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Abstract (in English)

The field of pharmaceutical sciences recognizes the need for tailored doses to
address dosing challenges in specific patient populations, particularly pediatric
and veterinary patients. Conventional manufacturing methods lack the flexibility
required to produce personalized dosage forms, and compounding in
pharmacies is labor-intensive and prone to errors. Three-dimensional printing
(3DP) offers a transformative approach to the production of tailored dosage
forms. Of particular interest is the application of semi-solid extrusion (SSE) 3DP,
which enables printing at ambient conditions, making it suitable for a wide range
of drugs, including thermolabile active pharmaceutical ingredients (API). The
utilization of disposable pre-filled syringes in SSE 3DP ensures compliance with
critical quality requirements set by regulatory agencies. This technology has
been investigated specifically for the production of orodispersible and chewable
dosage forms, which cater to patient populations with swallowing difficulties.

This thesis investigates the suitability of SSE 3DP for the production of tailored
solid oral dosage forms for pediatric and veterinary patients, addressing the
limitations in dose customization and dosage form flexibility. In this thesis,
individual customization of five drugs is investigated through the preparation of
tailored doses, sizes, and types of solid oral dosage forms. These five drugs were
formulated into semi-solid drug inks adapted for SSE 3DP.

In the first study, thin and flexible orodispersible films (ODFs) in various sizes
containing therapeutic doses were successfully printed. Low standard deviation
in drug content indicates the suitability of this method for drugs with narrow
therapeutic indexes. In the second study, SSE 3DP and inkjet printing (IJP) were
evaluated and compared to oral dose sachets (OPS) prepared at the hospital
pharmacy using a standard operating procedure for the preparation of
personalized doses. SSE 3DP demonstrated superior characteristics compared to
the two other methods in producing tailored ODFs. The third study assesses
different SSE printers' capability to produce tailored doses for veterinary care,
achieving a strong correlation between designed size and drug amount for the
best performing printer. The fourth study explores the production of hard
ChewTs for veterinary care, achieving excellent content uniformity. The fifth
study investigates the loading of a different drug using the same ink base as in
the fourth study, showcasing the feasibility of manufacturing pet-friendly
ChewTs utilizing a standard ink base. In the sixth study, oral thin films containing
therapeutic doses of nanoformed particles were successfully printed using SSE
3DP, highlighting the potential for personalized medicine of poorly soluble
drugs.

This thesis contributes to the advancement of personalized medicine by
exploring the application of SSE 3DP as a novel approach for on-demand
manufacturing of tailored drug-loaded solid oral dosage forms close to the point-
of-care. The findings of this research demonstrate the potential of SSE 3DP in
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addressing dosing challenges, improving treatment outcomes, and enhancing
patient adherence and comfort, particularly in the fields of pediatric and
veterinary care. By harnessing the capabilities of SSE 3DP, the healthcare
industry can unlock new possibilities for personalized medicine, optimizing
treatment outcomes, and enhancing patient experiences. The ability to create
customized dosage forms with specific properties showcases the potential of SSE
3DP to shape the future of pharmaceutical manufacturing and healthcare
delivery. This thesis highlights the importance of SSE 3DP in advancing
personalized medicines and provides insights that can contribute to the
development of innovative solutions in the field of pharmaceutical sciences.



Abstrakt (in Swedish)

Forskningsomrddet inom farmaceutiska vetenskaper erkidnner behovet av
skraddarsydda doser for att mota doseringsutmaningar hos specifika
patientgrupper, sarskilt hos barn och djur. Konventionella tillverkningsmetoder
saknar den flexibilitet som kravs for att producera individanpassade dosformer
och framstéllning av lakemedel pa apotek ar arbetsintensivt och kan leda till fel.
Tredimensionell utskrift (3DP) erbjuder ett revolutionerande tillvigagdngssatt
for tillverkning av skraddarsydda dosformer. Av sarskilt intresse ar
tillampningen av halvfast extrudering (SSE), vilket mojliggoér utskrift utan
anvandning av viarme och passar saledes for ett brett spektrum av lakemedel,
inklusive varmeomtaliga aktiva substanser. Anvindningen av forfyllda
engangssprutor i SSE 3DP sdkerstéller att de kritiska kvalitetskrav som stills av
regleringsmyndigheter uppfylls. Denna teknik har specifikt undersokts for
framstéllning av munsonderfallande och tuggbara dosformer som riktar sig till
patientgrupper med svarigheter att svilja.

Denna avhandling undersoker lampligheten av SSE 3DP for framstillning av
skriaddarsydda fasta orala ldkemedel fér barn och djur. I denna avhandling
undersoks individanpassning av fem ldkemedel genom framstillning av
skraddarsydda doser, storlek och typ av fasta orala dosformer. Dessa fem
lakemedel var formulerade till halvfasta lakemedelsbldck anpassade for SSE
3DP.

[ den forsta studien utskrevs framgangsrikt tunna och flexibla munsénder-
fallande filmer (ODF) av olika storlekar som inneholl terapeutiska
ladkemedelsdoser. Lag standardavvikelse i ldkemedelsinnehall indikerar
lamplighet for ldkemdel med smalt terapeutiskt fonster. I den andra studien
utvarderas och jamfors SSE 3DP med blackstraleutskrift (IJP) och orala pulver i
endospasar (OPS) framstillda pa sjukhusapoteket enligt standardiserat
forfarande for beredning av individanpassade doser. SSE 3DP uppvisade
superioritet jamfort med de tvd andra metoderna for framstillning av
skraddarsydda ODF. I den tredje studien bedoms olika SSE-skrivares formaga att
producera skraddarsydda doser for veterinarvard. Den 6verlag bést presterande
skrivaren visade en stark korrelation mellan modellerad storlek och
ladkemedelsméingd. Den fjarde studien utforskar tillverkningen av harda
tuggtabletter for veterindrvard, med utmarkt enhetlig innehallsmangd. Den
femte studien undersoker mojligheten att anvidnda samma blackbas som i den
fjarde studien men med ett annat ldkemedel. Studien visar att det ar mojligt att
framstilla tuggtabletter som ar anpassade for djur med hjilp av en
standardiserad blickbas. Den sjitte studien framstaller framgangsrikt oral
tunnfilm med terapeutiska doser av nanopartiklar med hjalp av SSE 3DP, vilket
betonar potentialen for skraddarsydd medicin for daligt 16sliga lakemedel.

Denna avhandling bidrar till framsteg inom individanpassad medicinering
genom att utforska tillampningen av SSE 3DP som ett nytt tillvigagangssatt for
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att tillverka skraddarsydda lakemedelsinnehallande fasta orala dosformer vid
behov i narheten av vardplatsen. Resultaten av denna forskning visar
potentialen fér SSE 3DP for att mota doseringsutmaningar, forbattra
behandlingsresultat och 6ka patienternas foljsamhet och upplevelse, sarskilt
inom pediatrisk och veterindr vard. Genom att utnyttja mojligheterna som SSE
3DP erbjuder kan halso- och sjukvardsbranschen éppna nya mdjligheter for
individanpassad medicinering, optimera behandlingsresultat och forbattra
patientupplevelsen. Mdjligheten att tillverka individanpassade dosformer med
specifika egenskaper visar potentialen hos SSE 3DP att forma framtidens
ldkemedelsframstallning och hélso- och sjukvard. Denna avhandling lyfter fram
betydelsen av SSE 3DP for att frimja individanpassad medicinering och ger
insikter som kan bidra till utvecklingen av innovativa losningar inom
farmaceutisk vetenskap.
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Introduction

1. Introduction

There is a growing acknowledgement of the pressing need for tailored doses to
address the challenges of appropriate dosing in specific patient populations,
including pediatric and veterinary patients. The scarcity of appropriate doses
and dosage forms on the market has underscored the significance of
personalized medicines. Conventional manufacturing methods, such as tableting
and encapsulating, are well-established and regulated but lack the flexibility
required to produce personalized dosage forms. Tablets, being the most
commonly used solid oral dosage form, suffer from limitations in dose
adjustments, often resulting in manual division practices that lead to uneven
weight distribution and inconsistent delivery of the active pharmaceutical
ingredient (API). This issue is particularly critical for drugs with narrow
therapeutic indices or patients requiring precise dosing. Compounding in
pharmacies has played a vital role in answering to this unmet need. However, it
is a labor-intensive process prone to human error. To address the challenges of
appropriate dosing and personalized medicines, three-dimensional (3D)
printing (3DP), also known as additive manufacturing, offers a transformative
approach to the production of tailored dosage forms. With its flexibility and high
accuracy, 3DP technology has demonstrated significant potential in fabricating
customized dosage forms and enabling precise dose adjustments. It facilitates an
automated and easily adaptable production process suitable for small-scale drug
manufacturing, rapid modifications, and personalized treatments. Of particular
interest is the application of semi-solid extrusion (SSE) 3DP, which caters to
patient populations with swallowing difficulties, such as geriatric, pediatric, and
veterinary patients, by producing tailored orodispersible films (ODFs) and
chewable dosage forms. SSE 3DP has emerged as a promising solution to meet
the specific needs of these populations, providing improved drug delivery
options, and enhancing patient adherence and comfort.

Regulatory guidelines and considerations are crucial for successfully
implementing 3DP in pharmaceutical manufacturing. The U.S. Food and Drug
Administration (FDA), a leading regulatory authority, recognizes the potential of
3DP technology and has issued guidance focusing on the advancement of
emerging technology applications for pharmaceutical innovation and
modernization. Although the FDA has provided technical guidance for medical
devices and prosthetics manufactured using additive manufacturing, specific
considerations and regulations for 3D-printed products with drug delivery
functions are still evolving. Efforts by regulatory bodies like the European
Medicines Agency (EMA) aim to support scientific and technological progress in
medicine development, including precision medicine, as well as to transform the
regulatory framework for veterinary medicines and facilitate the
implementation of novel manufacturing technologies. The recently established
Quality Innovation Group (QIG) by the EMA seeks to provide regulatory guidance
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and define expectations for innovative manufacturing technologies, including
decentralized manufacturing, with the primary objective of facilitating the
introduction of these advanced products into the market.

The commercialization of 3D-printed dosage forms is still in its early stages.
However, notable progress has been made, with the FDA-approval of Spritam®
by Aprecia as the first printed dosage form in 2015. Triastek's Melt Extrusion
Deposition (MED®) has also gained regulatory approval for clinical trials in
various indications. Numerous companies, including start-ups and
pharmaceutical giants, are exploring the potential of 3DP in drug delivery,
aiming to meet the personalized drug requirements of patients across different
age groups and disease states.

This thesis investigates the suitability of 3DP, specifically SSE 3DP, for on-
demand production of tailored solid oral dosage forms suitable for pediatric and
veterinary patients, contributing to the advancement of personalized medicines
and addressing the current limitations in dose customization and dosage form
flexibility.



Literature overview

2. Literature overview

2.1 Personalized medicines

The current medical treatment model, often characterized by a "one-size-fits-all"
approach, has inherent limitations. Administering the same drug and dose to
every patient can lead to divergent responses, including adverse drug reactions
or inadequate therapeutic effects. Recognizing these challenges, personalized
medicine has emerged as a solution to tailor medicines based on individual
patient characteristics, such as genetics, physiology, or pathology. The primary
objective of personalized medicines is to identify the most appropriate drug,
dose, dosage form, and timing for a specific patient's condition. By considering
individual variations, personalized medicines aim to deliver more precise, safe,
and effective medicines. This approach has the potential to enhance patient
compliance, minimize adverse effects, and optimize treatment outcomes,
ultimately contributing to improved healthcare cost-effectiveness (Vaz & Kumar,
2021). This approach considers interpatient variability and leverages
advancements in human genome research and pharmacogenomics to
understand the impact of genetic characteristics on drug responses. EMA defines
personalized medicine as tailoring therapeutic strategies based on individual
phenotypes and genotypes, including molecular profiling, medical imaging, and
lifestyle data. [t aims to provide the right treatment approach for the right patient
at the right time and to enhance disease prevention through personalized and
targeted interventions (2015/C 421/03 Council Conclusions on Personalised
Medicine for Patients, 2015). The concept of personalized medicine is also
recognized by the FDA, who defines it as precision medicine, which is an
innovative approach that customizes disease prevention and treatment by
considering variations in individuals' genes, environments, and lifestyles. The
primary objective of precision medicines is to deliver the most suitable
treatments to patients based on their unique characteristics, at the optimal time
for maximum effectiveness (The U.S. Food & Drug Administration, 2018). A
cornerstone of personalized medicine is precision dosing.

Despite advancements in drug delivery, the oral route remains the most
preferred by consumers globally due to its convenience (Alhnan et al., 2016).
Tablets are the most commonly used solid oral dosage form, making up 70% of
all production (Roulon et al,, 2021). However, dose adjustments are a common
need, and manually dividing tablets using hands, knives, or splitters is a typical
practice that often leads to uneven weight distribution, causing variations in the
amount of API delivered to the patient. This variability in dosing can be
particularly problematic for drugs with a narrow therapeutic index or for
patients with conditions that require precise dosing. Furthermore, 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, potentially compromising the effectiveness of the medicine and
increasing the risk of adverse effects (Habib et al., 2014; Helmy, 2015; Marriott
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& Nation, 2002; McDevitt etal., 1998). In addition, manipulating solid oral dosage
forms can have detrimental effects on the properties of the medicine, including
hazardous outcomes such as dose dumping of sustained-release dosage forms or
the breakdown of pH-sensitive coatings. These can result in the release of the API
at an incorrect site in the gastrointestinal tract, potentially causing drug
degradation and reduced therapeutic efficacy (Habib et al., 2014; Marriott &
Nation, 2002; McDevitt et al., 1998). Alternative approaches include the use of
oral liquids or compounding of oral dose powders or hard capsules in hospital
pharmacies (Brion et al, 2010). Although oral liquids offer greater dosing
flexibility compared to solid dosage forms, their usage comes with some
challenges. For instance, potentially requiring the administration of large
volumes, a limited selection of suitable solvents and excipients (especially for
pediatric use), and a shorter shelf life compared to solid dosage forms (Batchelor
& Marriott, 2015). Compounding in pharmacies plays a vital role in facilitating
personalized medicine by enabling the production of customized dosages and
dosage forms to meet individual patient needs. However, compounding oral dose
powders or capsules is highly labor intensive, and human error is prevalent. 3DP,
on the other hand, offers a solution to these issues by enabling an automated
approach to the production of personalized medicines and moving away from
mass production and the "one-size-fits-all" approach.

2.2 Veterinary medicines

Administering veterinary drugs can be challenging due to the variations in
animals' size and body mass and differences in pharmacokinetics between
species. In addition, the limited availability of approved veterinary drugs has led
to the need for compounding tailored doses to fill the therapeutic gaps for non-
human species and provide dosage forms that are easier for pets to tolerate and
owners to administer (I. Ahmed & Kasraian, 2002; Davidson, 2017). FDA
estimates that 75,000 pharmacies fill 6,350,000 compounded animal
prescriptions annually (U.S. Food and Drug Association, 2015). Despite the lack
of available data on compounded animal preparations in other countries, it is
reasonable to assume that the worldwide prevalence is significant, given the
many roles that animals play in our lives. But the development of veterinary
formulations requires consideration of differences between humans and
animals, including toxicity of excipients, anatomical differences, and animal
preferences (I. Ahmed & Kasraian, 2002; Davidson, 2017). Chewable tablets
(ChewTs) and oral solutions are common dosage forms for veterinary medicines,
as they are easier to administer. Overall, veterinary pharmaceuticals play an
important role in preserving and restoring animal health. Hence, developing
animal-appropriate medicines with a wide range of doses and dosage forms is
necessary to meet animals' needs.
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2.3 Compounding

Preparing medicines tailored to individual patients' specific needs has always
been integral to pharmacy practice, however, with the rise of industrialization
and drug manufacturing in the early 1900s, prescriptions gradually shifted
towards proprietary medicines. While proprietary medicines have their value,
they are manufactured in limited forms, including specific dosage forms and
strengths, and are designed to meet the needs of the majority of patients.
However, there are always individuals with unique health conditions that
require a personalized approach to treatment. In such cases, the pharmaceutical
industry may not be able to provide cost-effective solutions to meet their specific
needs. The growing emphasis on personalized patient care has led to the
recognition of the flexibility and customization offered by compounded
medicines (Watson et al., 2021).

The global community uses varied terminology to describe the extemporaneous
preparation of medicines, such as pharmacy preparation, extemporaneous
manufacturing/preparation/compounding, magistral compounding, or simply
compounding. In this thesis, the practice will be referred to as “compounding.”
Compounding is typically employed when commercially available products
cannot meet the specific requirements of a patient's therapy. The practice of
compounding involves several activities, such as mixing multiple approved drug
products into a single dosage form, altering the dosage form, or adding patient-
preferred flavoring to an approved drug product. In the absence of an approved
drug product, compounding can also involve starting with bulk API and other
excipients. Pharmaceutical compounding remains vital for catering to those with
challenges related to medicine ingestion, allergies to standard product
components, or specific age-related needs, especially in pediatric and elderly
patients. Furthermore, pharmacists play a unique role in providing
pharmaceutical care not only to human patients but also to animals. This
positions pharmacists to collaborate with veterinarians in developing high-
quality compounded formulations that are safe and effective for animal patients
(Davidson, 2017).

However, the practice of compounding is not without its set of intricate
challenges. A prime one being the formulation of poorly soluble drugs. Such
drugs, predominantly from class II and IV under the Biopharmaceutical
Classification System (BCS), often have limited absorption in the body, resulting
in reduced therapeutic effects. Addressing this limitation in compounding
requires advanced formulation strategies, which enhance drug solubility and
promise more effective treatment outcomes. While techniques like nanonization,
which reduces particle size to potentially increase surface area and improve
solubility, offer hope, they also introduce complexities. These can include
concerns over altered drug stability or difficulties ensuring uniform drug
distribution (Singh et al, 2011). Beyond the formulation issues with poorly
soluble drugs, compounding faces several concerns. There are inherent risks of
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contamination and inconsistent drug quality, as compounded drugs might not be
created using validated processes or equipment. The source of ingredients and
the expertise of the compounding personnel remain areas of concern. Unlike
FDA-approved drugs, compounded medicines lack a standardized testing
regimen, casting doubts over their potency, purity, and quality. Sterile
compounding exacerbates these concerns (Gudeman et al., 2013).

Hence, compounding poses significant risks to patients attributed to preparation
errors, contamination, chemical and physical instability, and lack of
bioavailability in the targeted patient. For instance, the Missouri Board of
Pharmacy annually evaluates, and reports compounded drug preparations from
licensed pharmacies in Missouri, and the results from 2006-2022 are gathered
in Table 1. Analysis of the results shows that, on average, one in every five
compounded dosage forms fails to meet the targeted strength criteria. The
potency ranges from zero API to as much as 450.4% of the expected potency
(Missouri Board of Pharmacy, 2023). This indicates the need for a robust
technology in combination with quality assurance measures for compounded
doses to ensure the quality of manufactured drug doses.

Table 1. Results of the potency ranges of extemporaneously manufactured drug
products prepared between 2006-2022. Modified and reproduced from (111), with
permission from MDPI.

Tests Unsatisfactory Potency Range
Year
Performed Percentage (%) (%)

2022 46 13.0 82.5-111.1
2021 61 26.2 0.0-124.8
2020 57 19.3 21.2-130.7
2019 55 36.4 53.7-193.9
2018 72 23.6 64.4-175.3
2017 80 27.5 66.0-235.2
2016 83 22.9 37.6-155.8
2015 58 224 13.4-258.0
2014 70 18.6 64.6-156.7
2013 56 12.5 3.3-226.6
2012 63 111 3.3-226.6
2011 158 171 8.3-196.1
2010 225 15.1 28.0-197.2
2009 242 11.6 0.0-145.2
2008 186 24.7 21.3-373.7
2007 213 23.9 21.2-450.4
2006 274 25.2 0.0-259.0
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Hospital pharmacies across Europe have established national rules tailored to
pharmacy compounding to ensure proper procedures, quality, and safety of
preparations. Compounding is crucial in closing the treatment gap for patients
with extraordinary medical conditions or needs and is widely adopted across
Europe. Adequate staffing levels and continuous professional development are
necessary to ensure this important area of practice is carried out effectively. The
European Association of Hospital Pharmacists (EAHP) supports the European-
wide application of the European Statements of Hospital Pharmacy and the
Council of Europe Resolution on quality and safety assurance requirements for
medicinal products prepared in pharmacies. EAHP calls for an environment that
enables hospital pharmacists to provide compounding services, including
adequate facilities and equipment. Compounding has also become increasingly
important in addressing medicine shortages and facilitating patient access to
rational, proven treatment (European Association of Hospital Pharmacists,
2020).

