¢
3 55+0.1 0.05 +0.00 0.52+0.01 -2.52 100.4 /103.1/ 4.5¢
104.7
IJP ODF
1 8.6 0.1 0.06 +0.00 0.51+0.04 -13.82 87.6 /101.6 /108.8 20.84
2 9.3+0.2 0.06 +0.00 0.51+0.03 -13.7a 88.7 /102.8 /107.8 16.1d
3 9.5+0.0 0.06 £ 0.00 0.52 +0.02 -4.62 99.9 /104.7 / 108.9 11.6¢
OPS
1 200+0 N/A 0.47 + 0.05 - 18.9¢** 76.0 /93.7 / 106.6 30.44
2 200+0 N/A 0.54+0.02 +5.72 102.6 /107.9 / 15.54
114.1
3 200+0 N/A 0.48 +0.06 - 26.10%* 71.1/96.2 /119.2 32.54
EXT ODF
1 12.2+0.1 0.05 £ 0.00 1.16 £ 0.01 +1.22 114.5/1158/ 16.64
117.1
2 10.7 £ 0.1 0.04 £ 0.00 1.01 £ 0.05 -14.82 86.0 /100.9 / 106.7 13.7¢
3 11.5+0.1 0.05 £ 0.00 1.09 £ 0.01 +1.32 107.4 /108.8 / 9.9¢
110.3
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Dosage Weight Thickness Average Maximum Amount of drug Acceptance

form; (mg) (mm) drug content  deviation (% of target dose) value
Batch (mg) (%) min / average / max
IJP ODF
1 17.0+ 0.6 0.06 £ 0.00 1.09 £ 0.07 -11.12 96.9 /109.0 /1174 23.44
2 17.2+0.3 0.06 £ 0.00 1.06 £ 0.07 -12.02 92.9 /105.6 /1119 21.3d
3 18.2+0.6 0.06 +0.00 1.05 +0.03 -4.22 101.7 /1049 / 10.3¢
108.1
OPS
1 200+0 N/A 1.01 £0.03 - 6.02 95.2 /101.2 /105.5 6.9¢
2 200+0 N/A 1.10 £ 0.06 +8.00 1019 /110.1/ 22.74
119.0
3 200+0 N/A 1.11£0.06 +7.12 96.9 /110.7 /118.6 23.54
EXT ODF
1 23.0+0.7 0.05 +0.00 2.12+0.06 -5.4a 100.5 /106.2 / 12.5¢
109.3
2 22401 0.05 +0.00 2.11+£0.01 +1.52 104.5/105.3/ 5.4¢
106.9
3 22.7+0.2 0.05+0.00 2.13+0.03 -2.4a 103.8 /1063 / 8.2¢
108.4
IJP ODF
1 34.7+0.2 0.06 = 0.00 2.06+0.10 -9.82 93.1/103.2/107.5 14.8¢
2 349+0.8 0.06 +0.00 2.13+0.10 -12.7a 93.1/106.7 / 109.4 17.64
3 40.1+1.2 0.06 +0.00 2.10+0.02 +1.52 103.8/105.0 / 5.8¢
106.6
OPS
1 200+0 N/A 217 £ 0.07 +14.92 100.11{4188.4/ 15.984
2 200+0 N/A 2.24+0.03 +2.8 1089 /112.1/ 14.32¢
1141
3 200+0 N/A 2.25+0.05 +3.52 108.4 /1123 / 17.144
116.2

Number of individual doses outside + 15% limits: * = 1 dose, ** = 2 doses, *** = 3 doses. @ = complies with the
requirements for UC, » = does not comply with the requirements for UC, ¢ = complies with the requirements for
AV, 4 = does not comply with the requirements for AV, ¢ = an additional 20 units should be tested to reveal if
the test passed or failed.

The study revealed that based on the fulfillment of AV, EXT was the
manufacturing method with the best accuracy and precision of the incorporated
drug for most prepared batches and dosage units. Both printing methods were
found to be superior to OPSs, which is the method used today at the hospital
pharmacy for dose manipulation of warfarin dosage forms for clinical use. EXT
was further found to have a linear correlation between the dry weight of the film
and the drug content (mg) (R2 values of 0.9996, 1, and 0.9999 for batch 1, 2, and
3, respectively), which could be an easy quality control that could be used in a
hospital pharmacy setting.