2.3.1 Regulations

European pharmaceutical laws require a marketing authorization (MA) before a
medicinal product can be placed on the market. However, this requirement does
not apply to products prepared in a pharmacy, which fall under the exceptions
of formula magistralis and formula officinalis in European law. The European
Pharmacopoeia (Ph. Eur.) Monograph permits complementary pharmacy
compounding to supply unlicensed products for the special needs of individual
patients. The Convention's Committee of Ministers Resolution CM/Res(2016)1
emphasizes that pharmacy preparations are only advisable if a suitable
pharmaceutical equivalent with an MA is not available. It is important to note
that compounding is intended to complement authorized medicinal products,
not replace them (Meulenbelt & Betts, 2019).

The regulations of compounding are similar in the US. Compounded drugs are
not FDA-approved as the FDA does not review their safety, effectiveness, or
quality before they reach the patient. As a result, the FDA has investigated cases
of serious patient injury and linked them to poor-quality compounded drugs. The
Drug Quality and Security Act (DQSA) was passed in response to the event in
2012 where compounded drugs led to more than 750 cases of infection and more
than 60 deaths of patients in 20 states, leading to important updates to the
Federal Food, Drug and Cosmetic Act regarding human drug compounding. The
DQSA established a new, voluntary category of compounders known as
outsourcing facilities, which are subject to good manufacturing practice (GMP)
requirements and must meet certain conditions, such as reporting adverse
events and providing information to the FDA. The FDA inspects outsourcing
facilities on a risk-based schedule (US Food and Drug Administration, 2020).
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2.4 Pharmaceutical printing

2.4.1 Perspectives of printed medicines

Printing technologies offer a promising approach to achieving personalized drug
treatments through pharmacoprinting, which utilizes printing technologies to
manufacture pharmaceutical products. Printing technologies' precise and highly
flexible nature allows for easy manipulation of the printed solid dosage form
(Sandler & Preis, 2016). The versatility of 3DP technology allows for the
customization of medicines by adjusting technical parameters, including size,
shape, and fill rate (Singhvi et al., 2018). Specifically, 3DP can be used to produce
low-dose personalized medicines suitable for pediatric patients, improving their
taste and appearance to increase compliance (Scoutaris et al., 2018; Tabriz et al,,
2021). For elderly patients who have difficulty swallowing, 3DP can be used to
prepare suitable preparations to aid in drug intake. Additionally, 3DP can be
utilized to combine different drugs into a single tablet to increase compliance by
reducing the number of daily tablets (Khaled et al., 2015a).

The pharmaceutical industry is characterized by large production capacities and
equipment, which lack the flexibility to quickly make changes in the drug
production process. In contrast, 3DP technology provides a compact, automated,
and easily customizable production process suitable for small-scale drug
production, frequent design modifications, and rapid responses to changes in
treatment regimens, bringing the production closer to the patient and allowing
for the production of small, unique batches based on the specific needs of
individual patients at any given time (Sandler & Preis, 2016; Seoane-Viafio et al.,
2021a). Specifically, SSE 3DP technology enables the direct replacement of
syringes containing different drug varieties, thus eliminating the need for
extensive cleaning, and thus reduces downtime.

A case study revealed that pediatric healthcare professionals expressed a
favorable attitude toward 3D-printed solid oral dosage forms (Rautamo et al,
2020). They identified several attractive features, such as personalization of
dosage forms, more precise dosing, age-appropriate forms, and the ability to
produce combination products. Additionally, they found short delivery times for
on-demand printed dosage forms at hospitals valuable and considered the
identification possibilities an added benefit. However, the safety of the dosage
form and dose verification remained a concern. In a case study conducted by
Beer et al, stakeholders were interviewed to assess the feasibility of
implementing 3DP in the European pharmaceutical system. Factors such as
specialized knowledge, logistics, safety, liability, legislation, and economic
feasibility were considered when discussing potential printing locations. While
pharmacies were viewed as suitable due to their compounding activities, some
respondents suggested limiting printing to large hospital pharmacies and
compounding facilities. Cost was a significant concern, with expectations of high
expenses for 3D printers and pre-filled cartridges. Turnover, patient volume, and
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printing hours were identified as factors influencing cost-effectiveness. Training
and competency of community pharmacists in 3DP raised concerns, and the need
for safeguards like traceable barcodes and error detection mechanisms was
emphasized. Limited space in pharmacies and the risk of cross-contamination
were also discussed, prompting suggestions for disposable parts. Liability issues
related to the complex nature of 3DP technology were raised, with the
importance of establishing a clear responsible entity. Large hospital pharmacies
were seen as more inclined to adopt 3DP compared to small hospital pharmacies,
in general hospital pharmacists were considered better equipped for this
technology compared to community pharmacists. 3DP in compounding facilities
was deemed viable due to existing production capacities. Although viewed as
futuristic, the potential for 3DP in patients’ homes was acknowledged,
emphasizing the need for safety, regulatory compliance, and reliable control
mechanisms. Remote printer control by professionals was proposed as a
potential solution (Beer et al., 2021).

Currently, Uppsala University researchers are working on the development of
3D-printed medicines specifically designed for critically ill children. The aim is
to establish a testing facility at Uppsala University Hospital by 2025, enabling
patients' families to eventually take the 3D printer home and independently
produce the necessary medicines. To ensure proper control and safety,
guardians will be required to log in to the 3D printer using their bank ID, and the
printing of medicine will be registered simultaneously with the doctor and
pharmacy (Karlsson, 2022).

In another case study by Beer et al, where they interviewed different
stakeholders regarding how 3DP could be integrated as a compounding practice.
The respondents identified various advantages with utilizing 3DP for
compounding, including dosage strength adjustments, excipient customization,
and the ability to create polypills. Other benefits mentioned were improving
administration through smaller tablet sizes or orally disintegrating tablets, and
the ability to print tablets with different release profiles. Respondents
acknowledged the need for regulatory guidance and validation processes to
ensure the safety and quality of 3D-printed medicines, including raw materials,
software, printer validation, cleaning procedures, and quality attributes of the
final product. Safeguards such as traceable barcodes on prefilled cartridges were
suggested to enhance safety and minimize errors in implementation (Beer et al.,
2023).

Quality control of 3D-printed dosage forms is an important consideration that
requires attention. As 3D-printed oral medicines lack a regulatory framework,
they currently need to meet the same quality standards as conventional dosage
forms. However, this can be challenging as 3DP techniques follow a different
process than conventional tableting, which involves mixing, blending, milling,
and compression into tablets. Furthermore, in contrast to traditional mass
production, 3DP allows for small-scale production on-site at clinics or
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pharmacies. This could potentially eliminate intermediate steps involved in
conventional manufacturing, significantly changing quality standards for 3D-
printed dosage forms. As a result, it is essential to establish appropriate quality
control measures that account for the unique properties of 3D-printed medicines
(Karalia et al., 2021).

2.4.2 Printing methods

3DP, also known as additive manufacturing, is a technique that allows the
creation of customized objects by building them up layer by layer (Singhvi et al.,
2018). There are several different 3DP technologies, which can be grouped into
seven categories according to American Society for Testing and Materials
(ASTM) standards: vat polymerization, material jetting, binder jetting, material
extrusion, powder bed fusion, directed energy deposition, and sheet lamination
(International Organization for Standardization, 2015). In the production of
pharmaceutical oral dosage forms, a few specific printing technologies are
commonly investigated, namely, material extrusion (including SSE, fused
deposition modeling (FDM), and direct powder extrusion (DPE)), binder jetting
(B]), selective laser sintering (SLS) (a subcategory of powder bed fusion), and
stereolithography (SLA) (a subcategory of vat polymerization) (Karalia et al.,
2021). Moreover, the two-dimensional printing technique, inkjet printing (IJP),
has also been extensively investigated for producing solid oral dosage forms
(Daly et al., 2015).

The process of 3DP involves three fundamental steps, regardless of the specific
technique employed. Firstly, the object is designed using a computer-aided
design (CAD) software. Secondly, the CAD design is converted into a rapid
prototyping stereolithography (.stl) format, where the 3D model is divided into
layers. Finally, the resulting file can be exported to the 3D printer in machine-
specific code (.gcode) that the printer can read and utilize to fabricate the object
layer by layer. This allows for the creation of personalized objects of any desired
shape and size (Zema et al,, 2017). Compared to conventional manufacturing
processes, one major advantage of 3DP is the reduction in production time, cost,
and manual labor due to the computer-controlled procedure used throughout
the entire process (Norman et al., 2017). Furthermore, mathematical algorithm
can be utilized to automate the digital design to obtain the recommended dose
which in turn can minimize the need for distributing specialized workforce at the
manufacturing site (Eleftheriadis et al., 2021).

Below are schematic illustrations (Figure 1) and descriptions of the current
printing methods being investigated for preparing personalized medicines, with
a focus on SSE 3DP.
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Figure 1. Schematic overview of the different printing technologies used for the
production of solid oral dosage forms.
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2.4.2.1 Semi-solid extrusion (SSE) 3D printing

SSE is a 3DP technique that involves the deposition of a gel or paste in sequential
layers to create an object. This differs from other material extrusion techniques
like FDM or DPE, where the printing material is in the form of a solid filament or
powder, respectively. SSE 3DP is also known as bioprinting, pressure-assisted
microsyringe (PAM) printing, robocasting or robotic material extrusion, cold
extrusion-based printing, hydrogel-forming extrusion, melting extrusion,
thermal extrusion, soft-material extrusion, a melting solidification printing
process, direct ink writing, hot-melt ram extrusion, hot-melt pneumatic
extrusion, and micro-extrusion (Seoane-Viafio et al., 2021a). SSE 3DP’s unique
attributes have prompted the exploration of utilization in drug development to
produce novel dosage forms. SSE 3DP enables printing at ambient conditions,
making it suitable for a wide range of drugs, including thermolabile APIs.
Furthermore, using disposable pre-filled syringes employed in SSE 3DP ensures
meeting critical quality requirements demanded by regulatory agencies (Park et
al,, 2019). SSE's single-step printing process allows for the rapid production of
3D-printed oral dosage forms and other devices, making it a perfect candidate
for clinical and research settings. In fact, SSE 3DP was used in the first clinical
study that prepared on-demand, personalized ChewTs in a hospital setting,
which were administered to children with a rare metabolic disease (Goyanes et
al, 2019b). Recently, a study successfully demonstrated the feasibility of
developing and manufacturing a 3D-printed tablet at the point-of-care that
meets quality standards for clinical use, including conducting bioequivalence
studies in healthy adults (Lyousoufi et al., 2023). An extensive list of investigated
SSE 3D-printed oral dosage forms can be found in Table 2.

There are different methods for extruding material through the syringe
(Figure 1). Pneumatic systems use pressurized air to compress and extrude the
material and offer precision and rapid response time, making them suitable for
printing highly viscous materials. Mechanical-based systems apply mechanical
force directly to the syringe either through a piston-based or screw-based
system. The piston-based system can obtain greater flow over the extrusion,
while the screw-based system allows for more spatial control (Hospodiuk et al.,
2018). The mechanical systems are simpler and more affordable than pneumatic
systems, as there is no need for an air compressor; however, uneven printing has
been observed with the mechanical-based system, specifically the screw-based
system (Sjoholm et al., 2020).

The SSE 3DP process entails placing a disposable syringe loaded with a viscous
gel or paste into the printer. The material is then extruded through a nozzle that
is attached to the syringe onto the build platform. Several critical parameters
play a vital role in determining the printing precision and quality of the final
product, including dose accuracy. Firstly, the nozzle diameter plays a vital role in
the process (Firth et al,, 2018; Zidan et al,, 2019), and smaller diameters are
preferred for higher resolution and smooth surface objects, but it increases the
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printing time. Conversely, a larger nozzle diameter is suitable for greater
structural stability and prevents blockages, a common issue with smaller
diameter nozzles (Z. Liu & Zhang, 2019). Additionally, the nozzle travel speed
and extrusion rate also contribute to the printing precision, where high travel
speed results in less material deposition and smaller diameter strands, while a
high extrusion rate produces larger extruded filament diameters, and vice versa
(Khalil & Sun, 2007). Furthermore, some feedstock material is dependent on
heating, making the printing temperature another important parameter, as it
directly influences the material extrusion. If the printing temperature is too high,
over-extrusion can occur, while too low temperature leads to nozzle clogging
(Seoane-Viafio et al.,, 2021b; Vithani et al.,, 2019a). The distance between the
nozzle and the build plate is also critical and should be calibrated according to
the material viscosity. A too large distance can cause material adhesion issues,
while positioning the nozzle too close to the build plate may result in insufficient
and inconsistent material flow (Firth et al., 2018; Zidan et al., 2019). Therefore,
accurately calibrating the distance between the nozzle and the build plate is
essential.

To obtain the final printed object, the object has to solidify, and there are various
solidification strategies, but two of the most common are heat-induced and
solvent-induced solidification. In the first approach, heat is used to extrude the
material, and solidification occurs during the cooling process. The second
approach involves using a solvent or a combination of solvents, and solidification
occurs as the solvent is removed through evaporation (Khaled et al.,, 20153;
Vithani etal,, 2019a). Other less common strategies include photopolymerization
(Hollander et al., 2018; Sydney Gladman et al., 2016), ionic crosslinking (Wu et
al,, 2020), and chemical reactions (Croitoru-Sadger et al., 2019).

SSE 3DP is a highly promising and suitable technology for producing
personalized medicine due to its simplicity, versatility, and ability to create a
wide variety of dosage forms in various shapes and flavors. This technology
enables the direct mixing of drugs with excipients, which can then be filled into
disposable syringes, thereby facilitating compliance with GMP guidelines. SSE
3DP is particularly advantageous in creating chewable formulations for patients
with swallowing difficulties and for use in preclinical studies. However, certain
issues such as material viscosity, drying time, resolution, and long-term storage
need to be addressed before implementation in healthcare. Nonetheless, SSE
3DP has the potential to revolutionize adherence and accuracy, paving the way
for personalized treatment approaches.

13
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Table 2. A comprehensive list of examples of dosage forms produced by semi-solid

extrusion (SSE) 3D printing.

Formulation Drug Ref.
details/Properties

Polypills
Combination of five different Pravastatin, (Khaled et al.,
drugs with dual-release atenolol, ramipril, 2015a)
mechanisms aspirin, and

hydrochlorothiazide
Combination of three drugs Captopril, (Khaled et al,,
with osmotic pump and nifedipine, and 2015b)
sustained-release mechanisms | glipizide
Three different drugs with Glyburide, (Haring et al., 2018)
programmed release profiles metformin

hydrochloride, and
acarbose

Controlled-release fixed dose
combination comprising of
three anti-HIV-1 drugs

Efavirenz, tenofovir
disoproxil fumarate,
and emtricitabine

(Siyawamwaya et
al,, 2019)

Immediate-release tablets

High drug loading immediate- | Paracetamol (Khaled et al., 2018)

release tablets

Immediate-release tablets Levetiracetam (Cuietal, 2019,
2020; El Aita et al,,
2019, 2020)

Immediate-release tablets with | Carbamazepine (Conceicdo et al,,

cyclodextrin 2019)

Subdivided tablets as an Spironolactone, (Zheng et al., 2020)

alternative to the splitting of hydrochlorothiazide

conventional tablets

Rapid-release tablets Puerarin (P.Lietal, 2020)

Immediate release Ibuprofen (Y.Yangetal,

formulations using 2020)

thermosensitive gelatin pastes

Temperature and solvent- Theophylline (Dores et al., 2020)

facilitated extrusion

3D-printed tablets for Furosemide, (Lafeber et al,,

pediatric use sildenafil 2021)
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Orodispersible printed tablets | Hydrochloro- (Eduardo et al.,,
thiazide 2021; Suarez-
Gonzalez et al,,
2021)
Child-friendly cereal-based Paracetamol, (Karavasili et al.,
dosage forms ibuprofen 2022)
Nanocrystal-based solvent- Albendazole (Lopez-Vidal et al,,
free 3D-printed tablets nanocrystals 2022)
Orally disintegrating tablets Loratadine (Yietal, 2023)
GMP-produced tablets used in | Sildenafil (Lyousoufi et al,,
clinical trial 2023)
Modified-release tablets
Gastro-floating tablets Dipyridamole (Q.Lietal, 2018)
Tablets with different Naftodipil (Tagami etal,,

dissolution profiles

2019)

Sustained-release tablets
fabricated with two-

Prednisone and
bovine serum

(Croitoru-Sadger et
al,, 2019)

component cross-linkable gels | albumin

Tablets with complex Glipizide (M. Cui, Yang, et al,,
structures 2019)
Sustained-release tablets Theophylline (Cheng et al., 2020)
Floating sustained-release Ricobendazole (Real et al., 2020)
systems

Printable formulations after Levetiracetam (El Aita et al., 2020)
several days of storage

Sustained-release Diclofenac (Y.Yangetal,
formulations using 2020)
thermosensitive pastes

Multi-compartment self- Rosuvastatin, (T.A. Ahmed et al,,
nanoemulsifying tablet glimepiride 2021)

Floating drug delivery system | Propranolol (Falcone et al,

by coaxial extrusion hydrochloride 2021)

Core-shell gastric floating Clarithromycin (Chenetal, 2021)
system

Self-nanoemulsifying drug Glimepiride (T.A. Ahmed et al,,

delivery system

2022)
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3D-printed gastro-retentive Ricobendazole (Falcone et al,,
dosage form 2022)
Redispersible oral solid forms | Resveratrol, (de Oliveira et al,,
containing drug-loaded curcumin 2022)

polymeric nanocapsules

Oral macromolecule Octreotide (Chatzitaki et al,,
administration 2023)
Orodispersible mini-tablets Carbamazepine (Huetal, 2023)

pH-responsive dosage form

Bovine serum

(F. Wang et al,,

albumin 2023)
3D-printed gastro-retentive Niclosamide (Real etal, 2023)
tablets nanocrystals
3D printed pill-in-pill colon- Budesonide (Ouetal, 2023)
targeted tablets
Gastro-floating tablets Famotidine (H.S. Yang & Kim,

2023)

Combined-release tablets

Bilayer tablet with immediate-
and sustained-release

Guaifenesin

(Khaled et al., 2014)

SSE and FDM combination Tranexamic acid, (Zhang et al., 2022)
printing indomethacin
Chewable tablets
Printed tablets prepared fora | Isoleucine (Goyanes et al,
clinical study 2019b)
Lego™-like chewable bricks Paracetamol, (Rycerz etal., 2019)
ibuprofen
Chewable chocolate-based Paracetamol, (Karavasili et al.,
dosage form ibuprofen 2020)
Printed oral gummy dosages Ranitidine (Herrada-Manchén
hydrochloride etal., 2020)
Printed oral gummy dosages Lamotrigine (Tagami etal,,
2021)
Starch-based soft dosage Isoniazid (Chatzitaki et al,,
forms 2021)
ChewaTs for veterinary use Gabapentin (Sjoholm et al,,

2022a)
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Chocolate-based dosage forms | Paracetamol (Chachlioutaki et
comparison to mold-casting al,, 2022)
ChewTs for veterinary use Theophylline (Sjoholm et al,,
2022b)
Oral films
ODFs prepared by hot melt Paracetamol (Musazzi et al.,
ram extrusion 2018)
ODFs of different sizes Warfarin (Oblom etal,
2019a; Sjoholm &
Sandler, 2019)
ODFs for veterinary use Prednisolone (Sjoholm et al,,
2020)
Printed ODFs of three sizes Levocetirizine (Yan et al., 2020)
dihydrochloride
Multi-layered ODFs fabricated | Benzydamine (Elbl et al.,, 2020)
with in-process drying hydrochloride
3D-printed oral films with Indomethacin (Germini &
nanocrystallized drug nanocrystals Peltonen, 2021)
Prolonged-release buccal films | Propranolol (Jovanovic et al.,,
hydrochloride 2021)
In vivo rat studies on 3D- Apigenin (Takashima et al.,
printed mucoadhesive film 2022)
Printed ODFs compared to Mirtazapin (Chaiwarit et al.,

casted ODFs

2022)

Multi-layer ionic liquid oral

Ibuprofen, lidocaine

(Tagami et al,,

films 2022)

Oral solid films for neonates Caffeine (Roche et al., 2023)

Oral films of nanosized drug Nanoformed (Mathiyalagan et al,,
piroxicam 2023)

Additional solid oral dosage forms

Solid self-microemulsifying

Fenofibrate and

(Vithani et al,,

tablets in various geometries cinnarizine 2019a)

Solid lipid tablets Fenofibrate (Johannesson et al.,
2021)

Effervescent tablets Xianganfang (Dong et al., 2022)

Lipid-rich solid tablets Fenofibrate (Johannesson et al.,

2023)
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2.4.2.2 Fused deposition modeling (FDM)

FDM technology is one of the most studied and commonly investigated 3DP
approaches in the pharmaceutical field due to its simplicity, low cost, high
product strength, and ability to produce complex structures (Cailleaux et al,,
2021). The manufacturing process involves extruding a thermoplastic polymer
filament to a printhead with a heated nozzle that melts the filament (Figure 1).
The molten material is then deposited layer by layer according to a
predetermined design and hardens upon cooling. There are three primary ways
to prepare 3D-printed tablets using FDM technology. In the dipping-melting
method, a pre-made filament is loaded with API by dipping it into a drug-loaded
solution or dispersion prior to FDM printing. The hot melt extrusion (HME)-FDM
method, which is the most common, involves mixing the drug with excipients
such as polymers, which are then transferred to a conveyor. The powder blend
is molten and mixed before being extruded at a certain temperature, pressure,
and speed through a nozzle to obtain the desired diameter. Upon cooling, it
solidifies into drug-loaded filaments ready for FDM printing. In the filling
method, an empty shell is first printed, the API is filled in, and the shell is
continued to be printed, enclosing the API within the dosage form. The printing
and filling processes can be carried out simultaneously or sequentially (Cailleaux
etal., 2021; Melocchi et al., 2020; Quodbach et al., 2022).

The FDM technology has significant potential in the pharmaceutical field.
However, to optimize its use, it is important to consider the limitations and
challenges associated with the different preparation methods and FDM in
general. The physicochemical properties of the filament significantly affect the
printability of the material, including mechanical, thermal, and rheological
properties. The prepared filament should have a homogeneous diameter and
drug loading to ensure accurate and precise dosing (P. Wang et al, 2019).
Therefore, selecting suitable thermoplastic polymers with specific
characteristics, such as appropriate glass transition and melting temperatures,
is critical. Although FDM technology can produce complex geometries with
excellent hardness and low friability, each preparation method has limitations.
For instance, the dipping method is limited by a low drug-loading capacity of up
to only 3%, making it unsuitable for drugs with low potency (Cerda et al., 2020).
In contrast, while the HME-FDM method offers high drug-loading capacity, it
significantly restricts the choice of API and excipients due to subjecting the
materials twice to highly elevated temperatures, which can cause thermal
degradation, a common concern with FDM in general (Kollamaram et al., 2018;
P. Wang et al., 2019).

FDM technology has been widely used to prepare various types of preparations
due to its unique properties. It allows for the creation of 3D-printed preparations
of different shapes and sizes (Goyanes et al., 2017), with different infill levels,
resulting in various release profiles (Oblom et al., 2019b). FDM technology also
enables the incorporation of multiple drugs into a single dosage form
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(Ghanizadeh Tabriz et al.,, 2021). In addition, it has been explored as a method to
produce orodispersible dosage forms (Jamréz et al., 2017) and intravaginal rings
(Tiboni etal.,, 2021). These applications demonstrate the versatility and potential
of FDM technology for pharmaceutical development.

2.4.2.3 Direct powder extrusion (DPE)

DPE has recently gained attention in the pharmaceutical field. It is similar to
FDM, but instead of using filaments produced by HME as feedstock, it directly
extrudes powders or pellets using a single screw extruder (Figure 1). Unlike
FDM, DPE does not require the preparation of filaments, making the
manufacturing process a one-step approach saving time and cost during
manufacturing. This simplification enables the extrusion of mixtures that
conventional FDM cannot print due to inadequate mechanical characteristics of
the prepared filaments, such as brittleness or lack of flexibility (Goyanes et al.,
2019a). Moreover, the one-step approach reduces the risk of drug degradation,
as the drug is not exposed twice for long durations to elevated temperatures.
However, DPE still requires high temperatures to melt the material at the nozzle
to enable extrusion, potentially still making it unsuitable for highly thermal-
labile compounds. Good powder or pellets flow properties are crucial to obtain
even extrusion and printing. DPE has been investigated for the production of
immediate-release tablets with different infills (Fanous et al., 2020), modified-
release tablets (Ong et al,, 2020), and dosage forms consisting of low melting
carriers (P. Li etal., 2020).

2.4.2.4 Binder jetting (B])

BJ is a 3DP technique that utilizes IJP to precisely apply a liquid binder solution
(described in detail in section 2.4.2.7) to a powder substrate, building up the
objectlayer by layer (Scoutaris etal., 2016). A typical B] system includes a binder
solution reservoir, a powder reservoir, and a build platform. The process
involves discharging powder from the powder reservoir onto the build platform,
spreading it with a roller, and jetting the binder solution based on the desired
object geometry (Figure 1). The process repeats until the final 3D object is
created (Yu etal., 2009). In BJ, the printing ink typically contains only the binder,
while the API is in the powder bed with other excipients. However, the API can
also be sprayed into the powder bed in the form of a solution or a suspension of
nanoparticles (Ameeduzzafar et al, 2019). Developed at the Massachusetts
Institute of Technology in the late 1980s and later commercialized by
Z corporation (Choong, 2022), B] has been extensively used in rapid prototyping,
plastic surgery, bone scaffolds, and the cosmetic industry (Sen et al,, 2021). In
2015, the first 3D-printed tablet was approved by the FDA, which was fabricated
using BJ, and since then, various studies have been conducted to develop
different types of solid dosage forms using this printing process (Trenfield et al,,
2018; Vaz & Kumar, 2021). These include rapid-release preparations (Kreft et
al,, 2022; Z. Wang et al,, 2021), controlled-release dosage forms (C.-C. Wang et
al,, 2006), and multi-drug dosage forms (Hong et al,, 2021).
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BJ is a highly versatile and promising technique for personalized medicine, as it
allows for the fabrication of tailored, patient-specific dosages with precise
control over drug release Kkinetics (Trenfield et al, 2018). It has several
advantages for the production of pharmaceutical dosage forms, including its
ability to operate at ambient conditions, which prevents the degradation of APIs
through oxidation or thermal degradation (Mostafaei et al., 2021). Additionally,
BJ is compatible with a wide range of materials and can produce highly porous
tablets with high drug loadings, making it suitable for the preparation of
immediate-release, fast-dissolving, and orodispersible dosage forms. However,
BJ is a multi-step process that requires post-processing steps, which can lead to
increased complexity and reduced efficiency (Vithani et al, 2019b).
Furthermore, producing tablets with adequate mechanical properties is
particularly challenging due to the high porosity of the final object. To address
this issue, excipients such as fillers with high water solubility, humectants with
high water content, and binders with high viscosity in solution can be used to
increase the hardness and binding strength of the dosage form, thereby
prolonging their disintegration (Vaz & Kumar, 2021). Despite these challenges,
B] has demonstrated significant potential for the development of novel,
personalized dosage forms and continues to be a subject of intense research in
the pharmaceutical industry.

2.4.2.5 Selective laser sintering (SLS)

SLS is a highly promising 3DP technique that offers unique advantages in the
production of pharmaceutical dosage forms. Similar to BJ, SLS uses a powder bed
as a starting material. However, the main difference is that SLS uses a laser beam
to heat and fuse the powder particles together rather than a liquid binder
solution (Figure 1). There are several advantages of SLS. Firstly, it is a one-step
process, which eliminates the need for prior preparation of filaments as in FDM
or post-processing steps such as drying, which is necessary for SSE 3DP and B].
Secondly, it is a solvent-free process and offers high-resolution printing due to
high laser precision. However, there are concerns about the high energy input of
the laser and its potential to cause drug degradation, limiting its application.
Despite these concerns, SLS-printed formulations offer the advantage of
controllable porosity and reproducibility by modifying the printing parameters,
such as laser scanning speed (Karalia et al., 2021). Although the laser scanning
speed significantly affects the final formulation's mechanical properties, a low-
speed results in higher contact time, resulting in harder and denser dosage forms
and vice versa (Charoo et al., 2020). Due to the ability to produce highly porous
products, SLS has been mainly used for the production of orodispersible
(Allahham et al., 2020) and immediate-release tablets (Gueche et al.,, 2021).
However, SLS has also been used to prepare sustained-release products (Y. Yang
etal, 2021).
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2.4.2.6 Stereolithography (SLA)

Similarly to SLS, SLA technology utilizes a ultraviolet (UV) laser beam to cure
liquid photosensitive polymer resin into 3D-printed objects, layer by layer
(Dabbagh et al., 2021). The process of SLA (Figure 1) involves exposing a liquid
resin to UV light which triggers a chemical reaction, leading to the formation of
solid layers. The degree of curing depends on light intensity and exposure time,
and the viscosity of the resin affects the SLA process. When the printing is
complete, excess resin and support structure is removed. In addition, post-curing
with a UV oven can increase the object's mechanical properties (Melchels et al.,
2010). SLA offers several advantages, such as high precision, making it suitable
for the fabrication of microneedles, scaffolds, and other medical devices, and low
local heating, which is ideal for thermo-labile drugs. However, the limited
availability of photocrosslinkable polymers that are considered safe for
pharmaceutical applications has hindered the widespread use of SLA in the
pharmaceutical industry (Curti et al., 2021). Hence, it has not been widely
investigated for pharmaceutical purposes. Nonetheless, some studies have
demonstrated its potential in the fabrication of extended-release tablets of
thermo-labile drugs with reduced drug degradation compared to FDM-printed
tablets (J. Wang et al,, 2016).

2.4.2.7 InKkjet printing (IJP)

IJP is the deposition or jetting of small liquid droplets onto a substrate according
to a predetermined design (Figure 1). In the pharmaceutical industry, drug and
excipient mixtures are deposited as small drops on a suitable substrate. Two
main IJP platforms are utilized: continuous inkjet printing (CIJ) and drop-on-
demand (DoD) (Goole & Amighi, 2016). CI] printers eject a stream of liquid
droplets continuously, while DoD printers eject drops only when necessary. DoD
inkjet printers are further classified into thermal inkjet (TI]) and piezoelectric
inkjet (PIJ) printers based on the trigger mechanism used to discharge droplets.
TI] printers use resistors embedded in the printheads that produce heat to create
bubbles, which then eject a small volume of fluid out of the nozzle forming a
droplet. In contrast, PIJ printers use a piezoelectric element or actuator that
generates pressure to eject fluid out of the nozzle. ClJ is advantageous due to its
high-speed continuous droplet generation, which prevents nozzle clogging.
However, it suffers from low-resolution printing and requires expensive
maintenance. DoD printing is relatively simple and offers high precision at a
lower cost than CIJ. It has the potential to deposit small drops of controllable
sizes with good placement accuracy, which minimizes drug wastage. As a result,
it is preferred over CI] printing for pharmaceutical applications. The main
limitation of TIJ printing is the high temperature (200-300°C) of the resistor,
which may degrade thermo-labile APIs. On the other hand, PI] printing operates
at room temperature using less volatile and more biocompatible fluids, making
it advantageous for pharmaceutical printing. One of IJP’s advantages is the
capacity to produce very low and highly precise doses, rendering it particularly
well-suited for potent drugs (Vaz & Kumar, 2021). However, it's crucial to
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acknowledge that the limited amount of ink deposition imposes a constraint on
the achievable drug dose. This constraint is influenced by both the substrate's
capacity for ink deposition and the drug's solubility within the printing ink.

In addition to CIJ and DoD, there are a few other IJP technologies worth
mentioning. One such alternative is valve jet or electromagnetic printing, which
relies on miniature solenoid valves. Glass inkjet tools have also been developed
for pharmaceutical applications, allowing high-frequency droplet ejection due to
their inertness. Moreover, inkjet technology can be combined with UV photo-
initiation for rapid material hardening upon demand (Vaz & Kumar, 2021).

I[JP has been used in various pharmaceutical applications. The main application
is ODF formulations (Oblom et al., 2020; Vakili et al., 2017), where the drug is
jetted onto edible substrates. These films are designed to rapidly release drugs
in the mouth without the need for chewing or water consumption (Musazzi et al.,
2020).

2.4.3 Current state of commercialization and regulatory landscape
of pharmaceutical printing

Despite the potential of 3DP technology in the pharmaceutical field, its adoption
is still facing several challenges. The first 3DP company was founded in 1996 but
was unsuccessful. However, in 2003, Aprecia re-licensed their technology, and in
2015, Spritam®, the world's first and only 3D-printed preparation, gained FDA
approval (US Food and Drug Administration, 2015). The FDA's Emerging
Technology Team (ETT) actively supported the development of this product. In
January 2017, the FDA released a review discussing the emergence of 3D-printed
drug products as a new chapter in pharmaceutical manufacturing, highlighting
3DP as a technology of the future. The FDA issued industry guidance in July of
the same year, focusing on the advancement of emerging technology applications
for pharmaceutical innovation and modernization. The guidance specifically
highlighted the importance of 3DP technology and continuous manufacturing as
key strategic directions (US Food and Drug Administration, 2017). While the FDA
has issued technical guidance on medical devices and prosthetics manufactured
using additive manufacturing, no technical considerations or regulations have
been issued for 3D-printed products with drug delivery functions.

EMA too is lacking guidelines and regulations when it comes to 3DP, especially
in terms of the production of medicinal products. However, guidelines exist for
3D printers and 3DP of medical devices. In the EU, 3D printers are considered
"harmonised products”" and are regulated by specific product harmonization
legislation. They are classified as machinery under the Machinery Directive
2006/42/EC, requiring manufacturers to comply with health and safety
requirements, to prepare a technical file, and to affix the CE marking before
market entry. Additionally, 3D-printed products used for medical devices fall
under the scope of EU product legislation, such as the Medical Devices Directive
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93/42/EEC. Manufacturers must ensure compliance with relevant EU
regulations for these medical devices (European Commission, 2020). In the Final
Programming Document 2023-2025 by EMA, they highlight key strategic goals.
These include supporting the integration of scientific and technological progress
in medicine development, with a focus on precision medicine, transforming the
regulatory framework for veterinary medicines to foster innovation and
effective regulation, and facilitating the implementation of novel manufacturing
technologies (European Medicines Agency, 2023a). The recently established
Quality Innovation Group (QIG) by the EMA seeks to provide regulatory guidance
and define expectations for innovative manufacturing technologies, including
decentralized manufacturing with the primary objective to facilitate the
introduction of these advanced products into the market (European Medicines
Agency, 2023b).

Currently, there are several 3DP drug companies, mainly in Europe, the US, and
China. Aprecia forged two strategic partnerships in the recent years. In 2020,
Aprecia partnered with Battelle to accelerate and expand their pharmaceutical
3DP manufacturing capabilities focusing on increasing throughput and efficiency
(Aprecia, 2020) and in 2021 Glatt Pharmaceutical Services and Aprecia
partnered to combine Glatt's multiparticulate technologies with Aprecia's 3DP
manufacturing. The collaboration aims to overcome design challenges in oral
pharmaceuticals and focus on modified release extensions and new chemical
entities, utilizing Aprecia's ZipDose™ technology for patient-focused dosage
forms and accelerated clinical development (Aprecia, 2021a). They also started
a collaboration with Nanoform in 2021 to explore synergies between their
respective technologies, investigating nanoparticle-enabled 3D-printed dosage
forms (Aprecia, 2021b). In addition to Aprecia, Triastek is also focusing on large-
scale 3DP and launched their MED® 3DP technology in 2018, which was
approved by the ETT in 2020, and three of their products have obtained clinical
trial approval on their investigational new drug (IND) applications, namely T19
for rheumatoid arthritis, T20 for clotting disorders, and T21 for ulcerative colitis
(Triastek, n.d.). Furthermore, in 2022, they entered into partnerships with
Siemens to accelerate digital transformation of the pharmaceutical industry
(Triastek, 2022a) and Eli Lilly to improve oral delivery of drugs (Triastek,
2022b), and in 2023 they announced a collaboration with Boehringer Ingelheim
China to accelerate new drug development (Triastek, 2023).

In addition to large-scale production, 3DP is highly suitable for personalized
drug delivery, and several companies are investigating this avenue. 3DP drug
technology is an ideal solution, particularly in hospital pharmacies to meet the
personalized drug requirements of patients of different ages and disease states.
FabRx, a UK-based company founded in 2014, is one of the most active
companies in this area. They have conducted extensive research on various 3DP
technologies, including FDM, SLS, SLA, SSE, and DPE (FabRx, n.d.-b, n.d.-a). In
2020, the company launched M3DIMAKER™, a breakthrough 3D printer that
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enables fast and flexible preparation of various 3D-printed drugs (FabRx, 2020).
In 2021, they started a collaboration with the French Cancer Centre Gustave
Roussy to develop personalized multi-drug dosage forms for the treatment of
early-stage breast cancer (FabRx, 2021). In 2023, they announced a new clinical
study to begin in Spain to assess personalized 3D-printed medicines for children
(FabRx, 2023). In San Francisco, Multiply Labs was founded in 2016. They focus
on developing robotic manufacturing platforms that help pharmaceutical
companies produce biological medicines, but they also produce personalized
medicines through a two-step approach of FDM printing and drug-filling
(Carlota, 2019). Doser is a Dutch startup that together with strategic partners
are bringing personalized 3D-printed medicines to pharmacies in the
Netherlands. Other companies worth mentioning are Craft Health in Singapore,
CurifyLabs in Finland, DiHeSys in Germany, MB Therapeutics in France, and Vitae
Industries in USA (Craft Health, n.d,; CurifyLabs, n.d.; DiHeSys, n.d.; MB
Therapeutics, n.d.; Vitae Industries, n.d.). Furthermore, Merck is presently
exploring 3DP technology to decrease preparation development time and API
usage for clinical trials. The company believes that 3DP can expedite
pharmaceutical development by rapidly producing prototypes for clinical trials
and printing small drug batches, thereby reducing costs and saving time in
setting up large-scale manufacturing lines (Merck, 2022).

2.4.4 Implementing pharmaceutical printing near the point-of-care

Although 3DP has shown great potential for personalized drug delivery, its
implementation in healthcare still requires new regulatory agreements and
standardization of 3D printers to meet regulatory and quality control
requirements. One proposed approach is the conventional processing of drugs
and excipients at licensed manufacturing facilities under GMP to create
intermediate materials called pharma-inks. These pharma-inks would undergo
quality control measures before being distributed to decentralized
manufacturing sites for the production of administrable dosage forms (Beer et
al,, 2023). Subsequently, the printed dosage forms must undergo validation to
ensure patient safety and therapeutic effectiveness (Quodbach et al.,, 2022). To
address this issue, Process Analytical Technology (PAT) and non-destructive in-
line analytical techniques such as near-infrared (NIR) and Raman spectroscopy
have been proposed for real-time quality control measures (Khairuzzaman,
2018). In addition, Quick Response (QR) codes and data matrices on dosage
forms have been suggested and investigated as track-and-trace measures
(Edinger et al., 2018; Oblom et al., 2020; Oblom et al., 2019a). While various 3D
printers have been used for printing dosage forms and medical devices in
research, they are not suitable for pharmaceutical production since they do not
meet GMP regulations (Khairuzzaman, 2018). Currently, the M3DIMAKER by
FabRx, the MED 3D printer by Triastek, the Z-Form Flex machine by Aprecia, and
the Doser MedPrint by Doser are specifically designed and fully validated
according to GMP regulations for the production of personalized medicines
(Doser, 2021). In addition, Craft Health’s 3D printer CraftMake™, CurifyLabs’
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MiniLab, DiHeSys’ FlexDose™ printer, and Vitae Industries’ AutoCompounder
are designed for GMP manufacturing (Craft Health, n.d.; CurifyLabs, n.d.; Pflieger
et al,, 2022; Vitae Industries, n.d.). Certain 3DP technologies, such as SSE 3DP,
might be the most appropriate and have more potential than others to be used
for medicine production due to the use of disposable syringes that can meet GMP
requirements and as most of the excipients used to prepare the formulations are
pharmaceutical, food-grade excipients or listed as Generally Recognized As Safe
(GRAS) (Elder et al,, 2016).

Standardization of 3D printers, adoption of quality control measures, and
development of suitable 3DP technologies are necessary to ensure that the
produced products close to the point-of-care meet the required quality
standards and regulatory compliance.

2.5 Solid oral dosage forms

Dosage forms are the physical forms in which drugs are formulated and
delivered to the body to achieve their desired therapeutic effect. The selection of
a particular dosage form is dependent on the method of administration, which
can vary depending on factors such as the patient's condition, the drug's
physicochemical properties, and the desired pharmacokinetic profile. Solid oral
dosage forms can be used to achieve a localized therapeutic effect in the mouth,
throat, or digestive tract, or to produce a systemic effect in the body after oral or
gastrointestinal absorption (Sohail Arshad et al., 2021). Solid oral dosage forms,
such as tablets and capsules, are commonly used due to their several advantages.
The oral route of administration is minimally invasive and is typically preferred
by patients, which increases compliance. Additionally, patients can self-
administer the medicine at home, making it a convenient option. Manufacturers
prefer solid oral dosage forms as they are relatively inexpensive to produce and
use well-established and reliable manufacturing techniques. These forms are
usually stable and have a long shelf-life, making them easy to store and transport.
Moreover, manufacturers can modify the appearance of solid oral dosage forms
to promote brand recognition, which can be important for marketing purposes
(Davies, 2009).