The smallest EXT ODFs (0.1 mg) revealed a too high drug content for most
prepared dosage units with AV values = 40 for two out of the three prepared
batches. For optimization of the drug content compared to the target dose in the
EXT ODFs the g-code or the design could be manipulated or alternatively the
concentration in the printing ink could have been decreased for this dose
strength. IJP has in the literature been reported as a highly accurate printing
method suitable for fabrication of low-dose dosage forms. In this study, it was
observed that the ink was not stable in the printer before initiating printing of
batch 1. This resulted in decreased drug content uniformity as compared to
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batch 3 where the printing was trouble-free and printing of all dosage units
within the batch could be performed with the same chosen nozzles. The
problems encountered during printing of batch 1 were likely related to partial
drying of the printhead in a period where the printhead had not been used. This
could be seen as droplets not being ejected from some of the nozzles that initially
ejected droplets, which correspondingly was reflected in the drug content in
these ODFs. Additionally, this study purposely used a large number of printing
nozzles (40-60) to decrease the printing time contrary to many other studies
where only one or a handful of nozzles have been used (Genina et al., 2012;
Jamréz et al., 2017b; Raijada et al., 2013; Sandler et al., 2011). Naturally, an
increased number of nozzles used increases the possibility for variation in the
droplet volume, although drug content that deviated from the theoretical drug
content has been described regardless of the number of nozzles utilized during
[JP (Wickstrom et al, 2015). As droplet volume is one parameter used to
calculate the required DPI, a change in the average droplet volume will directly
impact the deposited amount of drug in the designated area. To optimize the
drug content of the IJP ODFs a structured study evaluating the effect of the
various printing parameters on the droplet volume of the developed ink should
be performed to enable printing with optimal parameters that result in uniform
and stable droplets being ejected during the whole printing process and with
minimal day-to-day variability. Furthermore, it should be ensured that the
printhead is not allowed to dry out in between printing session in order to avoid
that droplets are not being ejected from the nozzles. Lastly, improvement of the
content uniformity for OPSs (that would be suitable for preparation in a hospital
pharmacy setting) could likely be achieved by formulating pure warfarin
together with one or multiple excipients used as a filler. This may result in
improved homogeneity of the drug in the powder mixture as the particle size in
the mixture would be more similar as compared to the when using a ground
commercial tablet as a source of the API. If the commercial tablet however is
used, improved grinding of the tablet is required along with a standardized
mixing procedure.

Study 111

Tailored doses were in study III achieved by subsequent printing of various
numbers of layers of the designed 2 x 2 cm QR code on top of each other. The
doses attained by imprinting 2-10 layers were between 0.092 * 0.003 mg and
0.537 £ 0.019 mg for CBD and 0.097 + 0.002 mg and 0.567 + 0.021 mg for THC
(Figure 12). 1 layer imprinted DEEP could not be analyzed as the concentration
was below the limit of quantification. The correlation between the drug content
and the number of printed layers was R2 = 0.9947 and R2=0.9954 for CBD and
THC, respectively. One printed layer resulted on average in 0.051 + 0.002 mg of
CBD and 0.054 £ 0.002 mg of THC, which could be increased by increasing the
concentration of the cannabinoids in the printing ink. The cannabinoid
concentration in the ink used was fairly low compared to ink concentrations
typically aimed for when utilizing IJP. CBD has been shown to have a theoretical
solubility beyond 100 mg/ml in the same ink base (1:1 ethanol and PG) as used
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in this study (Cape et al., 2017). This would allow for approximately a four-time
increase in the amount of drug deposited per printed layer of this design, thus
reaching therapeutic cannabinoid doses for the printed DEEP. Other ways to
increase the cannabinoid amount in the DEEP is by increasing the printed area
(Oblom et al., 2019a), which can be achieved by increasing the dimensions of the
QR code (Edinger et al.,, 2018a) or by completely imprinting the area of the
dosage form with a cannabinoid containing ink that is color-free or lightly
colored and afterward printing the IRP as a single layer using a drug-free or drug-
loaded colored ink with good contrast to the previously printed area.
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Figure 12. CBD and THC content in 2-10 layers imprinted DEEP. Reproduced with permission from
(Oblom et al., 2020).

6.1.4.7. In vitro drug release (I-111)

The drug release behavior in vitro for the printed oral dosage forms in study I-11I
was determined utilizing both a manual and an automatic setup depending on
the dosage form analyzed. The printed ODFs and OPSs were all found to be
immediate release dosage forms, whereas the printed tablets showed a wide
range of release profiles.