Tablets and capsules are two of the most widely used solid oral dosage forms due
to their versatility in terms of drug delivery. Different types of tablets and
capsules are designed to meet specific therapeutic needs, with each having
unique characteristics. Immediate-release tablets are designed to release the
drug substance immediately after ingestion, providing rapid symptom relief. On
the other hand, modified-release tablets are formulated to modify the rate, place,
or time at which the drug is released. Depending on the drug release
characteristics, modified-release tablets can be either prolonged-release,
delayed-release, or pulsatile-release tablets. ChewTs provide a satisfying
mouthfeel and are intended to be chewed before being swallowed. Solid
oromucosal preparations, such as pastilles and lozenges, are designed to be
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slowly dissolved or disintegrated in the mouth for the delivery of active
substances. They are typically intended for local effects in the oral cavity and
throat and are single-dose preparations that contain one or more active
substances in a sweetened and flavored base. Pastilles are soft and flexible while
lozenges are hard preparations. Sublingual tablets and buccal tablets are
designed to deliver active substances for a systemic effect by being applied under
the tongue or to the buccal cavity, respectively. Effervescent tablets are intended
to be dissolved or dispersed in water before administration and react rapidly in
the presence of water, releasing carbon dioxide. Capsules, like tablets, can also
exhibit immediate release and modified release. Hard gelatin capsules have two-
piece shells that can be filled with powders, pellets, semisolids, or liquids. Soft
gelatin capsules have a one-piece shell and contain a liquid or semisolid fill,
making them easier to swallow for patients who have difficulty swallowing solid
oral dosage forms (European Pharmacopoeia Commission, 2022a, 2022b,
2022c).

In recent times, there has been a significant surge of interest in the development
of innovative oral solid dosage forms, for the purpose of enhancing product
performance and addressing the unmet medical needs of specific patient
populations. This evolution in pharmaceutical formulation approaches aims to
cater to the diverse needs of patients by providing tailored solutions that align
with their unique therapeutic requirements and challenges. Matrix tablets, for
instance, are composed of either inert or water-soluble matrices that release the
drug substance in a time-controlled manner. Another emerging dosage form is
tablet-in-tablets, also known as compressed-coated tablets. This system consists
of an inner drug core and an outer coating shell that regulates drug release and
formulation stability. The tablet-in-capsule system is another innovative
approach that involves filling and sealing one or multiple tablets in a capsule for
site-specific drug delivery or controlled release rate. This system can enclose
multiple tablets with different coatings, resulting in pulsatile drug release, which
simulates periodic dose administration. Multilayered tablets are another type of
solid oral dosage form that consists of two to five layers that incorporate
different drugs with incompatible or varying release profiles in each layer. They
can also deliver fixed-dose combinations of various APIs while controlling their
administration rate. Furthermore, they allow for the separation of incompatible
therapeutic components by loading them in distinct layers, thus ensuring their
stability and efficacy (Sohail Arshad et al., 2021). Orodispersible tablets (ODTs)
are a suitable dosage form for specific patient populations that exhibit difficulties
swallowing. In addition to ODTs, ODFs are also gaining popularity as solid oral
dosage forms that disintegrate rapidly in the mouth, making them extremely
convenient to administer without water. They can be used to deliver a wide
range of drugs, and their convenience makes them an attractive option for
pediatric and geriatric populations (Davies, 2009).
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2.5.1 Printed solid oral dosage forms

The conventional tablet manufacturing process poses limitations in terms of
customization, as it results in fixed drug dosages that cannot be easily tailored to
individual patient needs. However, the advent 3DP technology has
revolutionized this situation, offering promising prospects for personalized
medicine. 3DP offers several advantages over traditional manufacturing
processes, including its simplicity, the ability to quickly make adjustments, and
the flexibility to create oral solid dosage forms with customized dosages (Singhvi
et al, 2018). The layer-by-layer printing method, in particular, has proven
valuable for preparing polypills and dosage forms with complex internal
structures and various geometric shapes (Khaled et al., 2015a). Furthermore,
3DP can improve drug solubility and precisely modify drug release by selecting
appropriate formulations and designing printing structures thoughtfully
(Singhvi et al,, 2018). Figure 2 gives an overview of various solid oral dosage
forms prepared by the means of 3DP.
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Figure 2. Overview of characteristic categories of oral 3D-printed dosage forms.
Reproduced from Gioumouxouzis et al. (2019), with permission from Elsevier.
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Studies have demonstrated the application of 3DP in producing various types of
solid oral dosage forms (Figure 2), with various release profiles such as
immediate-release (Fanous et al., 2020), controlled-release (Khaled et al., 2014),
delayed-release (Okwuosa et al,, 2017), and sustained-release (Qian et al., 2022).
However, despite its potential, 3DP oral solid dosage forms still face challenges,
including the lack of standardization in formulation selection, analysis, and
quality assurance. Therefore, the development of standardized guidelines for the
production of 3D-printed dosage forms is crucial to ensure consistency and
reliability across different manufacturing facilities. Nevertheless, the potential of
3DP to revolutionize the production of personalized medicines is enormous, with
the technology paving the way for tailored dosage forms that can optimize drug
efficacy, minimize side effects, and improve patient outcomes.

Moreover, it is important to recognize that dysphagia, a condition characterized
by difficulty in swallowing, affects individuals of all ages, particularly children
and the elderly. Additionally, animals can also face challenges in swallowing solid
oral dosage forms. To address these challenges, there has been growing interest
in the development of patient-friendly dosage forms such as ODFs and ChewTs.
These dosage forms will be further explored in the following sections, as they
offer potential solutions for individuals with difficulty swallowing,.

2.5.1.1 Orodispersible films (ODFs)

ODFs, also known as orally disintegrating films, are thin, stamp-sized, solid oral
dosage forms that are designed to disintegrate and disperse rapidly in the oral
cavity (Gupta et al, 2021). Ph. Eur. defines ODFs as “solid oromucosal
preparations intended for administration in the mouth, where they disperse
rapidly to deliver active substances. They consist of single- or multilayer sheets
of suitable materials” (European Pharmacopoeia Commission, 2022b), while the
United States Pharmacopoeia (USP) uses the definition oral films and defines it
as “Thin sheets that are placed in the oral cavity. They contain one or more layers.
A layer might or might not contain API” (United States Pharmacopeial
Convention, 2017). Unlike chewable dosage forms, which require masticatory
activity to break down, ODFs disintegrate within a matter of seconds after
application. The disintegration in saliva leads to the release of the API, which can
then dissolve or disperse in the oral cavity and be absorbed via the oral mucosa
for local or systemic therapy. Alternatively, the API can be swallowed and
subsequently absorbed through the gastrointestinal tract. Thus, ODFs offer a
convenient and versatile delivery option for patients who have difficulty
swallowing conventional tablets or capsules (Kramer et al., 2019).

The traditional method of manufacturing ODFs is through the solvent casting
method, where a solution or a dispersion containing film-forming polymers and
the drug is cast into a thin film and cut into the desired size (Hoffmann et al,,
2011). However, newer methods such as HME (Cilurzo et al., 2008), semi-solid
casting, rolling, electrospinning (Ravasi et al., 2023), and various printing
technologies including IJP, flexographic printing, FDM, and SSE 3DP, have been
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employed (Gupta et al, 2021). Printing technologies, in particular, offer the
potential for producing personalized and precise doses of ODFs.

2.5.1.2 Chewable tablets (ChewTs)

Chewable dosage forms are used to deliver pharmaceutical, nutraceutical, and
veterinary active substances. They are intended for oral administration and
require active chewing to break down the dosage form. Chewable products are
initially absorbed through the mucosal lining. However, it is important to note
that drug absorption is not restricted solely to the oral cavity, as the rate and
extent of absorption also depend on peroral transit to the gastrointestinal tract
and drug dissolution rate, both of which are influenced by physiological factors
and the drug product itself. Examples of chewable dosage forms include chewing
gums, ChewTs, lozenges, and soft gel capsules (Kramer et al., 2019). ChewTs are
defined by the Ph. Eur. as tablets that “are intended to be chewed before being
swallowed (European Pharmacopoeia Commission, 2022c). ChewTs offer the
same benefits as conventional tablets, such as dosing accuracy, portability, and
long-term stability, but with the added benefit of being more easily swallowed,
making it a patient-friendlier dosage form. They are especially useful in patient-
centric formulations for specific populations, such as pediatrics, geriatrics, and
animals, for whom swallowing conventional tablets can be challenging
(Nyamweya & Kimani, 2020).

ChewTs, like conventional tablets, are typically produced using compaction,
molding, or extrusion techniques. The specific manufacturing process used
typically distinguishes ChewTs into two categories: hard and soft ChewTs. Hard
ChewTs are produced through compaction, while soft ChewTs are typically made
through molding or extrusion processes (Kramer et al, 2019). However, in
recent years, there has been growing interest in 3DP technologies, particularly
SSE 3DP, for the production of ChewTs with personalized doses for both
pediatric and veterinary use (Rycerz et al., 2019; Sjoholm et al., 2022b; Tagami
et al,, 2021). Children have been found to prefer ChewTs over other oral dosage
forms prepared using different 3DP technologies such as SLS, FDM, and SSE 3DP
(Januskaite et al., 2020). Animals too have been found to prefer chewable dosage
forms, but in contrast to children who like soft ChewTs, cats and dogs prefer hard
ChewTs with a protein-based taste and scent enhancer from animal origin (Aleo
etal, 2018; Nyamweya & Kimani, 2020). It is worth noting that the use of 3DP in
the production of ChewTs offers several advantages, including the ability to
produce complex shapes, customized doses, and personalized formulations with
improved dosing accuracy, consistency, and safety. In addition, the use of 3DP
technologies in the production of ChewTs offers the potential for on-demand
production, reducing waste and increasing efficiency. Overall, 3DP technologies
show great promise in the development and manufacturing of ChewTs for
various patient populations.
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2.5.1.3 Characterization of printed solid oral dosage forms

Ensuring the consistent quality, efficacy, and safety of printed solid oral dosage
forms demands a comprehensive understanding of their distinct attributes and
the methods used to evaluate them. While many conventional characterization
approaches are relevant, printed ChewTs and ODFs present specific challenges
due to their unique properties and roles. Several printing techniques have been
identified as potential modifiers of the drug molecules' physical state, facilitating
new interactions amongst the dosage form constituents, and subsequently
impacting their stability, solubility, and dissolution rates. Thus, rigorous
physicochemical characterization becomes imperative during preformulation,
development, and quality control stages. This is essential to understand the
variables influencing the behavior of the printed pharmaceutical entities and to
ensure the integrity of the end product (Deon et al,, 2022). Figure 3 outlines the
primary characterization methods.

OO @ prugsolid state PR Drug solid state @@ @
Feedability [ Bl | Drug dose
Chemical incompatibility L g Drug distribution @ @
’ Porosity @
Printing | _| _ Printing accuracy G
Printing temperature :;';';e: Physicochemical stability @) &
Printability LA fom? Drug dissolution profile
Chemical reactions - Mechanical resistance (-

Pool of characterisation analysis

e X-ray diffraction e Scanning electron microscopy ) Physical tests
Differential scanning calorimetry e Raman spectroscopy Disintegration
Thermogravimetry Mercury intrusion porosimetry Drug assay
Infrared spectroscopy X-ray micro computed tomography Swelling and erosion
Nuclear magnetic resonance Mechanical analysis Rheology

Figure 3. Pool of characterization tools applied for the evaluation of attributes in
different points: feedstock, 3D printing process and final 3D printed drug dosage
form. Reproduced from Deon et al. (2022), with permission from Elsevier.

a) Physical properties

The physical uniformity of ODFs is fundamental to their function. The thickness
of these films, typically evaluated using micrometers, should remain consistent
across the entirety of the film to ensure a uniform dose delivery, as thickness
variations can significantly impact the drug dose accuracy. Delving deeper into
the film's microstructure, the uniform distribution of ingredients and the
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potential formation of pores or crystals can be determined using scanning
electron microscopy (SEM) (Salawi, 2022). Both ODFs and ChewTs should
exhibit a weight uniformity to ensure accurate dosing as the drug directly
correlates to the amount of ink extruded.

Within this framework of ensuring uniformity and improving drug efficacy, the
practice of nanonization emerges as significant. Deployed primarily to enhance
the bioavailability of poorly soluble drugs, nanonization addresses particle size,
a pivotal factor influencing surface area and thereby, bioavailability (Rizvi &
Saleh, 2018). The precision in particle size, and its direct relation to increased
surface area, can be accurately gauged using dynamic light scattering (DLS). This
technique captures the hydrodynamic diameter (Z-average) and polydispersity
index (PDI) (Clayton et al,, 2016). As the particle size decreases, the surface area
increases (Anderson et al., 2013), increasing drug solubility and consequently,
its bioavailability (Rizvi & Saleh, 2018). The PDI represents the distribution
range of particle size in a sample, with values spanning from 0.0 (perfectly
homogenized) to 1.0 (highly polydisperse). Notably, a sample with a PDI value
under 0.05 is considered highly monodispersed (Danaei et al.,, 2018), though
values up to 0.2 are typically acceptable in polymer-based nanoparticle
materials. Further enhancing our comprehension of particle size, transmission
electron microscopy (TEM) offers an intricate view of nanoparticle dimensions.

b) Mechanical properties

Mechanical properties of ODFs are another essential characteristic. Sufficient
mechanical strength is required in ensuring the structural integrity and
resilience of ODFs throughout their lifecycle, from processing and packaging to
transit and eventual administration (Visser et al., 2015). Parameters such as
tensile strength, which offers insights into the film's fragility, and elongation at
break, indicating the film’s inherent flexibility, play a pivotal role in the product’s
durability and the patient's experience. Furthermore, the Young's Modulus
provides an understanding of the film's stiffness, where a softer film might
translate to better patient comfort (Mishra & Amin, 2011). A puncture test can
be performed to test the strength of the films and elongation at break. Folding
endurance, however, delves into the robustness of the film, assessing its
resilience to repeated mechanical stressors like bending or folding. In order to
demonstrate good flexibility and pass the folding endurance test, the film should
be capable of withstanding more than 300 folds (European Pharmacopoeia
Commission, 2020e; Steiner et al.,, 2016).

ChewTs need to have specific mechanical properties to ensure durability and low
friability after compression, packaging, shipping, and handling. They should also
be readily chewable without posing a risk to teeth, dentures, or mandibular
joints. Chewability is assessed through mechanical tests, such as tablet breaking
force. The hardness of a ChewT should generally lower than that of conventional
tablets to enable chewing of the dosage form. The satisfactory hardness of
uncoated tablets is considered to be 30-50 N/cm? (Arora & Arora Sethi, 2013).
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The FDA recommends a ChewT having a hardness of less than 12 kp (FDA &
CDER, 2018); this corresponds to 118 N.

c) Palatability

Palatability, defined as the acceptability and pleasantness of taste and texture of
orally administered products, is crucial in solid oral dosage forms, ensuring
patient adherence and optimizing therapeutic outcomes. The FDA released a
guidance in 2018 which outlined important quality attributes to consider when
developing ChewTs. These include taste, after-taste, odor, flavor, texture,
mouthfeel, and visual aesthetics (U.S. Food and Drug Administration, 2018). To
ensure a comfortable mouthfeel, it is preferable for the salivary pH of a dosage
form to be administered orally to be as close to the physiological saliva range of
5.8-7.4 as possible. Administration of a dosage form with a pH outside this range
may cause local mucosal irritation and discomfort (Nair et al., 2013; Patel et al,,
2006; Pechova et al.,, 2018; Woertz et al,, 2013). Furthermore, the taste is a
significant determinant of patient adherence, especially in pediatric and geriatric
populations. Ensuring that the bitter taste of APIs is effectively masked requires
organoleptic assessments by trained panelists (Nyamweya & Kimani, 2020).
ChewTs are also commonly used in veterinary products for dogs and cats, and
palatability is an important factor for acceptance, often requiring the use of
complex palatants (U.S. Food and Drug Administration, 2018).

d) Moisture content

Moisture content in pharmaceutical products plays a pivotal role in determining
the stability and handleability of the final product. While the presence of
excessive moisture can jeopardize the physico-chemical, chemical, and
microbiological integrity of the product (Szakonyi & Zelké, 2012), completely
dry dosage forms, especially ODFs, risk becoming brittle, reducing their
manageability. Some moisture in ODFs is often desirable, leveraging water's
inherent plasticizing properties to enhance the dosage form's flexibility. To
optimize this, excipients such as glycerol, propylene glycol (PG), polyethylene
glycol (PEG), sorbitol, low molecular mass macrogols, citrates, and phthalates
are incorporated due to their capability to enhance the ODF's plasticity
(Hoffmann et al., 2011; Liew et al., 2014). However, while plasticizers enhance
flexibility, they may also modify other attributes of the ODF, such as taste and
mechanical strength. Excessive plasticizer content can also introduce stability
concerns, given their propensity to absorb water. Additionally, ODFs with too
high a moisture content has been described as sticky (Pechova et al,, 2018).
Similarly, the moisture balance is crucial for tablets. Insufficient moisture can
result in hard and brittle tablets, while excessive moisture might produce overly
soft, breakable tablets. Although there's no universally defined moisture content
threshold for pharmaceuticals, studies suggest that an ideal buccal film should
have less than 5% moisture (Nair et al., 2013), and the optimal moisture content
for tablets sits around 4-5% (Tomar et al., 2017).
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e) Disintegration

When considering the disintegration of ODFs, their ability to swiftly dissolve in
the oral cavity is paramount, typically within a span of 5-30 seconds. Despite the
crucial nature of this attribute, there remain no official pharmacopeial guidelines
specifically dedicated to any specific method or acceptance limits for testing and
determining the disintegration behavior of ODFs (Salawi, 2022). According to the
Ph. Eur., an orodispersible dosage form should disintegrate within 3 min, an
uncoated dosage form within 15 min, and an immediate release dosage form, a
capsule, and a film-coated dosage form within 30 min (European Pharmacopoeia
Commission, 2020a). The limit of 3 min set for ODTs has generally also been used
for the novel ODFs (Thabet et al., 2018). Rapid disintegration is not only a matter
of drug release but also of patient safety and comfort, particularly in pediatric
and veterinary contexts. A fast disintegration time minimizes the risk of the
dosage form being spit out or lodged in the esophagus. This rapid dissolution is
especially vital for chewable dosage forms, where there is a potential risk of
gastrointestinal obstruction should the ChewT not be entirely consumed or
chewed (U.S. Food and Drug Administration, 2018). The current prevalent
methods to evaluate ODF disintegration times include the Petri dish method and
the slide frame methods, with the former being the preferred choice for most
researchers (Salawi, 2022). The disintegration time of ChewTs is studied in the
same manner as conventional tablets, with a tablet disintegrator (Deon et al,
2022).

f) Drug content and content uniformity

Maintaining consistency in drug content and ensuring uniform distribution of
the API is of paramount importance, as it directly correlates to therapeutic
efficacy and patient safety. The analysis of drug content is traditionally
performed by dissolving the dosage form in a known amount of media. This
solution is then subjected to sophisticated techniques like ultraviolet-visible
(UV-Vis) spectrophotometry or high-performance liquid chromatography
(HPLC), to accurately quantify the API. Such methodologies are not only used to
ensure dose consistency across different units but also to gauge the effective
blending during the manufacturing process. In the context of printed
formulations, the drug content assay takes on additional significance. It serves as
an essential step in quality control, providing insights into unit dosing, the
efficacy of blending during production, and monitoring potential drug
degradation throughout the process, which could be triggered by factors such as
heat, light, or laser sources (Deon et al., 2022). Pharmacopeias usually provide
rigorous standards for content uniformity, often demanding that each unit
dosage form (e.g., tablet, capsule, or film) should deliver between 85% to 115%
of the intended API dose (European Pharmacopoeia Commission, 2020c).

g) Drug release
In vitro dissolution tests are performed to characterize and describe the release
profile of dosage forms. This importance is particularly accentuated for oral solid
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and semisolid dosage forms, where the drug must be effectively released to
facilitate absorption within the gastrointestinal tract (Deon et al, 2022).
Compendial dissolution apparatuses, both paddles and baskets, are utilized in
the analysis (European Pharmacopoeia Commission, 2020b). However, neither
the Ph. Eur. nor the USP has established specific dissolution test setups and
requirements for ODFs. There is no specific dissolution time requirement for
ChewTs either, but according to the FDA, ChewTs should meet the same
dissolution specifications as immediate-release tablets (U.S. Food and Drug
Administration, 2018), which is 80% drug release within 30 min (European
Pharmacopoeia Commission, 2020b).

h) Solid-state characterization

Solid-state characterization is crucial in the development of printed
pharmaceuticals to ensure the intended properties and performance of the
printed dosage forms. It provides insights into the solid-state forms of the API,
the polymer matrix, and their combined structure in the final printed form. This
characterization can determine if the drug remains in its original solid-state form
or undergoes transitions, such as from crystalline to amorphous, during the
formulation and printing process. Differential scanning calorimetry (DSC)
provides insight into heat flow and transitions, such as a drug's crystallinity and
melting point. However, its sensitivity can be influenced by sample changes
during heating. Fourier transform infrared spectroscopy (FTIR) examines
molecular interactions between the drug and polymer. Yet, it can sometimes
overlook subtle changes that other methods might capture. Raman spectroscopy
offers a non-destructive approach to understand molecular vibrations but can be
susceptible to fluorescence interference. Another widely utilized method is X-ray
powder diffraction (XRPD), which is particularly effective for identifying the
crystalline nature of the components, however, it may lack sensitivity. For rapid
and non-destructive quality control, NIR spectroscopy stands out as an
invaluable tool in characterizing the solid-state of printed pharmaceuticals. Due
to the various limitations that the techniques are facing, they are often employed
in tandem to ensure a comprehensive understanding of the drug's solid-state
(Deon etal.,, 2022).
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3. Aims of the thesis

The research presented in this thesis aimed to investigate the potential of SSE
3DP as a manufacturing technique for producing customized dosage forms near
the point-of-care. The main focus of the thesis was to develop printed dosage
forms for patient populations that currently lack suitable dosage forms and
strengths, specifically pediatric patients and animals. The overall goal of the
research was to investigate the feasibility of the printing technology to produce
suitable dosage forms enabling enhanced patient compliance and satisfaction by
providing tailored doses that meet their individual needs.