The dissolution study for the prepared filaments and subsequently printed
oral tablets showed that both the formulation as well as the tablet design had an
impact on the drug release behavior (I). As no coating was applied, the drug was
present on the surface of the tablet and filaments resulting in the drug starting
to release immediately as it was placed in the dissolution media. The 8 mm
tablets printed with an infill of 90% showed that the time for 80% of the drug to
be released varied between 40 to almost 900 min. This confirms that isoniazid
tablets with different release characteristics can be 3D-printed according to a
patient’s need. Tailoring of the drug release can further be done by changing the
geometrical design of the printed tablet. The ratio between the surface area and
the volume is of importance as an increased surface area to volume ratio for the
same formulation has shown to release the drug faster (Goyanes et al., 2015b).
This was also evident in this study as all the filaments released the drug faster
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than the 3D-printed tablets. When a filament was 3D-printed, which mimicked
the geometry of the HME filament a similar drug release was observed, indicating
that the printing process conducted at elevated temperatures did not affect the
release of the drug. This confirms that the changes seen for filaments that were
further processed into tablets originated from the difference in surface area to
volume ratio. When different sized tablets were printed with the same
formulation only a small difference in the drug release was observed between
the tablet sizes. The drug was released faster from the smallest tablets and
slowest from the largest (6 mm <8 mm < 10 mm). This behavior was more
prominent for the tablets printed with formulations that displayed sustained
release characteristics.

In study [, tablets with two different infills, namely 15% and 90% were
printed in addition to the different sized tablets (6 mm, 8 mm, and 10 mm) as
infills levels of printed dosage forms has been shown to enable modification of
the drug release (Goyanes et al., 2015a; Kadry et al., 2018). In this study, it was
expected that the 15% infill level would result in a faster drug release but
printing of tablets with two different inner porosities revealed a surprisingly
small change in the drug release. This can be explained by the default setting of
the printer where only 15% of the tablet was printed with the set infill and the
rest was in fact printed with 100% infill i.e., completely solid infill. By
manipulating the g-code so that most of the tablet is printed with the desired
infill level and thus changing the density of the tablet core it is expected to have
a greater impact on the drug release and thus allowing for tuning of the drug
release profile.

In the manual release studies, 80% of the drug was released from all the
prepared dosage forms (ODFs and OPSs, target dose of 2 mg) within 30 min (II).
No prominent differences in the drug release were seen between the different
strengths of the prepared dosage forms. The drug release of the printed ODFs
was similar regardless of the printing method used. The OPSs showed the fastest
drug release, which could be anticipated as the formulation consists of ground
tablets with a large surface area that allows the water-soluble drug to rapidly be
released. For the ODFs the drug is present on the surface as well as within the
polymer network. Although the ODFs disintegrated fast, it was observed that a
complete drug release only occurred after approximately 30 min. This suggests
that the drug still is embedded in the polymer network in the smaller ODF pieces
after disintegration from where it slowly is released based on the nature of the
polymer. HPC particles form a viscous gel layer upon hydration resulting in a
slower drug release as further wetting of the inside of the dosage form is slowed
down due to the viscous layer (Ashland, 2017). The automated setup that was
utilized as a comparison to the manual setup for the 2 mg target dose, showed
similar drug release for all formulations. The drug was released faster from all
formulations using the automated setup, namely 80% drug release within 2 min
and 4 min for EXT ODF and IJP ODF, respectively. This can be explained by the
increased stirring in addition to a larger volume of dissolution media for the
automated setup. This emphasizes the need for a harmonized pharmacopeia
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method for studying the drug release behavior of ODFs in order to improve the
research conducted in the field of ODFs. The automated setup is preferred due to
the robustness of the method and the less tedious process. However, the
automated on-line setup was not suitable for the smaller dosage forms
containing a low dose of the drug due to the large volume of dissolution media
required.

In study IlI, the release behavior of the marketed product Sativex®, as well as
10 layers, imprinted DEEP was compared. Sativex® showed a faster release than
10 layers imprinted DEEP with a CBD and THC release of 92 + 2% and 89 + 4%
at 30 min compared to 69 + 6% and 70 + 7% for DEEP. The slower release for
the printed DEEP originates from the poorly water-soluble cannabinoids being
incorporated in the polymer matrix as a result of imprinting the porous foams.
For the cannabinoids to be released from the DEEP diffusion through the formed
gelling polymer layer is required, which results in slower drug release. However,
both the studied formulations are classified as immediate release dosage forms
as more than 80% of the drug was released in less than 45 min (European
Pharmacopoeia Commission, 2020b).