The specific aims of the thesis were to:

- Formulate and characterize a wide range of drug-loaded printing inks (I-VI)
- Develop a nanoformed API printing ink (VI)
- Investigate the printability of the prepared inks (I-VI)

- Evaluate the content uniformity and dosing flexibility of the printing
technology for oral dosage forms (I-VI)

- Compare printed dosage forms with a dosage form prepared by a
conventional manufacturing technique utilized at hospital pharmacies (II)

- Compare different SSE 3D printers’ ability to produce uniform and tailored
doses (11I)
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4. Materials

The section below gives an overview of the materials used in the studies included
in the thesis. A more detailed description of the materials can be found in the
respective original publications (I-VI).

4.1 Active pharmaceutical ingredient (I-VI)

In Figure 4, the chemical structures of the API used in the studies are visualized.
The APIs were all, except for piroxicam (PRX) in study VI, selected based on a
lack of currently appropriate doses for the specific patient populations. The
different APIs used for printing tailored dosage forms were warfarin sodium
(WS) (Sigma-Aldrich, St. Louis, MO, USA) (I, II), prednisolone (PRE) (Sigma-
Aldrich, 99%, Shanghai, China) (III), gabapentin (GBP) (Fagron Services B.V.
Uitgeest, Netherlands) (IV), theophylline (TPH) (Fluka Biochemika, Sigma
Aldrich, Steinheim, Germany) (V), and nanoformed piroxicam (nanoPRX)
(Nanoform Finland Oy, Helsinki, Finland) (VI).
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CH3 ’/ \\
C. Gabapentin D. Theophylline E. Piroxicam

Figure 4. Chemical structures of warfarin sodium (WS) (A), prednisolone (PRE)
(B), gabapentin (GBP) (C), theophylline (TPH) (D), and piroxicam (PRX) (E).

4.2 Inks (I-VI)

Pharmaceutical-grade polymers and excipients were used in the preparation of
the printing inks in all studies. Drug-loaded inks with suitable properties for SSE
3DP and IJP were prepared.
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The WS ink for SSE 3DP contained WS, hydroxypropyl cellulose (HPC, Klucel™
EXF, molecular weight (MW) 80,000, Ashland, Schafthausen, Switzerland), and a
mixture of ethanol (EtOH, 294%, Etax A, Altia, Helsinki, Finland) and purified
water (Milli-Q water, Millipore SA-67120, Millipore, Molsheim, France) (I, II).
The WS ink for IJP was prepared by dissolving WS in a mixture of EtOH, purified
water, and PG (299.5%, Sigma-Aldrich, St. Louis, MO, USA). Quinoline yellow
(Sigma-Aldrich, Bangalore, India) was added to the ink for visualization
purposes. In addition, a blue drug-free IJP ink was prepared to imprint drug-
loaded films with QR codes. The blue color originated from adding brilliant blue
G (pure, Sigma-Aldrich, St. Louis, MO, USA) to the mixture of PG, purified water,
and EtOH (II).

The PRE ink consisted of PRE, liver powder (LP) (CC Moore & Co Ltd., Stalbridge,
UK), and HPC in a purified water and EtOH mixture. LP was added as a taste-
enhancing agent to render the dosage form more appealing to animals (III).

The GBP and TPH inks consisted of either GPB (IV) or TPH (V), respectively, in
addition to hydroxypropyl methylcellulose (HPMC, Methocel K3 Premium LV,
MW <10,000, Dow Chemical Company, Bomlitz, Germany), crospovidone
(Kollidon CL, BASF, Ludwigshafen, Germany), mannitol (Ph. Eur. Merck,
Darmstadt, Germany), glycerol (85%, Fagron, Barsbiittel, Germany), and LP in a
purified water and EtOH mixture.

In study VI, four different inks were prepared, but only two of them were further
analyzed. The two analyzed inks contained nanoPRX, HPMC (Tylopur 605, MW
18-22,000, SE Tylose GmbH & Co.KG Wiesbaden, Germany), and Tween 80
(Sigma Aldrich, Steinheim, Germany), ink 2 also contained HPC and glycerol.

4.3 Substrate for inkjet printing (II)

The substrates for IJP consisted of the film-forming polymer HPC in a mixture of
EtOH and purified water.

4.4 Oral powders in unit dose sachets (II)
For the preparation of the oral powders in unit dose sachets (OPSs),
commercially available Marevan forte® 5 mg tablets (Orion Pharma, Espoo,

Finland) were mixed with lactose monohydrate (parve granules, Oriola, Espoo,
Finland).
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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. In addition, detailed descriptions of the methods
used for each research work are presented in the respective original publications
(I-vD).

5.1 Preparation

5.1.1 Inks for semi-solid extrusion-based 3D printing (I-VI)
In Table 3, the compositions of the drug-loaded SSE 3DP inks are summarized.

The SSE 3DP inks for studies I-1Il were prepared by mixing the API and additives
ina1:1 (v/v) mixture of EtOH and purified water on a magnetic stirrer overnight.
The WS ink for study I consisted of 1.3% (w/w) WS and 16% (w/w) HPC. The
WS ink for study II consisted of 1.5% (w/w) WS and 15% (w/w) HPC. The PRE
ink consisted of 1% (w/w) PRE, 1% (w/w) LP, and 24% (w/w) HPC (III).

The SSE 3DP inks for studies IV and V were prepared in the same manner but
with two different APIs. Firstly, a 15% (w/v) aqueous HPMC K3 gel was prepared
and kept in the fridge overnight. The dry powders, 20% GPB (IV) or TPH (V),
27% mannitol, 6% crospovidone, and 3% LP were first mixed using a mortar and
pestle, upon a homogenous powder mixture was obtained, 8% glycerol, 35% pre-
made HPMC K3 gel, and 1% purified water were added all in a w/w ratio.

The nanoPRX inks were formulated by first preparing a nanoPRX suspension and
a polymer dispersion separately and then mixing two parts of the suspension
with three parts of the polymer dispersion with a microfluidic device
(publication VI, Figure A.2.), obtaining printing inks with a 3% (w/w) drug load.
The suspension consisted of 7.5% (w/w) nanoPRX, 3.75% (w/w) HPMC 605, and
1% (w/w) Tween 80 in purified water. Two different polymer dispersions were
used to prepare two different printing inks. For printing ink 1, the polymer
dispersion consisted of 25% (w/w) HPMC 605 in purified water. For printing ink
2, the polymer dispersion consisted of 25% HPC and 4% glycerol in purified
water (VI).

All the placebo formulations were prepared in the same manner as the drug-
loaded printing inks without adding the said API (I-VI).

38



Methods

Table 3. Composition of the drug-loaded inks used for semi-solid extrusion (SSE)
3D printing of oral solid dosage forms in studies I-VI.

C trati
Study Ink base API oncentration
(w/w)
I HPC, EtOH, purified water WS 1.3%
II HPC, EtOH, purified water WS 1.5%
11 HPC, LP, EtOH, purified water PRE 1%
v HPMC K3, mannitol,.c.rospovidone, GBP 20%
glycerol, LP, purified water
v HPMC K3, mannitol,.c.rospovidone, TPH 20%
glycerol, LP, purified water
HPMC 6-0.5, Tween 80, hanoPRX 3%
purified water
VI
HPMC 605, T 80, HPC, gl 1,
ween glycero nanoPRX 3%

purified water

HPC: hydroxypropyl cellulose; EtOH: ethanol; WS: warfarin sodium; LP: liver powder;
PRE: prednisolone; HPMC: hydroxypropyl methylcellulose; GBP: gabapentin; TPH:
thephylline; nanoPRX: nanoformed piroxicam

5.1.2 Ink for inkjet printing (II)

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 WS in the ink base consisting of a
mixture of 5% purified water (w/w), 27% PG (w/w), 57.99% EtOH (w/w), and
0.01% (w/w) of quinoline yellow. The colorant was added to the ink to improve
the printed area's visualization. A placebo ink was prepared similarly with a
composition of 5% (w/w) purified water, 27% (w/w) PG, 67.99% (w/w) EtOH,
and 0.01% (w/w) quinoline yellow.

A placebo ink containing 1% (w/w) brilliant blue G dissolved in the ink base
consisting of 27% (w/w) PG, 5% (w/w) purified water, and 67% (w/w) EtOH
was used for printing QR codes on dried ODFs prepared by SSE 3DP and IJP.

5.1.3 Substrate for inkjet printing (II)

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

5.1.4 Oral powders in unit dose sachets (II)

OPSs were extemporaneously prepared according to the standard operating
procedure at the hospital pharmacy of Helsinki University Hospital (HUS) and
were used as a comparator to the printed dosage forms. First, 5 mg Marevan
forte® tablets were crushed in a mortar and ground with a pestle to a fine
powder. Next, lactose monohydrate was added in geometric amounts to receive
the final concentration needed for each dose. Finally, 200 mg of the prepared
powder blend was weighed (analytical balance, Mettler Toledo 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 Semi-solid extrusion-based 3D printing (I-VI)

SSE 3DP was utilized in all studies. The inks were placed in disposable syringes,
attached with dispensing precision tips, and printed on transparency sheets
according to pre-determined designs.

In study I, the first WS study, the drug-loaded HPC-based dispersion was inserted
into 10 mL single-use syringes (BD Plastipak TM Luer-Lok, Becton Dickinson
S.A., Madrid, Spain) equipped with a disposable 21 G electro-polished tip
(Techcon TE Needle, Ellsworth adhesives, Norsborg, Sweden). The Biobots 1
(Biobot, Philadelphia, PA, USA) printer coupled to an ultra-quiet and oil-free air
compressor (California air tools, San Diego, California, US) was used to print both
drug-free ODFs and ODFs containing WS. Four different sizes were designed in
Autodesk Inventor® Professional 2019 (Autodesk Inc., San Rafael, CA, USA),
sliced with RepetierHost V1.61 (Hot-World GmbH and Co. KG, Willich, Germany),
and printed one at a time on top of transparency sheets. They were fabricated
with a layer height of 0.5 mm, a printing speed of 8 mm/s, and a pressure of
10.4 PSI. The printlets were left to dry at ambient conditions overnight.

Four different-sized ODFs for the second WS study (II) were designed and sliced
with the same software as in the first study, as well as printed with the same
printer and in a similar manner. One difference was that the ODFs were printed
with a layer height of 0.1 mm, requiring a more precise tip of 25 G, resulting in
raising the pressure to 25 PSI to obtain therapeutic doses. The ODFs were
printed as one vertical shell and filled using a rectilinear fill pattern with a 45°
fill angle, an infill density of 100%, and an infill overlap of 15%. All printing steps
were conducted with a speed of 8 mm/s. The printlets were left to dry at ambient
conditions overnight.
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For the PRE study (III), six different-sized designs were made in Fusion 360
(version 2.0.10446, 2020, Autodesk, San Rafael, CA, USA), and printing with three
different SSE 3D printers was investigated. The ink was placed in 10 mL single-
use syringes when printing with the pneumatic Biobot printer, and 50 mL
disposable syringes (Henke-Ject Luer-Lok, Henke sass wolf GmbH, Tuttlingen,
Germany) were used when printing with Bocusini 3D food printer (Procusini,
Freising, Germany) and Zmorph multitool 3D printer (Zmorph, Wroctaw,
Poland), of which both operates through the addition of mechanical pressure to
a plunger. All syringes were equipped with 1.5-inch 20 G precision dispensing
tips (Quantx precision dispense tips, Fisnar, Germantown, WI, USA). With the
Biobot printer, drug-loaded ODFs were successfully printed in two layers, with
specific printing parameters including a 1 mm layer height, one vertical shell,
and a rectilinear fill pattern with a 45° fill angle. The printing process employed
100% infill density and 100% infill overlaps, with printing performed at 96 PSI
with a print speed of 5 mm/s. The Bocusini food printer has limited settings that
can be adjusted, primarily allowing for the selection of materials which in turn
determines the temperature. In this case, we opted to utilize the "pasta” setting
and print without applying heat. The design was printed in a single layer. The
Zmorph printer was set to print with 100% thickness, 1-layer count, 2 mm layer
height, 2 mm path width, no retraction, and a print speed of 10 mm/s.

Compounding of personalized medicines through the utilization of 3DP requires
the capability to efficiently produce small batches of accurately measured drug
quantities in real-time, tailored to the specific needs of individual patients
(Szakonyi & Zelko, 2012); hence, the manufacturing time of six squares for each
printer was recorded and compared (III). The drug-free placebo dispersions
were extruded by hand to be used as a reference in the performed analysis. The
printed films were left to dry for two days under ambient conditions before
analysis. The Biobot 1 SSE 3D printer was chosen for further studies based on
the uniformity of the content results. For the second print, the print time was
decreased by exchanging the tip to a shorter one (0.25-inch 21 G tip Quantx
precision dispense tips, Fisnar Europe, South Lanarkshire, Scotland, UK) in order
to increase the flow. The designs were then printed in a single layer instead of
two, using a pressure of 84 PSI and a print speed of 10 mm/s.

The GBP (VI) and TPH (V) studies were printed in a similar manner with the
exception of the applied pressure. The ChewTs were designed using Fusion 360,
encompassing seven different GBP doses, and four different TPH doses. The
designs were sliced in the browser-based Brinter printing software and printed
with a Brinter 1 3D BioPrinter (Brinter Ltd, Turku, Finland) attached with a
Pneuma Tool print head (Brinter Ltd, Turku, Finland) and a compressor. The
prepared printing inks were transferred into 10 mL Optimum® clear barrel
syringes with Optimum® clear pistons (Nordson EFD LLC, Rhode Island, USA)
attached with 16 G precision tips (Nordson EFD LLC, USA) and left to stand for
2 h prior to printing. In the browser-based Brinter printing software, the print
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settings were set to 1 mm layer height, 1 shell, and a solid fill with a 45° fill angle.
The print speed was set to 8 mm/s, and the pressure was set to 290 mbar for the
GBP-loaded ink (VI) and 1500 mbar for the TPH-loaded ink (V) during printing
to achieve therapeutic doses.

The nanoPRX inks were printed with the Biobot printer according to the four
circles designed in Fusion 360 and sliced with RepertierHost (VI). The inks were
placed in 10 mL disposable syringes and attached with a 21 G dispensing
precision tip. The printlets were printed with a layer height of 0.5 mm, using a
rectilinear fill pattern with a 45° fill angle, and the infill density and infill overlap
were both set to 80%. To achieve therapeutic doses by printing with both
printing ink 1 and 2, the pressure had to be adjusted to fit the different viscosities
of the dispersions. Printing ink 1 was printed at 17 PSI and printing ink 2 at
28 PSI, with a print speed of 8 mm/s. The drug-free placebo dispersions were
manually extruded.

5.2.2 InKkjet printing (II)

ODFs were prepared by imprinting the prefabricated HPC substrates with the
WS IJP ink according to a premade digital design made in PowerPoint (II). A
PixDro LP50 PI] (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 the preparation of personalized
WS doses. Before printing, the prepared ink (drug and drug-free) was filtered
(0.45 pm polypropylene membrane syringe filter, VWR International, Radnor,
PA, USA). The used printing resolution was 720 DP], 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 at ambient conditions overnight before manually
being cut into the final size using a scalpel and an in-house designed cutting
template.

Furthermore, IJP was utilized to imprint dried SSE 3DP and IJP ODFs with
readable QR codes containing vital information about the dosage form, such as
type of dosage form, API and strength, manufacturing date, expiration date, as
well as batch number. The QR code was generated utilizing the free online QR
generator (goQR.me, Foundata GmbH, Karlsruhe, Germany), saved as a .bmp file,
and imported into the printing software. The same PIJ, printhead, and similar
settings were used to print the QR code on the prepared dosage forms. More
details can be found in the corresponding publication (II). The readability of the
imprinted QR code on the ODFs was evaluated using QR readers on mobile
phones.

5.3 Manufacturing times (II, III)

One of the key aspects of personalized medicines is the ability to tailor doses to
the patient’s need at a specific time, hence, the time of production is an important
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factor. In study II, the manufacturing times for the three different manufacturing
methods were recorded to better understand how time-consuming the different
processes are. In study IlI, the time it took to print with the different SSE 3D
printers was recorded and compared.

5.4 Drying process (111, VI)

If a cross-linking agent and curing process is not utilized as a step in the SSE 3DP
process, a drying step is required post-printing to obtain the final dosage form.
Under ambient conditions, it can take up to 48 h until the dosage form is
completely dry. Hence in studies Il and VI, expedited drying was investigated.

In study III, drying at elevated temperatures was investigated, namely, the
dosage forms were placed in an oven heated up to 40, 60, 80, or 100 °C, and the
time it took for the ODFs to completely dry was recorded and compared to drying
at ambient conditions. A tack test was conducted at regular intervals until the
films were completely dry, indicated by their easy detachment from the
transparency sheet. The dried films were evaluated in regard to their
appearance, flexibility, smoothness of the films’ surface, and the presence of air
bubbles.

In study VI, freeze-drying was explored. The freeze-drying process was carried
out by first placing the freshly printed samples in an ultra-low temperature
freezer set to -80 °C (SANYO Electric Biomedical Co., Ltd, Nakamura-Ku, Japan)
for 15 min, followed by freeze-drying for 15 h, utilizing the Heto CT 60 e (Allerod,
Denmark) freeze-drying system, equipped with oil mist filter EMF10 vacuum
(Edwards high vacuum international, West Sussex, England). Characterization
was performed on both room-temperature dried (RTD) and freeze-dried (FD)
films.

5.5 Characterization
5.5.1 Printing inks (I-VI)

All printing inks were visually inspected and manually extruded to determine
their ability to keep their shape upon printing. The SSE 3D printers were used to
print accurate doses of the drug-loaded inks and not to print elaborate shapes.
The printing inks prepared in studies I1I-VI were investigated with a rheometer,
and the nanoparticles in the nanoPRX ink (VI) were investigated through DLS
and TEM.

5.5.1.1 Rheology (III-VI)

Rheology measurements were performed on the PRE-loaded ink and drug-free
placebo dispersion with and without LP, as well as on the drug-loaded and drug-
free nonprintable dispersions (III). The measurements were conducted by an
MCR 702 MultiDrive rheometer (Anton Paar GmbH, Ashland, VA, USA) with a
PP25 parallel plate (plate diameter and measuring gap of 25 mm and 0.5 mm,
respectively) at 23 °C. Viscosity curves were obtained through shear flow
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measurement of shear rate with a logarithmic ramp of 0.01-1000 s-1, with 1 s
per data point. The thixotropic behavior of the formulations was also analyzed.

Rheology measurements were performed on the GBP-loaded printing ink and the
drug-free placebo paste to investigate their viscosity under the influence of
shearing and time (IV). The measurements were performed at0, 2,4, 6,8, 10,12,
and 24 h after preparation to investigate the viscosity vs. shear rate over time.
The measurements were carried out with the HAAKE™ MARS™ Modular
Advanced Rheometer system equipped with a plate rotor of 35 mm in diameter
(P35/Ti) and a matching lower plate (TMP35), all by Thermo Fischer Scientific
(Karlsruhe, Germany). The measuring gap was set to 1 mm and the temperature
to 23 °C.

The rheology measurements for the TPH printing ink with the corresponding
drug-free placebo paste (V) were performed once daily in the same manner as in
the GBP study. The aim was to investigate the viscosity of the drug-loaded
printing ink and the drug-free placebo paste under shear rate for seven days to
study the ink's stability and possible change in viscosity over time, which would
influence the printing results.

In the nanoPRX study (VI), rheology was utilized to investigate the viscosity of
the printing inks under the influence of shearing properties to determine their
rheological properties for SSE 3DP. The rheological properties of the dispersions
were analyzed with a HAAKE MARS 40 Rheometer equipped with a 35 mm in
diameter rotor plate (P35/Ti) and a lower plate (TMP 35). The measuring gap
was set to 0.5 mm, and the temperature was kept at 23 °C.

5.5.1.2 Dynamic light scattering characterization (VI)

The particle size of the prepared dispersed systems was measured utilizing DLS
(Zetasizer Nano series, Malvern Instruments (Worcestershire, UK) and analyzed
with Zetasizer software 7.11 (Malvern instruments limited). The prepared
nanoPRX suspensions were diluted with water and sonicated for 30 s, followed
by vortexing for a few seconds prior to DLS measurement. Each sample was
analyzed with 20s of equilibrium time before measuring using ZEN0040
disposable cuvettes at 25 °C. Average and standard deviation were calculated in
triplicate. The measurement is affected by the polymer in the suspension as the
Z-average includes the adsorbed or hydrated layer around the nanoparticle.
Therefore, the intrinsic viscosity of the polymer concentration was calculated to
obtain the actual particle size of nanoPRX in the suspensions.

5.5.1.3 Transmission electron microscopy (VI)

The nanoPRX’ morphology in the prepared nanoPRX suspensions was analyzed
by TEM imaging (JEM-1400 Plus Electron Microscope, JEOL, Musashino,
Akishma, Tokyo, Japan) in bright-field mode with an accelerating voltage of
80 kV. The prepared nanoPRX suspension was diluted to a concentration of
0.01 wt%, sonicated for 1 min, and a sample of 5 pL. was transferred onto a

44



Methods

carbon-coated copper grid (Ted Pella Inc., Redding, CA, USA) and incubated for
3 min at ambient temperature. Excess liquid was removed prior to imaging. The
particle size of a single particle TEM image was manually measured using the
open-source image analysis software (Fiji version 2.11.0, National Institutes of
Health, Maryland, USA).

5.5.2 Dosage forms (I-VI)

5.5.2.1 Weight, thickness, and appearance (I-VI)

The appearance of the substrate for IJP (II) and the SSE 3D-printed dosage forms
(I-VI) were visually evaluated. Moreover, the weight was determined with an
analytical balance (AND GH-252, A and D Instruments Ltd., Tokyo, Japan (I-III)
or Radwag Wagi Elektroniczne by Radwag, Radom, Poland (IV-VI)), and the
thickness was determined using a digital caliper (Absolute Digimatic, CD-6 “CX,
Mitutoyo, Kawasaki, Japan).

5.5.2.2 Microscopic analysis (III, VI)

Microscopy images of the surface of the PRE dosage form (III) were captured
using a handheld 5 MP digital microscope (Bodelin technologies, Oregon, OR,
USA) and MicroCapture Pro version 2.2 software. The surface morphology of the
prepared films was further examined using SEM (LEO Gemini 1530, Carl Zeiss
AG, Oberkochen, Germany) with a Thermo Scientific UltraDry Silicon Drift
Detector. Prior to scanning, all samples were coated with carbon using a vacuum
evaporator. SEM images were obtained at an accelerated voltage of 8 kV with 50x
magnification, using the secondary electron detector, and under a pressure of
2 x 10-5 mbar.

SEM images of the printed nanoPRX-loaded dosage forms and drug-free placebo
samples (VI) were captured by a field emission SEM Sigma 300 VP Carl Zeiss
Microscopy Deutschland GmbH, Germany). The samples were frozen using liquid
nitrogen, cracked, and transferred to a 90°aluminum SEM sample holder
equipped with double-sided carbon tape. Subsequently, the samples were coated
with a 5 nm thick layer of platinum to render the material conductive prior to
imaging.

5.5.2.3 Mechanical properties (I-VI)

Sufficient mechanical strength is required to ensure the ability to pack, handle,
and administer the dosage form. 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 a 10 kg load cell
utilizing different setups. The prepared films were investigated with suitable
setups, namely puncture test (I-III, VI), tensile strength (III), and folding
endurance (III). The mechanical strength of the prepared ChewTs (IV, V) was
determined by measuring the crushing strength.
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a) Puncture test (I-111, VI)

The burst strength and elongation at break of the drug-free and drug-loaded
films prepared in study I (n = 3), in studies Il and VI (n = 5), and in study III (n = 6)
(with and without LP), were investigated using a film puncture setup. The setup
consisted of a Perspex film support platform and an aluminum circular top plate
(film support rig HDP/FSR, Stable Micro Systems, Surrey, UK), which together
clamps the film in place. A spherical probe (¢ 5mm, SMS P/5S, TAXT.Plus
Texture Analyser, Godalming, UK) was used to puncture the film. 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. The maximum
applied force (N) and penetration depth (mm) into the film before rupturing was
recorded using Stable Micro Systems software (2013 version 6.1.4.0, TA.XT.Plus
Texture Analyser, Surrey, UK). Experiments were conducted at ambient
conditions.

b) Tensile strength (III)

The resistance to longitudinal pulling of drug-free and PRE-loaded films was
evaluated using a texture analyzer equipped with two self-tightening roller grips
(Stable Micro Systems, Surrey, UK). The films were securely positioned between
the roller grips, with an exposing area of 10 x 80 mm. The lower clamp remained
stationary, while the upper clamp pulled the film apart at a speed of 0.10 mm/s
to a distance of 60 mm, triggered at a load of 0.029 N. The maximum tensile force
and the distance at which the maximum force occurred were recorded. The
percentage of elongation was calculated by comparing the elongation amount to
the original sample length of 80 mm. All measurements were conducted under
ambient conditions, with a sample size of 6.

¢) Folding endurance (11I)

The folding endurance test was conducted manually in study III, where the film
was repeatedly folded at a 180-degree angle at the same location until visible
signs of breaking or cracking were observed. Both drug-free and PRE-loaded
films were subjected to this test in triplicate, under ambient conditions.

d) Crushing strength (1V, V)

The hardness of the drug-loaded printed ChewTs was measured with a heavy-
duty platform (Stable Micro Systems, Surrey, UK) and a 5 mm cylinder probe
(SMS P5 probe, Stable Micro Systems, Surrey, UK). The probe was brought down
with a speed of 2 mm/s until a trigger force of 0.981 N was achieved, after which
the probe continued with a speed of 0.10 mm/s for 1 mm. The software recorded
the maximum force (N) at the crushing point. The hardness was measured 48 h
after printing (n = 5) under ambient conditions.

5.5.2.4 Salivary pH (I-V)

For a comfortable mouthfeel, the salivary pH of the prepared ODFs (I-11I), OPSs
(II), and ChewTs (1V, V) should be close to neutral. The salivary pH of both drug-
free and drug-loaded dosage forms (n = 3) was measured. The dosage form was
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wetted with 1 mL purified water (I-11I) or sterile water (IV, V) in a glass vial, after
30 s, the electrode of the pH meter (Mettler Toledo FE20, Mettler Toledo AG,
Zurich, Switzerland for studies I-1II or Edge R pH by HANNA Instruments, Inc,
Woonsocket, USA for studies IV and V) was brought to the water surface.
Equilibrium was allowed for 1 min for the prepared ODFs and ChewTs, and
15 min for the prepared OPSs prior to recording the reading. The average and
standard deviations of the three measurements were calculated.

5.5.2.5 Moisture content (I-VI)

The moisture present in the fabricated drug-free and drug-loaded dosage forms
(n=3) was evaluated using a moisture analyzer (Radwag Mac 50/NH by Radwag,
Radom, Poland). Samples were placed on an aluminum pan and heated up to
120 °C. The test was considered complete when the mass change was less than
1 mg/min and equilibrium was reached. The mass-% weightloss due to moisture
evaporation was recorded. All measurements were conducted under ambient
conditions, and average values with corresponding standard deviations were
calculated.

5.5.2.6 Disintegration (I-VI)
Rapid disintegration is crucial for ODFs, but it is challenging to mimic in-use
conditions.

For study I, the drop method was utilized. In the film support rig, one film at a
time (n = 3) was attached, upon 0.2 mL of purified water was placed in the hole
on top of the film, and the time until the film broke, and the drop dropped
through was recorded.

In study IJ, the disintegration time of the ODFs (n = 3) was determined by using
the Petri dish method, in which 10 mL of purified water was pipetted into a Petri
dish, and the ODF was subsequently dropped on top of the liquid surface using
tweezers. The time for the film to completely rupture in the middle into smaller
film pieces was recorded and reported as the time for the film to disintegrate. In
other words, swelling (in any direction) of the film or small pieces wearing off at
the edges was not defined as the endpoint.

In study III, a custom-made apparatus (publication III, Figure 1) based on the
slide frame and ball measurement device (Steiner et al., 2016) was designed and
built. The apparatus was positioned in a shaking incubator (Unitron plus
Incubator shaker, INFORS AG, Bottmingen, Switzerland) set to 37 °C and 50 rpm.
The test involved placing a set of three 30 x 40 x 1 mm films between the frames
of the device. On each film, 100 pL of purified water was added, followed by the
placement of a 10 mm bearing steel ball (Kento OY, Kokkola, Finland) in the
center. Subsequently, 3 mL of purified water was added on top of each film. The
time taken for the ball to break the film and activate the timer switch was
recorded. Average values and corresponding standard deviations were
calculated (n = 6).
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For studies IV-VI, a Sotax DT2 tablet disintegrator (Sotax, Allschwil,
Switzerland), which corresponds to Ph. Eur. Apparatus A (basket-rack assembly)
was utilized. The dosage forms were placed in the disintegration apparatus, and
plastic discs were placed on top of each dosage form to prevent them from
floating. The test was conducted in 37 °C purified water in a 1-liter glass beaker.
The time was recorded until the dosage forms were completely dissolved.
Average and standard deviations were calculated (n = 6).

5.5.2.7 Drug content (I-VI)

When determining the suitability of a method for the production of tailored
doses at or close to the point-of-care, the ability of the said method to produce
dosage forms with an accurate amount of drug is of the highest importance and
was hence analyzed in all studies (I-VI) and on all prepared dose sizes. Complete
descriptions can be found in corresponding publications. Still, briefly, the
content determination was performed by immersing the dosage forms in 250 mL
flasks containing 100 mL of purified water (I-V) or in a 100 mL flask containing
50 mL of a 1:1 purified water and EtOH mixture (VI). The flasks were then placed
on an orbital shaker (Multi-shaker PSU 20, Biosan, Latvia) set to 50 rpm (I, II) or
150 rpm (III-VI) for a minimum of 3 h until the dosage forms were completely
dissolved. The samples were diluted and derivatized when necessary. The
absorbance was subsequently spectrophotometrically analyzed at 207 nm (I, II),
246 nm (IlII), 376 nm (IV), 272nm (V), and 357 nm (VI) with an UV-Vis
spectrophotometer (Lambda 35, PerkinElmer, Singapore, Singapore for studies
I and II, and UV-6300PC Double Beam Spectrophotometer, VWR International
BVBA, Leuven, Belgium for studies I1I-VI). The system was zero-calibrated before
measurement with corresponding drug-free placebo samples treated in the same
manner as the drug-loaded samples in order to omit any potential absorbance
from the excipients.

Average drug content and standard deviations were calculated against a pre-
determined calibration curve, and the correlation between the designed sizes
and obtained drug amounts was established. Furthermore, for studies Il and II],
the uniformity of content of single-dose preparations (UC) was calculated
according to the Ph. Eur. 2.9.6, test B (European Pharmacopoeia Commission,
2020c). For study III also the acceptance values (AV) were calculated, and for
study V the content uniformity (CU) was calculated, both described in Ph. Eur.
2.9.40 (European Pharmacopoeia Commission, 2020d).

In contrast to the other APIs investigated, GBP cannot directly be
spectrophotometrically measured. Hence in study IV, the literature was
extensively reviewed, and over ten UV-Vis spectrophotometric methods
(publication IV, Table 1) were thoroughly analyzed and assessed to find the best-
performing method to accurately and precisely quantify GBP in the prepared
dosage forms. A full description of the materials and procedures of each method
can be found in the corresponding article (IV).
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5.5.2.8 Invitro drug release (I-VI)

The drug release profile was determined on all prepared dosage forms. Manual
dissolution was performed in studies I, II, and IV, and an automated dissolution
setup was utilized in studies II, III, V, and VI. In the manual dissolution, samples
were accurately weighed, placed in spiral capsules to prevent them from floating,
and immersed into 250 mL flasks containing 100 mL of purified water. The flasks
were placed in a shaking water bath (Julabo SW22, Germany), set to 37 °C and
50 rpm. Aliquots were manually withdrawn and spectrophotometrically
measured according to the wavelengths mentioned in section 5.5.2.7.

An automated dissolution setup (Sotax AT 7 Smart, Basel, Switzerland) was
utilized in studies II, III, and V. The dosage forms were placed in vessels
containing 500 mL (II, III) or 900 mL (V) of media equipped with baskets set to
50 rpm (II) or paddles setto 100 rpm (III, V), and immersed into a water bath set
to 37°C. At specified time intervals, the release media samples were
automatically withdrawn using a pump (Sotax CY 6, Basel, Switzerland). Prior to
absorbance measurement, the withdrawn samples were filtered using a glass
microfiber filter GF/B (GE Healthcare Life Sciences, Cheshire, UK). The
absorbance measurements were performed using an online UV-Vis
spectrophotometer (Lambda 35, PerkinElmer, Singapore). The wavelengths
used were 207 nm, 247 nm, and 272 nm for studies II, II], and V, respectively. A
USP type 1 apparatus (Erweka, Langen, Germany), along with the in-situ fiber
optic concentration monitoring system Pion Rainbow R6 UV probe (East Sussex,
England) with a path length of 2 mm was utilized in study VI. The second
derivative spectrum was used for the analysis to minimize the effect of non-
dissolved nanoparticles, and the area under the curve at the wavelength range of
300-320 nm was used to quantify the adsorption. The samples were placed in
baskets rotating at 100 rpm situated in dissolutions vessels containing 900 mL
of phosphate buffer pH 6.5, set to 37+0.5 °C, and the study was carried out for
120 min. The average normalized cumulative % drug released vs. time was
plotted (n = 3).

Additionally, in study III, the drug release kinetics was determined by applying
mathematical models to the drug release process, and the obtained drug release
was plotted against various models.

5.5.2.9 Thermal properties (I-V)

Thermal analyses were performed using differential scanning calorimetry
(Q2000 instrument by TA Instruments, New Castle, DE, USA). Data were
analyzed with the TA Universal Analysis software v. 4.5A by TA Instruments.
Samples were weighed, placed, and sealed in aluminum Tzero pans equipped
with lids (TA instruments, Switzerland) and measured with a heating ramp at a
heating rate of 10°C/min under nitrogen purge gas with a flow rate of
50 mL/min. The samples were measured from 40 °C to 230 °C, -20 °C to 230 °C,
40 °C to 260 °C, 20 °C to 200 °C, and 20 °C to 300 °C for study [, II, 1], IV, and V,

49



Methods

respectively. Each sample was measured two times, and a third measurement
was carried out if differences were observed during the first two runs.

5.5.2.10 Infrared spectroscopy (I-VI)

On all prepared dosage forms, attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy measurements were carried out utilizing a
UATR-2 Spectrum Two instrument by PerkinElmer (Beaconsfield, UK). A force of
75 N was applied to the samples placed on the diamond to ensure optimal signal
quality. The samples were measured over a range of 4000 cm-! to 400 cm-! with
four accumulations at a resolution of 4 cml. Each sample was analyzed twice,
with a third measurement performed if any discrepancies were observed
between the initial runs. The acquired spectra were processed using the
PerkinElmer software Spectrum v. 10.03.02, applying functions such as baseline
correction, normalization to 3%T, and data tune-up to enhance smoothness and
correct the baseline.

5.5.2.11 Raman spectroscopy (V, VI)

In studies V and VI, a Raman spectrometer (Nicolet iS50 Raman by Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a 1064 nm diode laser
(500 mW) and an InGaAs detector was utilized. The sample was placed on a gold
plate, focused through OMNIC pView (v. 9.1.0) software prior to measurement,
and measured with 128 scans at 0.25 W and the aperture set to 50. Spectra were
acquired using OMNIC iS50 Raman software (v. 9.1.0) at a spectral range of
3600-100 cm-L. Two measurements were performed on each sample.

5.5.2.12 X-ray powder diffraction (VI)

XRPD measurements were performed on the nanoPRX-containing SSE 3D-
printed films using Malvern PANalytical Empyrean X-ray diffractometer
(Malvern Panalytical Ltd, Malvern, UK), equipped with a Cu Ka (1.54 A) source,
MultiCore optics, and a solid-state PIXcel3D detector. A full description can be
found in the corresponding article. Shortly, the printed films were attached to
aluminum sample holders and measured in the reflection geometry in a spinning
stage with a 5-40 (20) measurement range.

5.5.2.13 Stability (1L, V, VI)

In study II, the stability of the prepared SSE 3D-printed ODFs, IJP ODFs, and OPSs
was investigated over four weeks. The dosage forms’ mechanical properties,
disintegration, drug content, and solid-state were evaluated weekly.

In study V, the printing ink's stability was examined over seven days using daily
rheology and ATR-FTIR analysis. Additionally, the produced ChewTs were
assessed over three months to determine shelf life, evaluating drug content,
moisture content, mechanical strength, and solid-state (DSC, ATR-FTIR, and
Raman spectroscopy) at specified intervals.

50



Methods

In study VI, the nano-PRX’ stability in the prepared RTD and FD dosage forms
were stored in closed Petri dishes at ambient conditions for one month after
preparation, and the solid state was evaluated by ATR-FTIR and Raman
spectroscopy. In addition to the one-month stability study, the stability of the
nanoPRX in the prepared dosage forms stored for three months at room
temperature and 75% RH was investigated by XRPD.

All the measurements have been performed in the same manner as mentioned in
the corresponding sections above.
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6. Results and discussion

In the thesis, SSE 3DP was investigated as a novel technology to produce tailored
doses close to the point-of-care to substitute the current manual compounding
techniques. APIs with a specific need for tailoring were formulated into printed
solid oral dosage forms, namely ODFs (I-11I) and ChewTs (IV-V). PRX was used as
a model drug to explore the ability of SSE 3DP a poorly soluble drug to produce
drug-loaded oral films with personalized doses of nanoparticles, namely
nanoPRX. An overview of the six studies is listed in Table 4.

Table 4. Overview of the manufacturing methods, APIs, and the prepared dosage
forms used in studies I-VI.

Manufacturi Feedstock D
Study anufacturing API ee s. oc osage
method material(s) form
I SSE WS Viscous ink ODF
SSE Viscous ink ODF

t low-
I IJP WS Substrate & low ODF
viscous ink

T.ablet ) Commercial tablet OPS
manipulation
11 SSE PRE Viscous ink ODF
v SSE GBP Viscous ink ChewT
\" SSE TPH Viscous ink ChewT
VI SSE nanoPRX Viscous ink Oral film

SSE: semi-solid extrusion-based 3D printing; IJP: inkjet printing; WS: warfarin sodium;
PRE: prednisolone; GBP: gabapentin; TPH: theophylline; nanoPRX: nanoformed
piroxicam; ODF: orodispersible film; OPS: oral powders in unit dose sachet; ChewT:
chewable tablet

6.1 Preparation and characterization

6.1.1 Printing inks (I-VI)

6.1.1.1 Semi-solid extrusion-based 3D printing inks (I-VI)

For the preparation of the ODFs, a film-forming polymer was dispersed in a
suitable solvent to render inks suitable for SSE 3DP. Several polymers in
combination with suitable solvents and solvent mixtures have been studied
throughout the studies.

In study I, the pre-formulation indicated that poly(vinyl alcohol) (PVA) and HPC
were efficient film-forming polymers. Inks suitable for SSE 3DP were obtained
and were thus printed. Upon drying, the PVA films turned out curved and rigid;
hence, PVA was considered an unsuitable polymer as a film-forming agent to
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produce printing inks for the production of ODFs. On the contrary, HPC rendered
clear, smooth, and flexible films without the need of additional plasticizers,
suitable as ODFs. Purified water is the first choice for the production of safe ODFs
for pediatric use. Still, EtOH was added to the formulation to speed up the drying
as well as to prevent bubbles from forming in the printing ink, consequently
resulting in inconsistent printing. The most suitable HPC concentration was
evaluated, and 16% was chosen. A lower polymer percentage rendered printing
inks too runny, and a higher polymer concentration caused ink back draw during
the printing process causing bubbles to form. The final printing ink for the
production of ODFs for pediatric use in study I consisted of 1.3% (w/w) WS and
16% (w/w) HPC dissolved or dispersed in a 1:1 (w/w) purified water and EtOH
mixture (MQ:EtOH). A clear, visually homogenous dispersion was obtained.