6.1.4.8. Stability (1I-111)

Personalized dosage forms prepared in small quantities on-demand according to
a patient’s need at a specific time point are envisioned to be administered in a
short timeframe after production. In theory, personalized dosage forms thus
require shorter stability compared to conventional fixed-dose dosage forms such
as tablets where a shelf life of multiple years is needed. In study II and III, brief
stability studies of the prepared dosage forms were conducted in order to
investigate their stability and recognize potential areas for further improvement
of the different dosage forms. The stability studies were also envisioned to
indicate possible requirements for the primary and secondary packaging.

In study II, the printed ODFs were stored in Petri dishes (EXT) or loosely
packed in foil (IJP) over 4 weeks thus subjecting them to fluctuations in the
ambient conditions and was thought to resemble the worst-case scenario at
hospital wards where control of the temperature and RH may not always be
possible. The OPSs were stored in the same way they would be at the hospital
pharmacy, namely packed in waxed powder paper as primary packaging and the
sachets were further stored in open ziplock bags that could mimic a secondary
packaging. No major changes and thus still acceptable properties of the studied
parameters of the prepared dosage forms were observed during the stability
study where the temperature and RH fluctuated between 19.6 and 21.5 °C and
13.0 and 32.9%, respectively. No changes were observed in the visual
appearance, thermal properties, nor intermolecular interactions. Further, all
dosage forms with a target dose of 2 mg (largest dose prepared) showed
acceptable UC values at all time points in the stability study. These printed ODFs
further showed acceptable AV throughout the stability study, while the OPSs
constantly displayed values slightly above the AV limits. Small changes in the
mechanical properties of the printed ODFs were noticed over the one-month
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follow-up period, which most likely can be attributed to the moisture content in
the ODFs. The moisture content can originate from the printing process or
fluctuations in the RH. The drug-loaded EXT ODFs showed lower burst strength
as well as burst distance after one week of storage suggesting that the ODFs were
not completely dry immediately after manufacturing. The drug-loaded IJP ODFs
showed a tendency of increased breaking strength and increased brittleness
upon storage, which may originate from evaporation of the deposited ink. The
changes of the printed ODFs upon storage were, however, small and they could
be handled without breaking. The stability study suggests that all prepared
dosage forms in study II are stable over one month.

In study IlI, the stability of DEEP over 8 weeks focused on two parameters,
namely drug content and readability of the QR code during storage in either cold
and dry (4 °C, over silica) or accelerated stability conditions (40 °C/75% RH).
When the DEEP were subjected to cold and dry storage conditions, all DEEP had
readable QR codes throughout the stability study, except for a single 1 layer
imprinted DEEP that at day 1 was unreadable and also displayed readability
problems immediately after preparation. The readability of the QR codes of DEEP
subjected to accelerated stability conditions revealed issues already at day 1 for
the 5 layers imprinted DEEP and after one week none of the DEEP could be read
(1, 3, and 5layers imprinted DEEP). As seen in Figure 13, the readability
problems can be attributed to the migration of the ink that was deposited as a
QR code, thus resulting in poor edge definition of the pattern upon storage in
accelerated stability conditions. This is likely a result of uptake of moisture from
the surrounding air by the hygroscopic components present in the DEEP, namely
PG, PEG 4000, Tween 20, and glycerol. This would further explain the decrease
in thickness of the DEEP as a result of loss of the porous DEEP structure at these
conditions, which was not observed for DEEP stored at cold and dry conditions.
A trend where the thickness of the DEEP decreased more the more ink was
deposited, i.e., with an increased number of imprinted layers (0.54 + 0.07 mm
and 0.24 # 0.01 mm for 1 and 5 layers imprinted DEEP, respectively) was seen.
A decrease in the thickness of the unprinted foam was not observed in either of
the storage conditions, which suggests that the collapse of the porous structure,
as well as readability problems of the QR code, mainly is related to the amount
of ink printed on the substrate.
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Figure 13. Photographs of DEEP subjected to different storage conditions. The top row of each
picture shows storage at 40 °C/75% RH; 1, 3, and 5 layers imprinted DEEP from left to right, and the
bottom row of each picture shows storage at 4 °C and over silica. A) 1 day B) 1 week C) 2 weeks and
D) 8 weeks. Reproduced with permission from (Oblom et al., 2020).

Stability problems regarding the drug content in the DEEP were further
observed for the DEEP subjected to accelerated stability conditions. The percent
of CBD present in the 3 and 5 layers imprinted DEEP stored at accelerated
stability conditions showed a decrease to 68% over 8 weeks compared to the
initial content, while the DEEP stored in cold and dry conditions showed a
minimum of 94% CBD content. Similar findings were seen for the THC content.
Light, heat, and auto-oxidation are all factors known to cause degradation of
cannabinoids (Bruni et al., 2018; Fairbairn et al,, 1976). In the literature, a loss of
15-20% of CBD and THC during the initial 2 weeks for an oil formulation stored
in darkness at 4 °C has been shown, whereafter the formulation was relatively
stable (Pacifici et al., 2018). The stability study indicates that the DEEP, similar
to the marketed product Sativex®, should be stored in a refrigerator both from a
drug content and readability perspective. Furthermore, the DEEP require
packaging that prevents moisture uptake from the surroundings. A protective
coating could also be applied on the DEEP that could prevent readability issues
as a result of moisture uptake and may additionally prevent degradation of the
cannabinoids depending on the cause of degradation. This would need to be
systematically investigated in future studies.

These stability studies reveal that printed dosage forms may be sensitive
especially to changes in the moisture content and great attention should also be
paid to the packaging of the on-demand printed dosage forms to ensure the
intended quality upon storage. Further studies at different storage conditions
should be conducted for an increased understanding of optimal storage
conditions for the different printed dosage forms.

6.2. Selecting the most suitable printing technology

As highlighted in this thesis, FDM, EXT, and IJP can all be used to create
personalized dosage forms. The processes require different starting materials
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and allow for a wide range of drugs to be manufactured into solid oral dosage
forms. When it comes to the selection of printing technology it is important to
consider the properties of the drug along with the therapeutic application. An
example of a decision tree, including some clinically relevant factors, is shown in
Figure 14. This decision tree highlights the most suitable printing technology
depending on the drug properties as well as the desired dosage form properties.
However, the decision tree is not exhaustive and mostly limited to the results
obtained in this thesis. Therefore, it must be noted that the printing technologies
included may be more versatile than showcased below.

Figure 14. A decision tree showcasing factors to consider when choosing the optimal printing
technology for preparation of solid oral dosage forms based on the results from this thesis.

Based on the results from this thesis FDM was most suitable for preparation
of controlled release dosage forms. It should be noted that the other techniques
were not investigated for this purpose in the thesis and it has been shown in the
literature that controlled release dosage forms can be produced also by the other
technologies, even though FDM remains the most popular. Immediate release
dosage forms were successfully prepared by all three printing technologies. The
choice of the printing technology is e.g., driven by the need for a dosage form to
allow for easy administration due to possible swallowability problems or the
required drug content in the dosage form.

IJP is known for achieving high printing resolution making it suitable for
personalization in cases where tailoring of the doses (especially of potent drugs)
is of importance combined with ease of administration. This is especially of
relevance in the case of pediatric treatment where dosing per body weight can
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lead to the need for minor dose adjustments in a format that is easy to
administer. In this thesis, it was shown that in addition to IJP, also EXT can be
used to attain this. FDM was not explored for this purpose but the technology is
generally expected to be more suitable for preparation of dosage forms
containing a medium to high dose.

Considering the patient needs and dosage form requirements with regards to
ease of administration and dosing requirements is the most pragmatic way to
select the right printing technology. Selection of the printing technology may
today still be influenced by some technical constraints of the technologies.
However, these are expected to be solved as printing technologies mature over
time and further diversify allowing an increased number of drugs (with varying
physicochemical properties) to be manufactured into solid oral dosage forms.
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7. Conclusions