A polymer screening process initiated study II, and around 60 different
formulations were screened regarding their film-forming capacity and suitability
to be processed into personalized ODFs by SSE 3DP. A conversation had been
held with medical doctors at HUS, and they expressed their preference on using
as few excipients as possible. However, disintegrants, saliva stimulating agents,
sweeteners, taste masking agents, flavors, colorants, etc., may be introduced in
the formulation to further tailor the ODF's properties or to fulfill a patient's
individual preferences. Despite a thorough screening of multiple polymers in
different solvents and solvent combinations, the conclusion was drawn that the
ink prepared in study I performed the best in terms of printability and
characteristics of the final dosage form. The chosen SSE 3DP ink for study Il was
almost identical to study I. However, the amounts slightly differed, and the
printing ink in study II consisted of 1.5% (w/w) WS and 15% (w/w) HPC
dissolved or dispersed ina 1:1 (w/w) MQ:EtOH mixture. The printing ink looked
identical to the printing ink prepared in study I.

In study III, animals were the target patient population; hence, LP was
investigated as a taste enhancer to facilitate administration. Different polymers
were screened, but HPC again showed the best results. A more pronounced 3D
structure was desired, and hence the polymer amount was increased. Different
drug concentrations were evaluated, but with a drug load of 2% (w/w) and
above, the dispersions became cloudy, and crystallization of the drug occurred
in the dried films, making the ODFs brittle and possessing decreased
handleability. The printing ink for producing the final dosage form, therefore,
consisted of 1% (w/w) PRE, 1% (w/w) LP, and 24% (w/w) HPC, all dissolved or
dispersed in a 1:1 (w/w) MQ:EtOH mixture. The prepared printing ink was
visually determined to be homogenous, had a rich brown color (publication III,
Figure 2) and scent of liver due to the addition of the LP, and possessed good
viscosity for SSE 3DP.

The printing ink base for the preparation of printed ChewTs for veterinary use
in studies IV and V were identical and consisted of 35% pre-made HPMC-gel
(15% w/v), 27% mannitol, 6% crospovidone, 8% glycerol, 3% LP, and 1%
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purified water (all in w/w). The formulation also contained 20% drug, either
GBP or TPH, in studies IV and V, respectively. Palatability is an important
attribute of a chewable dosage form in order to achieve voluntary acceptance in
animals (European Medicines Agency, 2014). GBP is known to be a bitter agent,
and additives are necessary to add to the formulation to mask the taste of the
API. Mannitol is widely used as an excipient in chewable dosage forms for its non-
hygroscopic nature, sweet flavor, and smooth consistency (Dahiya et al., 2015),
and LP is generally liked by both cats and dogs as a flavoring agent. In order to
prevent poor palatability of the dosage form, these two additives were added to
the formulation. The obtained drug-loaded inks had a brown color and scent of
liver, and the inks were thick, bubble-free pastes suitable for SSE 3DP.

In study VI, after extensive screening, two different drug-loaded printing inks
were chosen and prepared for analysis: printing ink 1 and printing ink 2. In
comparison to studies I-V, the preparation method of the printing inks in study
VI was different. Firstly, a base dispersion was prepared in order to mix the
nanoPRX into the dispersion while maintaining the drug as nanoparticles and
producing a drug suspension. Many different polymers and amounts of polymer
were investigated to find the best-performing polymer to disperse and stabilize
the nanoparticles (publication VI, Table A.1.). HPMC polymers performed the
best, specifically type E HPMC polymers, due to the ratio of hydrophobic and
hydrophilic substitution compared to type K polymers; type E polymers are
considered more effective crystallization inhibitors. Ashland reported that
higher hydrophobic substitution is essential in stabilizing the drug in a
suspension (Y. Yang et al, 2016). Among all type E polymers that were
investigated, Tylopur 605 showed the best performance based on visual
inspection and DLS results (publication VI, Table A.2.). A more detailed
description of the performance of the different polymers can be found in the
corresponding publication.

As the drug suspension prepared in study VI, is not directly printable due to too
low viscosity, polymer dispersions were prepared to be mixed with the drug
suspension in order to obtain a printable printing dispersion. Three different
polymers were investigated for the preparation of the polymer dispersion,
namely Kollicoat Protect (PEG-PVA), Klucel EXF (HPC), and Tylopur 605 (HPMC);
25% (w/w) polymer dispersions were prepared with all three polymers, with
and without glycerol. PEG-PVA was found to be an unsuitable polymer for the
purpose, and no further studies were conducted on the said polymer. As the
nanoparticles dissolve in EtOH, only purified water was used as a solvent in the
printing ink. Due to the absence of EtOH, the HPC dispersion became foamy and
contained air bubbles and lumps. The presence of lumps in a printing ink is
unacceptable as it causes clogging and uneven printing. Air bubbles also
complicates the printing process, causing uneven printing. Hence glycerol was
added to the solution, and a clear, smooth HPC solution was obtained. HPMC
often requires a plasticizer to render flexible films, but the HPMC dispersion with
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glycerol took a long time to disperse, and the obtained dispersion was foamy and
contained bubbles and lumps. In contrast, the HPMC dispersion without glycerol
gave a smooth and clear solution.

Two final polymer dispersions were chosen for further studies in study VI,
namely a 25% (w/w) HPMC dispersion and a 25% (w/w) HPC dispersion with
4% (w/w) glycerol. Two different printing inks were prepared by combining the
prepared nanoPRX-containing suspension with the two different polymer
dispersions in a ratio of two parts of drug suspension with three parts of polymer
dispersion and mixed together with a microfluidic device (publication VI,
Figure A.2.). A complete description can be found in the corresponding
publication. The obtained drug-loaded printing inks were homogenous with
white color.

Drug-free dispersions and pastes were prepared for all studies in the same
manner as the drug-loaded printing inks without the addition of the
corresponding drug. All the drug-free dispersions and pastes possessed a
visually thinner consistency compared to their matching drug-loaded printing
ink.

a) Rheology (1II-VI)

The rheology properties of the SSE 3DP inks prepared in studies III-VI were
evaluated to investigate the viscosity differences between the prepared printing
inks within the studies and possible changes in viscosity over time, as well as
providing information regarding their printability.

In study III, the rheological behavior of four different dispersions were
investigated, namely drug-free and drug-loaded dispersions with and without
the addition of LP. As a comparison, two unprintable dispersions (due to too high
viscosity), one with and one without the drug, were also measured. All
formulations exhibited Newtonian fluid behavior at a low shear rate, where the
viscosity is independent of the shear rate. However, at higher shear rates (10 s-1),
shear-thinning behavior was observed, confirming the suitability of the ink for
SSE 3DP (publication IlII, Figure 3). The viscosity of the drug-free dispersion
increased when 1% PRE or LP was added due to increased solid fraction.
Moreover, as LP has a larger spatial scale and more irregular shape than PRE,
hindering the interaction of the HPC molecular chains, resulting in the increase
of the zero-shear viscosity. However, the incorporation of 1% PRE into the drug-
free dispersion with LP resulted in a decrease in viscosity; this might be due to
the small particle size of PRE acting as a lubricant between the HPC and LP
molecules during shearing, leading to a decrease in viscosity. In addition, the
ability to maintain the structure after extrusion is also important for SSE 3DP;
hence the recovery of the dispersions was evaluated. The drug-free dispersion
showed the slowest viscosity recovery speed. The viscosity recovery speed was
increased with the incorporation of PRE and LP. Overall, the HPC-based
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formulations had a fast viscosity recovery speed that regained 75% of their
maximum viscosity in 10 s, thus ensuring their suitability for SSE 3DP.

The required pressure while SSE 3DP is dependent on the formulation’s
viscosity, hence, a change in viscosity over time can detrimentally affect the
printing results. In study IV, rheology measurements were performed on both
the drug-free and drug-loaded pastes in order to evaluate if the formulation
exhibits a change in viscosity over time. The inks exhibited non-Newtonian fluid
behavior with shear-thinning properties (publication 1V, Figure 3). The lower
viscosity of the drug-free paste compared to the drug-loaded printing ink was
affirmed by the rheological analysis. The intermolecular interactions and
increased volume fraction will generally occur between the drug and other
excipients in the formulation (Nicoud et al, 2015). The increased viscosity
observed in the drug-loaded paste is due to the addition of GBP, which increases
the solid fraction in the paste. Viscosity changes were observed during the first
two hours after preparation and again after 12 h, hence, a window of 2-12 h after
preparation was considered optimal for printing.

For study V, the rheological properties of the drug-loaded printing ink and the
drug-free placebo paste stored at room temperature and in the fridge were
examined against shear rate once a day for up to a week. Printing inks stored at
different temperatures and measured at different time points all exhibited a
shear-thinning behavior (publication V, Figure 1). The drug-loaded inks
exhibited higher viscosities compared to the drug-free placebo pastes. The
stability of the printing paste was investigated, and an increase in viscosity for
each day was observed. Still, no difference between the two storing
temperatures was noticed. This increase in viscosity could affect the printing
result, and further investigation is needed. A correlative study should be
conducted, where the time from preparation and the pressure required to reach
therapeutic doses would be investigated. Increased pressure is required to
achieve the same print result with higher viscosity formulations.

In study VI, the rheological behavior of the two prepared drug-loaded printing
inks and their corresponding drug-free placebo dispersions was determined.
The HPC used in printing ink 2 has four times higher MW compared to the HPMC
used in printing ink 1, causing printing ink 2 to have a higher viscosity than
printing ink 1 (publication VI, Figure 3). This was also observed during the
preparation and printing of the inks. While printing ink 2 contained glycerol, our
study found no correlation between its presence and effect on viscosity. The
drug-loaded formulations exhibited a higher viscosity than the placebo
formulations due to the intermolecular interactions and the increased volume
fraction between the drug and the other excipients. All printing inks showed
shear-thinning behavior, which is crucial for SSE 3DP.

In all studies, all inks exhibited shear-thinning behavior, which is a requirement
for SSE 3DP to allow for smooth extrusion of the material without blocking the
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nozzle (Cheng et al, 2020). When comparing the obtained viscosities in the
prepared inks (Table 5), the inks in study VI showed the lowest viscosity,
followed by the inks in study III, IV, and V. Despite the inks in study IV and V
having the same ink base, the TPH ink in study V had a much higher viscosity
compared to the GBP ink prepared in study IV. The higher viscosity of the TPH
ink might be associated with the API's MW and particle size. TPH has a MW of
180.16 g/mol and a particle size of >500 microns in diameter (Shukla & Price,
1989), which is higher than GBP's MW and particle size of 171.24 g/mol and
28.8 um, respectively. However, more importantly, GBP is freely soluble in water,
whereas TPH is only slightly soluble in water (PubChem, n.d.-b, n.d.-a), giving
rise to an increased viscosity. Due to the different viscosities, the inks were
printed with different nozzles as well as different applied pressures.

Table 5. Summary of the drug-loaded inks used in studies I-VI regarding their % of
solvent in ink, viscosity measured at 0.01 shear rate (1/s), the inner diameter of
nozzle used in printing, required applied pressure during printing, and printer
utilized.

. . Nozzle Print
Study SO.IV(?nt Viscosity (D Pressure speed Printer
%inink (Pa-s) (PSI)
mm) (mm/s)

I 82.7 -* 0.51 10.4 8 Biobot
11 83.5 -* 0.26 25 8 Biobot
111 74 31.46 0.51 84 10 Biobot**
v 30.75 307.3 1.19 4.27%** 8 Brinter
\% 30.75 483.4 1.19 21.76%** 8 Brinter
VI 79.8 2.0 0.51 17 8 Biobot

77.4 4.8 0.51 28 8 Biobot

* = not measured, ** = best performing printer in the study, *** = converted from mbar
to PSI. ID: inner diameter; PSI: pounds per square inch

b) Dynamic light scattering characterization (VI)

In study VI, several nanoPRX suspensions were evaluated with DLS for
facilitating the choice of suspension to be used in the preparation of the printing
ink (publication VI, Table A.2.). The chosen base dispersion was an aqueous
dispersion containing 3.75% (w/w) Tylopur 605 and 1% (w/w) Tween 80.
NanoPRX was mixed with the base dispersion to obtain a drug loading of 7.5%
(w/w). The drug-loaded nanoPRX suspension exhibited a good PDI value of
0.168 + 0.095 and a Z-average of 388 + 16 nm.

¢) Transmission electron microscopy (VI)

TEM was utilized to characterize the size of the nanoPRX particles in the
prepared final suspension. Agglomeration is hard to avoid and both single
particles and agglomerates were found in the suspension (publication IV,
Figure 2). A Fiji software was utilized to measure the size of a single particle
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found in the drug suspension and was found to be 375 nm, this confirms the DLS
findings and indicates that the nanoPRX is in its original nanosized form of PRX
and that the suspension preparation was successful.

6.1.1.2 Inkjet printing inks (II)

Both a drug-loaded WS ink and a placebo color ink for QR code imprinting were
successfully prepared and printed without causing clogging of the nozzles. The
drug-loaded WS ink was prepared to contain a high drug load of 100 mg/g,
enabling imprinting of the desired dose in a single layer compared to performing
multiple printing cycles.

6.1.2 Printing

6.1.2.1 Semi-solid extrusion-based 3D printing (I-VI)

The drug-loaded printing inks prepared for the different studies were
successfully SSE 3D-printed according to the pre-made designs. Throughout the
studies it was observed that the viscosity of the ink plays a crucial role in
achieving optimal printing results, whereby higher viscosity requires more
applied pressure. Moreover, the printing speed also influences the required
applied pressure, with higher speed necessitating more pressure. However, in
some cases, increasing the pressure may not suffice, and nozzle size may also
need to be increased. Table 5 outlines the solvent percentage in the ink,
measured viscosity, inner diameter of the nozzle used, and the required pressure
for printing therapeutic doses in the different studies.

The drug-loaded inks in studies I and II were very similar, and the same printer
was used to print the ODFs. However, in study II, a smaller nozzle size was used
to achieve a higher resolution, which required increased printing pressure.
Rheology measurements were not performed on the inks prepared in these
studies but compared to the printing inks prepared in the other studies, they had
the highest solvent percentage and exhibited the lowest apparent viscosity. In
study II, the use of an SSE 3D printer to produce personalized doses was
evaluated and compared to using an IJP or preparing OPSs. SSE 3DP was
successfully utilized to print personalized ODFs with the printing inks prepared
in studies [ and II.

Study III aimed to evaluate three different SSE 3D printers and their ability to
produce tailored doses for veterinary care. The speed of printing and the
printers’ user-friendliness was evaluated. But primarily, the obtained content
uniformity of the dosage forms printed with the different printers was compared
to determine which printer could best be employed in a pharmacy or an animal
clinic setting. Of the three, the Bocusini printer is the simplest to use. But the
simplicity makes personalization unfeasible as it offers no modification
possibilities regarding printing speed or pressure. Instead of adjusting the
settings according to the properties of the prepared ink, the ink has to be
prepared in a manner that is suitable to the pre-determined print settings.
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Moreover, the printer produced uneven printing, as evident from the varying
sizes observed of the printed films despite using identical designs. It was
observed that slightly more material was printed for each film, rendering films
of different sizes and hence different drug loadings (publication III, Table 3). As
aresult, the Bocusini printer is not suitable for producing accurate drug doses in
a pharmacy or animal clinic setting.

The second printer investigated in study III, was the Zmorph printer. One of the
functionalities of the three-in-one printer is the thick paste extruder making it
into an SSE 3D printer. The printer is manufactured to fit 100 mL syringes with
no Luer lock function. We were interested in using the same tip for all printers,
so the Zmorph printer was altered to accommodate a 50 mL syringe with a Luer
lock function. The Voxelizer 2 software permits the adjustment of settings such
as the thickness of the gel/paste, the layer count and height, the path width, the
travel and printing speed, and retraction. One major problem was encountered
with the said printer. Uneven final films were observed due to inconsistent ink
extrusion caused by uneven plunger rotation, resulting in variations in drug
content (publication III, Table 3). Based on the findings of this study, it can be
concluded that the Zmorph printer is not suitable for use in a pharmacy or animal
clinic setting. However, the Zmorph printer could yield better results with some
engineering adjustments.

With the final printer investigated in study III, the Biobot printer, there is the
ability to change the pressure, travel, print speed, printing pattern, layer count
and height, infill, and overlap, among other parameters. The Biobot printer offers
versatility in printing various gels/pastes, with adjustable settings to
accommodate ink properties. However, a limitation of the Biobot printer lies in
its scale-up capability, as it is designed to accommodate a 10 mL syringe, and
challenges have been observed in maintaining consistent pressure. Of the three
investigated printers, the Biobot printer operating with pneumatic pressure
proved to be the superior candidate for utilization in a pharmacy or animal clinic
setting (publication III, Table 3). For the second print, the Y-axis of the film
design was adjusted to acquire Biobot-printed drug-loaded ODFs of different
sizes. In order to reduce the printing time, the tip was exchanged for a shorter
one, enabling an increase of the printing speed and decrease of the printing
pressure. The printing speed was increased to 10 mm/s to decrease the printing
time. As can be seen in Table 5, the solvent percentage in the ink was lower
compared to printing ink I and Il leading to a printing ink with a higher viscosity.
The higher viscosity, combined with increased print speed and a demand for a
higher extrusion to obtain thicker ODFs in order to reach therapeutic doses,
caused the required printing pressure to be eight-fold increased.

Studies IV and V had the same ink base but contained different APIs. As can be
seen in Table 5, the printing ink in study V had a higher viscosity compared to
the printing ink in study IV, causing the need to increase the printing pressure in
study V compared to IV in order to achieve therapeutic doses. Nevertheless, both
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inks were successfully printed to prepare drug-loaded ChewTs of different doses
for veterinary use.

Both printing ink 1 and 2 prepared in study VI were successfully SSE 3D-printed,
and different-sized drug-loaded films were obtained. However, printing ink 1
exhibited a lower viscosity than printing ink 2, resulting in lower required
pressure for printing ink 1 compared to printing ink 2.

Three different SSE 3D printers were compared in study III and based on the
content uniformity presented in Table 9 in section 6.1.4.8, the Biobot printer
performed the best. If the Brinter printer had been a comparator at that time, I
speculate that the Brinter printer would have prevailed. In general, SSE 3D
printers have some technical limitations that need to be addressed to ensure
their optimal use in producing personalized dosage forms. One of the most
significant issues currently is that they can only accommodate 10 mL syringes,
which limits the size of the batches that can be printed. Additionally, changing
the syringe causes a need for recalibration of the printer. However, these are
technical issues that can be improved. One of the specific problems encountered
with the Biobot printer is the fluctuation in pressure during printing, which can
lead to dosage forms with varying drug amounts. Moreover, when printing inks
with higher viscosities, the plunger used in the syringes may tilt, resulting in
complete print failure. In contrast, the plunger used in the Brinter printer is
sturdier, leading to fewer printing failures and more consistent pressure.

Other factors that may impact the accuracy and precision of drug loading in SSE
3DP include the distance between the syringe tip and the build platform, the
length of the nozzle, and the amount of material in the syringe. Therefore, it is
crucial to standardize or monitor these factors to achieve personalized dosage
forms with accurate and precise drug loading. Despite these technical challenges,
SSE 3DP remains a promising technology for producing personalized dosage
forms. By addressing these issues, SSE 3DP can be a valuable tool in the
pharmaceutical industry, allowing for the production of tailored doses for human
and veterinary care.

6.1.2.2 Inkjet printing (II)

[JP was successfully used to imprint the solvent-casted substrate with one layer
of drug-loaded ink. Upon imprinting, the imprinted polymer sheet was left to dry
overnight and cut to the final size using a cutting template and scalpel. Clogging
of the nozzles is a common failure in IJP but was not observed during the
printing.

[JP was successfully used to imprinted both dried SSE 3DP and IJP ODFs with
readable QR codes (Figure 5). The information included in the QR code can easily
be tailored according to the requirements or desires of a hospital, pharmacy, or
animal clinic.
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Figure 5. A) Semi-solid extrusion-based 3D-printed (SSE 3DP) drug-loaded
orodispersible film (ODF) imprinted with a quick response (QR) code containing
information about the dosage form and B) the same SSE 3DP ODF rolled up to
visualize the flexibility of the film. C) Inkjet-printed (IJP) drug-loaded ODF with a
printed QR code and D) the flexible IJP ODF is subsequently coiled up for illustrative
purposes. The size of the films is approximately 2x2 cm. Reproduced from (1I), with
permission from MDPI.

6.1.3 Manufacturing time

In study I, the manufacturing time was recorded for each method and compared.
However, comparing the manufacturing times is challenging due to the
variations in their respective processes. For the printing techniques, only the
actual printing step was recorded. This is due to that in the case that these novel
techniques would become an established manufacturing method at, e.g, a
pharmacy, a hospital pharmacy, or an animal clinic setting, it would be desirable
that the substrates, printing formulations, etc., would be contract-manufactured
and delivered to the site, where only minor preparation steps such as addition of
the desired API would be performed. Therefore, only the time it took to print one
SSE 3D-printed ODF was recorded. The time it took to print one ODF with the
target size of 2 mg was almost 3 min, this is the time from pressing start until the
printhead returned to its starting positions. This is much longer than the printing
of ODFs using IJP and the preparation of OPSs. The SSE 3DP time could be
decreased by printing several ODFs in one step. While IJP, 32 doses were printed
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at a time, only taking 18 s on average to imprint the pre-prepared substrate with
2 mg drug-loaded ink. The IJP time is dependent on the number of used nozzles
but also the placement of the specific nozzles. IJP is clearly a much faster printing
technique if only considering the printing step in itself. But IJP is a highly labor-
intensive technique as it requires maintenance and cleaning especially in a
laboratory setting where the printer is not constantly running. A benefit for SSE
3DP is that is utilizes disposable syringes, requiring minimum cleaning. For the
preparation of the OPSs, the recorded manufacturing times included the time to
prepare the powder mass as well as the time to weigh all individual doses into
powder papers and subsequently closing and labeling them. Preparation of the
powder mass took around 11 min and the weighing of 30 units took around
32 min.