This thesis explored the use of three different printing techniques, i.e., FDM, EXT,
and IJP, as a means to produce personalized solid oral dosage forms containing
one or multiple APIs. Due to the difference in the nature of the utilized printing
techniques, they all have distinct requirements for the starting materials and
allow for manufacturing of dosage forms with various properties and a wide
drug content ranging from low to high. Starting materials for FDM, EXT, and IJP
(i.e., solid filaments, semisolid high-viscous inks, and liquid low-viscous inks)
were formulated and subsequently successfully used to produce tailored dosage
forms of the three model drugs explored in the thesis. Personalization features
investigated included tailoring of the dose, drug-release profile, size of the
dosage form, incorporation of data, or a combination thereof. Tailoring of the
oral printed dosage forms was achieved by e.g., varying the infill level of the
printed tablets (FDM), printing various sized dosage forms with the same
starting material (FDM, EXT, and IJP), printing multiple subsequent layers to
increase the amount of the API(s) being deposited on the substrate (IJP), or
imprinting the dosage form with a QR code to enable incorporation of data (IJP).
The printed dosage forms were analyzed by established pharmaceutical
analytical methods to gain an understanding of the quality of the prepared
dosage forms as well as the requirements of the printing materials to enable
reliable and successful printing.

In the first study (I), eight of the thirteen HME filaments were successfully
printed into various-sized tablets and the HPC-based filaments generally
demonstrated good printability. The breaking distance and moisture uptake of
the filaments were observed to affect the printability and could thus, in
combination with other analyses, be used to predict printability of new
formulations. The 3D-printed tablets showed various drug release profiles and
isoniazid drug content. The differences in the drug release profiles were mainly
affected by the polymers used in the formulation, but also the size and infill level
of the tablet were observed to have an impact and may thus be used for
modifying the drug release.

In the second study (II), the mechanical properties of the flexible ODFs
prepared by means of EXT and IJP were acceptable and allowed handling without
damaging the dosage forms. Superior characteristics, e.g., content uniformity and
ease of administration, were attained for printed ODFs as compared to OPSs
prepared at the hospital pharmacy according to a standard operating procedure.
The printed ODFs contained various therapeutic warfarin doses (doses ranging
from 0.1 to 2 mg) for pediatrics. The ODFs and OPSs were shown to be stable
during the 4-week stability study conducted at room temperature (temperatures
and RH ranging from 19.6 to 21.5°C and 13.0 to 32.9%, respectively).

In the third study (III), the concept of data-enriched edible pharmaceuticals
(DEEP) was explored. Incorporation of personalized information (in a QR code)
on a single dosage unit level while simultaneously tailoring the dose of two
cannabinoids was achieved by IJP. The cannabinoid dose was tailored by
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imprinting 1-10 layers of the ink. The correlation between the number of printed
layers and the deposited amount of cannabinoids was observed to be R2= 0.9947
and RZ = 0.9954 for CBD and THC, respectively and the 10 layer imprinted DEEP
was shown to fulfill the requirements for immediate release oral dosage forms.
The novelty of IJP DEEP, namely the possibility to incorporate unique data and
tailor the dose in a single step was shown. This is not feasible by means of
conventional mass production although generic and identical data (typically an
identification label) may be printed on dosage forms or is used to imprint the
primary or secondary packaging. Incorporation of personalized information at a
single dosage unit level could be used for multiple purposes, e.g., improving
patient adherence, traceability, and improved safety, depending on the needs of
the specific API.

In studyll, therapeutic warfarin doses for the target population were
achieved. Therapeutic doses were not achieved for the other studied drugs, i.e.,
isoniazid (studyI) and CBD, and THC (study III). This was due to the low
concentration of the APIs in the filament or the ink. Therefore, increasing the
drug concentration in the starting material (filament or printing ink) or
increasing the size of the dosage form, or in IJP imprinting a larger area, or using
a higher print resolution (i.e., DPI) would aid to achieve therapeutic doses in a
single dosage unit. How an increased concentration of the drugs studied can be
loaded in the starting material, while still ensuring good printability of the
starting materials would need to be studied in the future.

Based on the results of this thesis along with a thorough literature review, and
the fact that one 3D-printed drug is available on the market today it is evident
that current printing technologies are suitable for production of solid oral dosage
forms. Whether printing is the most suitable manufacturing technique to prepare
solid oral dosage forms needs to be carefully evaluated based on e.g., the
personalization need of the API or the size of the targeted population group. As
the printing techniques vary in nature and all have their strengths and
weaknesses, the printing technique selected for a specific API should take into
account the characteristics of the API and the requirements for the final dosage
form, i.e., which personalization aspects are needed and what the targeted
therapeutic doses are.

This thesis has given an overview of the potential and benefits of printed oral
dosage forms and highlighted areas requiring additional development to make
printed oral dosage forms available at a larger scale. Although the benefits of
such dosage forms from a treatment perspective are evident, a detailed cost-
benefit analysis would be required to justify the increased treatment costs which
are expected due to higher manufacturing costs and necessary diagnostic tests.
This is something that e.g. the government in Sweden started in 2021 when the
task was given to the Dental and Pharmaceutical Benefits Agency, TLV
(Tandvards- och lakemedelsformansverket, 2021). As it is identified that the
traditionally used health economic assessment models are not suitable for
personalized medicine, TLV was asked to evaluate and propose new suitable
models for personalized medicine and advanced therapies. However, the future
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for innovative and personalized medicines is looking promising. This is e.g,,
highlighted by the pharmaceutical strategy for Europe by The European
Commission that was updated to ensure patients have access to innovative and
affordable medicines (European Commission, 2020). The strategy further
included personalized medicine as it was stated that it will support patient-
centered innovations and accommodate digital and technological change. It will
remain to be seen if and how fast society will move away from conventional
dosage forms and how widely and at which price these promising printed dosage
forms will be available for patients in the future.
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8. Future perspectives

For 3D-printed oral dosage forms to enter the market on a larger scale it requires
new ways of thinking, new regulatory guidelines as well as innovative and
modern business models to ensure that these improved drug products efficiently
can reach the patients, ideally using a mass customization approach. Various
distribution chain scenarios have been proposed for on-demand printed dosage
forms. Pharmacoprinting is envisioned to take place at the pharmacy,
pharmaceutical company, or patient’s home, where the two first are considered
the two more likely scenarios (Lind et al., 2017). Good distribution practice as
well as guaranteeing safety and efficacy of the on-demand printed personalized
dosage forms is crucial regardless of the selected distribution chain. To date,
there is a lack of a regulatory framework for oral dosage forms with flexible
doses that could be manufactured on-demand by e.g., printing technologies (Vaz
and Kumar, 2021). Quality control solutions based on real time release testing
for such products also need further development. This makes it challenging and
risky for pharmaceutical companies to develop printed oral dosage forms as
there are no clear regulatory guidelines ensuring marketing approval. It is still
unclear whether the approval of printed dosage forms in the future will involve
the entire printing process (from digital design to printed dosage form) or only
the final dosage form. Earlier it has been indicated that 3D-printed oral dosage
forms would not require a unique regulatory pathway (Khairuzzaman, 2016).
This would imply that printed oral dosage forms would need to fulfill the same
set of regulatory requirements as comparable oral dosage forms produced in a
conventional way (Preis and Oblom, 2017). This may change depending on how
printed products are classified and where they are produced. In the future
printed products may be classified as a new type of dosage form along with a set
of specific regulatory guidelines. Despite these hurdles, the potential of 3D
printing in the medical and pharmaceutical fields has been recognized by
regulatory bodies. Especially the FDA has been active in this space by issuing
guidance for 3D-printed medical devices in 2017 (FDA, 2017). The FDA has also
approved numerous 3D-printed medical devices during the past decade as well
as the 3D-printed dosage form Spritam®. In 2021 the FDA in addition approved
the IND application for the printed T19 dosage form by Triastek, which is
envisioned to seek marketing approval in 2023 (Everett, 2021; Khairuzzaman,
2016; Preis and Oblom, 2017; Vaz and Kumar, 2021).

As a thesis is limited with regards to how many things can be explored, it
leaves room for further explorations. In addition to the more general outlooks
for 3D-printed solid dosage forms mentioned above it would be interesting to
explore the possibility to develop one or more standard inks or feedstock
materials to which various APIs with different properties could be added. It
would be beneficial in e.g., a hospital setting if a standard ink base could be
provided and the hospital pharmacy could prepare personalized oral dosage
forms by simply adding the desired API(s). Development of such standard ink or
feedstock formulations with great printability is additionally expected to
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considerably speed up formulation development and may attract more
companies and pharmacies to consider printing as a method to manufacturing
oral dosage forms.

Another aspect to consider to aid future research on printed dosage forms is
the user and patient perspective. This could be elaborated by conducting large
interview studies with different population groups (e.g., patients and medical
staff). The data collected from these studies would highlight factors essential for
printed dosage forms to be widely accepted, which may not be obvious to the
researchers developing these novel dosage forms.
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