In study 111, the printing times were recorded for the three different printers, and
the time it took to print six squares in one printing was 5 min 40 s, 10 min 26 s,
and 13 min 44 s for the Bocusini, Biobot, and Zmorph printers, respectively. The
Bocusini printer was the fastest but did provide uneven printing. For the second
print, the Y-axis of the film design was adjusted to acquire Biobot-printed drug-
loaded ODFs of different sizes. To decrease the printing time, the tip was
exchanged for a shorter one, enabling an increase the printing speed and
decrease the printing pressure. The printing speed was increased to 10 mm/s to
decrease the printing time. The printing time was hence reduced from 10 min
and 26 s to 5 min and 52 s which equals to approximately 1 min per ODF. This
could further be reduced by increasing the size of the printing bed allowing for
higher number of films to be printed at a time.

The printing time was also recorded in study IV, it took 2 min and 12 s to print 8
ChewTs of size 10.

6.1.4 Dosage forms (I-VI)

SSE 3DP was successfully utilized to prepare different doses of drug-loaded
dosage forms to provide tailored doses close to the point-of-care. ODFs were
prepared in studies I-I1I, ChewTs in studies IV and V, and oral films in study VI.

6.1.4.1 Appearance

The SSE 3D-printed ODFs prepared in study I can be seen in Figure 6. The ODFs
prepared in study II are identical to the ones prepared in study I, and the ODFs
prepared in study III look similar to the ODFs in the two previous studies but
with the exception of the color. In study III, LP was added to the printing ink to
increase adherence through voluntary uptake of the animals. As a result, the
ODFs prepared in studies [ and II were clear, while the ODFs prepared in study
[1I had a brown hue. All prepared ODFs were thin and flexible.
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Figure 6. Picture of the semi-solid extrusion (SSE)-based 3D-printed orodispersible
films prepared in study I. The size of the films ranges from 10 mm to 30 mm.
Reproduced from (1), with permission from Elsevier.

Figure 7 presents the SSE 3D-printed ChewTs prepared in study IV. The printed
dosage forms have a rectangular shape as designed, with rounded corners due
to the surface tension-dominated behavior of the printing ink. ChewTs of
escalating sizes of seven different doses corresponding to the CADs were
obtained. As animals dislike too chewy dosage forms (Aleo et al.,, 2018), the
prepared hard ChewTs in this study, with a brown color and an apparent liver
scent resembling a dog or a cat treat, are expected to have a high voluntary
acceptance, which is the cornerstone of success in the medicinal treatment of
animals (European Medicines Agency, 2014). As the ChewTs in study V were
prepared with the same printing ink base, the obtained dosage forms, as
expected, were identical to the ones seen in Figure 7, with the exception that only
four different doses were prepared.

Figure 7. Photographic image of the semi-solid extrusion (SSE)-based 3D-printed
gabapentin-containing chewable tablets of different doses. Reproduced from (IV),
with permission from Elsevier.

In study VI, as can be seen in Figure 8, the films dried at room temperature had
a smooth surface, while freeze-drying the film gave the film a porous structure
with an uneven surface. The films obtained from printing ink 1 were hard and
brittle while printing ink 2 yielded flexible films; this is most likely due to the
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addition of glycerol in printing ink 2, which acts as a plasticizer. All films had a
white color due to the addition of nanoPRX. However, the films dried at room
temperature exhibited a slight color change to light yellow. This slight color
change, even though not bright yellow, raised concerns regarding the stability of
nanoPRX in a formulation for prolonged times, as PRX is known to crystallize to
the monohydrate form in the presence of water (G. Liu et al,, 2014). After freeze-
drying, the films from printing ink 1 became white, while the films from printing
ink 2 still exhibited a slight yellow hue.

Figure 8. Semi-solid extrusion (SSE)-based 3D-printed films containing
nanoparticles of piroxicam. Films printed with printing ink 1 and (A) dried at room
temperature and (B) freeze-dried. Films printed with printing ink 2, (C) dried at
room temperature, and (D) freeze-dried. Reproduced from (VI), with permission
from Elsevier.

6.1.4.2 Drying process (III, VI)

One of the most time-consuming steps in SSE 3DP is the drying of the printed
dosage forms to obtain the final product. To eliminate this step, one approach is
to add curing agents to the formulation and perform a curing step. However, the
purpose of all the studies was to develop safe dosage forms in the simplest
manner, so adding a curing agent was deemed undesirable. Therefore, two
studies, namely study III and VI, investigated and evaluated different drying
conditions for the printed dosage forms.

In study III, the time it took for the film to dry at different temperatures was
recorded, and the appearance and flexibility upon drying were investigated. It
took 24 h for the films to dry at room temperature, resulting in smooth, flexible
films without bubbles. When drying the ODFs at elevated temperatures, the
drying time was decreased, but bubbles emerged in the films. As expected, the
higher the temperature, the lower the required drying time was, resulting in
required drying times for films dried at 60, 80, and 100 °C to be 3, 2, and 1h,
respectively, but at all aforementioned drying temperatures yielded bubbly,
uneven, and brittle films (Figure 9). In order to decrease the drying time but
maintain the film's flexibility and durability, the films were dried for 5 h at 40 °C.
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In the figure, it is evident that the addition of LP yielded brown-colored films
with tangible particles.
D'y 2 i

Figure 9. Pictures of drug-loaded films without liver powder (upper row) and
drug-loaded films with liver powder (lower row). From the left, after drying at
room temperature, 40, 60, 80, and 100 °C. Reproduced from (I11), with permission
from MDPIL.

The films prepared from printing ink 1 and 2 in study VI took 48 h to completely
dry at ambient conditions. Exposing nanoPRX for long durations to water may
lead to Ostwald ripening and recrystallization of anhydrous form I to
monohydrate; this change causes a bright yellow color (publication VI,
Figure A.1.) (R. Sheth etal,, 2005). Due to a slight color change to light yellow was
observed in the RTD films, freeze-drying was investigated to decrease the time
that nanoPRX was subjected to water. Freeze-drying gave the films a more
porous structure, as can be seen in Figure 8. As time is often a crucial attribute
to value, decreasing the time from order to delivery is important. Freeze-drying
decreased the time to obtain the final dosage form from 48 h to around 16 h. This
would provide the customer with the product one day earlier. Of course, this
requires the manufacturing site to have access to a freeze-drier and potentially
increases the cost of the product but decreasing the drying time would decrease
the required space for storage which is a cost in itself. Both RTD and FD films
were further analyzed.

6.1.4.3 Microscopic analysis (III, VI)

Microscopic analysis of ODFs prepared in study IIl was performed with a
handheld digital microscope and through SEM. As can be seen in Figure 10, ODFs
without LP are smooth, transparent, and have a blueish tone. The addition of LP
altered the film color to brown, and the liver particles are both tangible and
visible in the films. When printing the 1% PRE-loaded printing ink, no drug
crystals were visible in the obtained ODFs, but when the 2% PRE-loaded printing
ink was printed, ODFs with visible drug crystals emerged upon drying. SEM
pictures were obtained, and the same characteristics were observed as in the
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microscopy pictures. As can be seen in the bottom row of Figure 10, the drug-
free and drug-loaded ODFs without LP have a smooth surface, the ODFs printed
with the 2% PRE-loaded ink shows drug crystals, and the drug-free and drug-
loaded ODFs with LP exhibit a rough surface due to presence of LP particles.

Figure 10. Microscopy images of semi-solid extrusion (SSE)-based 3D-printed
orodispersible films (ODFs). From the left, drug-free film, 1% prednisolone-loaded
film, 2% prednisolone-loaded film, drug-free film with liver powder, and 1%
prednisolone-loaded film with liver powder. The images in the upper row were
captured using a handheld digital microscope, while the lower row showcases
scanning electron microscopy (SEM) images. Reproduced from (lll), with
permission from MDPL.

The SEM images obtained in study VI (publication VI, Figure 5) showed that the
nanoPRX particles were clearly visible in the RTD and FD films prepared from
printing ink 1. The observed particles not only indicate the presence of nanoPRX
but also that the particles are not highly agglomerated but mainly distributed as
individual primary particles. However, particles are not visible in films prepared
from printing ink 2. This is potentially due to the excellent film-forming
properties of HPC coating the nanoparticles, rendering them concealed.

6.1.4.4 Mechanical properties (I-VI)

a) Puncture test (I-111, VI)

Mechanical properties play a crucial role in the physical integrity of ODFs. Hence,
a puncture test was performed on all films prepared in the studies. Extensive
results can be found in the corresponding publications.

In study [, the film burst strength of the drug-free and drug-loaded ODFs were
very similar at 16.0+ 1.8 N and 16.5 + 2.2 N, respectively, the results were
statistically insignificant. The result indicates that the ODFs were equally strong
and that the addition of the WS did not affect the durability of the dosage form.
But the addition of WS statistically significantly affected the flexibility of the
ODFs as the distance at burst decreased from 2.45 * 0.32 mm for the drug-free
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films to 1.93 * 0.09 mm for the drug-loaded films. This decrease in flexibility was
also noticeable while handling. However, the drug-loaded ODFs exhibited a high
burst strength and high distance at burst, indicating that the WS-loaded ODFs are
adequately durable and flexible to prevent deformation during handling.

In study II, ODFs prepared by SSE 3DP were compared to ODFs prepared by
solvent casting and imprinted by IJP (publication II, Figure 4). The drug-free
solvent-cast films used as placebo reference for the IJP ODFs were stronger than
the ODFs prepared by SSE 3DP, with a high statistical significance, primarily due
to an increased thickness of the solvent-cast ODFs compared to the SSE 3D-
printed ODFs. In line with the result found in study I, the addition of WS did not
affect the burst strength of the SSE 3D-printed ODFs but did decrease the
flexibility of the dosage form. While the IJP imprinted ODFs were not stronger
than the SSE 3D-printed ODFs, the flexibility increased more than double the
amount. This effect might be due to PG, which is present in the IJP printing ink,
having a plasticizing effect. Plasticizers typically interact with the polymer chains
present in the formulation resulting in increased chain mobility and,
consequently, a decreased glass transition temperature, which in terms of
mechanical properties is seen as ODFs with improved plastic and elastic
properties (Boateng et al, 2009). However, all ODFs showed sufficient
mechanical properties.

In study IIl, drug-free and drug-loaded ODFs, with and without LP, were
investigated (publication III, Table 5). The addition of PRE slightly weakened the
film from 42.4 + 1.0 N to 35.3 + 0.7 N for films without LP and from 29.1 + 0.8 N
to 26.0 + 1.2 N for films with LP, the changes were statistically highly significant.
The presence of undissolved LP particles in the film resulted in a significant
reduction in burst strength of the formulation. While the flexibility of the films
remained unaffected by the addition of the drug, a statistically significant
decrease in flexibility was observed with the addition of LP to the ODFs. Despite
these variations, all the films exhibited high burst strength and an adequate
distance at burst, ensuring no issues with the handling of the ODFs.

Films prepared from printing ink 1 and 2 and their corresponding drug-free
placebo dispersions were investigated in regard to their durability and
handleability in study VI (publication VI, Tables 2 and 3). Films printed with
printing ink 1 were generally stronger but less flexible than those printed with
printing ink 2. Drug-loaded films commonly exhibit lower strength and flexibility
than drug-free placebo films due to particles' presence in the matrix, as noticed
in studies (I-1II). This was also observed for films printed with printing ink 1.
Films printed with drug-loaded printing ink 2 again had a higher strength but
lower flexibility than their corresponding placebo. Films printed with the drug-
free printing ink were measured on another day when the relative humidity was
higher, and hence the results can be explained by this. Both HPC and HPMC are
hygroscopic polymers (Panraksa et al., 2020), meaning that they take up
moisture from the air affecting their physical and possibly chemical properties.
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It was expected that the FD films would exhibit both lower strength and
flexibility due to their porous structure. The strength of the FD films compared
to RTD films was lower, as expected, but the flexibility was maintained even after
freeze-drying, extensive results can be found in study VI, Table 2.

b) Tensile strength (III)

A tensile strength test was performed on the SSE 3D-printed ODFs in study II1. A
high percentage of extension equals higher flexibility. The tests show that a
higher fraction of solid material present in the film results in lower mechanical
strength. The drug-free films without LP had the highest maximum forces of
breakage, followed by the drug-loaded ODFs without LP, the drug-free films with
LP, and the drug-loaded ODFs with LP (publication III, Table 5). The presence of
PRE and/or LP resulted in a slightly lower maximum stretch distance in the
tensile test. For satisfactory handling properties, a percentage of elongation
greater than 10% is preferred (Lir et al., 2007). All ODFs showed adequate tensile
strength with a percentage of elongation higher than 10%.

c¢) Folding endurance (I11I)

A folding endurance test was manually performed on the ODFs prepared in study
[II. According to the test, the drug-loaded ODFs without LP could withstand the
highest number of folds, cracking at 40 and breaking at 46. The drug-free films
without LP could also withstand a substantial number of folds, but less than the
drug-loaded ODFs without LP, indicating that PRE could contribute to a
plasticizing effect. Both the drug-free films and the drug-loaded ODFs with LP
were very sensitive to folds; the drug-free films cracked after the first fold, while
the drug-loaded ODFs could withstand 6 folds without cracking. Both films broke
at 8 folds. All the prepared films failed to comply with this standard, but all ODFs
endured handling well without any damage, fulfilling the Ph. Eur. requirements
for ODFs (Elmeshad & El Hagrasy, 2011).

d) Crushing strength (1V, V)

The crushing strength of the prepared ChewTs in studies IV and V was measured
to ensure sufficient hardness for packing, handling, and administration of the
dosage form. In a study by Nyamweya et al., the tablet breaking force of various
commercially available ChewTs was studied with a hardness tester, and obtained
values ranged between 70 N and 150 N (Nyamweya et al., 2020). A hardness
tester was also attempted to be used in the current study; however, the test was
not applicable due to the shape of the dosage form, and hence a texture analyzer
was utilized.

The results obtained from the measurement performed on the GBP-loaded
ChewTs (IV) were 9.24 + 0.61 N/19.63 mm? equaling 47.07 + 3.11 N/cm?, which
is right in line with the proposed strength by Arora and Arora Sethi (2013). The
prepared ChewTs in this study obtained a hardness well below the FDA
threshold as well as lower than all commercially available ChewTs studied by
Nyamweya et al. However, the ChewTs were hard enough to not break during
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handling, indicating that the prepared dosage form is suitable to be used as a
chewable dosage form.

The TPH-containing ChewTs prepared in study V required a much higher
crushing strength compared to the GBP-containing ChewTs prepared in study IV.
The TPH-containing ChewTs exhibited a crushing strength of
45.87 £ 7.46 N/19.63 mm?2. The results can not directly be compared between
the two prepared ChewTs as different probes were used. However, the study
indicates that the TPH-containing ChewTs had a much higher crushing strength
compared to the GBP-containing ChewTs, which was also observed when
handling. However, the prepared ChewTs still exhibited a crushing strength in
line with the FDA’s recommendation.

6.1.4.5 Salivary pH (I-V)
The surface pH was determined for the dosage forms prepared in studies [-V in
order to ensure a comfortable mouthfeel. The results are summarized in Table 6.

Table 6. Salivary pH of the printed orodispersible films (ODFs) and chewable
tablets (ChewTs), and the manually prepared oral powders in unit dose sachets
(OPSs). Data presented as average + SD, n = 3.

. Salivary pH
Study Dosage form Technique API - -
1 min 15 min
WS 7.1+0.3
I ODF SSE N/A
Drug-free  6.8+0.3
WS 71+£01 7.1+01
ODF SSE
Drug-free 6.9 %0.1 6.4+0.3
11 WS 74+03 7.1+0.0
ODF IJP
Drug-free 7.0 +0.2 6.4+0.2
OPS Manual WS 94+16 73%0.2
_ PRE 6.6 £0.1
ODF with LP SSE N/A
. Drug-free  7.2%0.3
) PRE 4.6+0.7
ODF without LP SSE N/A
Drug-free  4.8+0.2
IV ChewT SSE GBP 7.0+0.4 N/A
A ChewT SSE TPH 6.3+0.0 N/A

APIL: active pharmaceutical ingredient; ODF: orodispersible film; SSE: semi-solid
extrusion-based 3D printing; WS: warfarin sodium; IJP: inkjet printing; OPS: oral
powders in unit dose sachet; LP: liver powder; PRE: prednisolone; ChewT: chewable
tablet; GBP: gabapentin; TPH: theophylline; N/A: not applicable

As is evident in the table, all final dosage forms exhibited a pH within the range
of physiological saliva and should hence not cause any discomfort or local
irritation upon administration. In studies I and II, the addition of WS slightly
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increased the pH compared to drug-free ODFs. The OPSs prepared in study II
showed an alkaline pH after 1 min, but the pH decreased to a neutral range when
allowing the OPS to dissolve further. This indicates that to avoid local irritation,
the OPSs should be fully dissolved/dispersed before administration directly in
the oral cavity.

The results from study III shows that without the addition of LP, the dosage
forms exhibit an acidic salivary pH, but the addition of LP increases the pH to a
neutral range making it a suitable formulation for oral administration. The
ChewTs prepared in studies IV and V, both show a neutral pH; TPH causes a
slightly lower pH compared to GBP.

6.1.4.6 Moisture content (I-VI)

The drug-free films and the drug-loaded ODFs prepared in study I exhibited a
slightly higher moisture content than suggested by Nair et al., namely, 5.9 + 1.6%
and 6.5 + 2.2%, respectively. In study I, the prepared ODFs showed a moisture
content of around 10%. Despite the high moisture content, the films were
handleable and not sticky. Many studies in preparation of ODFs have shown
higher moisture content than 5% but still lower than 10% (Elmeshad & El
Hagrasy, 2011; Foo et al,, 2018; Visser et al., 2015). The ODFs prepared in study
[T all showed a moisture content of close to 3%; still, the films were flexible
enough and demonstrated good handleability. The drug-loaded films prepared
in study VI exhibited a moisture content of less than 5%. The two different drying
techniques did not significantly affect the result, as all dosage forms were stored
at ambient conditions.

The prepared ChewTs in studies IV and V had a moisture content of 3.7 + 0.6%
and 3.2 £ 0.6%, respectively, which is slightly below the recommended moisture
content range of 4-5% (Tomar etal., 2017), however, the ChewTs were not found
to be brittle despite the lower moisture content.

The moisture present in the prepared dosage forms may originate from residual
solvents from the formulation development or due to the hygroscopic nature of
one or multiple components present in the formulation. The biggest reason for
the difference in moisture content seems to be the changes in relative humidity.

6.1.4.7 Disintegration (I-VI)

The results of the disintegration results obtained from all the studies can be
found in Table 7. The dosage forms in studies I[-III are considered ODFs, and a
fast disintegration is deemed crucial due to the nature of the dosage form. The
obtained results are not directly comparable because a different disintegration
method was used in each study. The results indicate that the disintegration time
is dependent on the thickness of the film; the thicker the film, the slower the
disintegration. The drug-loaded ODFs in studies I and II complied with the
disintegration limit set for orodispersible dosage forms, namely, the dosage form
had to disintegrate within 3 min (European Pharmacopoeia Commission,
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2020a). The addition of LP increased the presence of particles in the dosage form
of the prepared ODFs in study III. This decreased the disintegration time to
almost comply with the disintegration time set for an orodispersible dosage
form. The disintegration time could additionally be decreased by adding a
disintegrator, increasing the LP amount, or preparing thinner films.

Table 7. Disintegration time of the printed orodispersible films (ODFs) and
chewable tablets (ChewTs) analyzed utilizing different methods. Data presented as
average + SD, n = 3.

Thickness DIS time

Study Sample DIS method (mm) (s)
Drug-free ODF 0.11+0.01 185%5
: Drug-loaded ODF Drop-through 1 . 01 139+ 29
SSE drug-free ODF 0.04 £ 0.00 28+9
SSE drug-loaded ODF L 0.04 +0.00 39+4
I IJP drug-free ODF Petridish ) 054000  90+1
[JP drug-loaded ODF 0.05+0.00 123%5
Drug-free ODF without LP 0.23+£0.02 300196
. Drug-loaded ODF without LP  Slide frame 0.26 £0.04 710277
Drug-free ODF with LP and ball 0.22+0.03 19217
Drug-loaded ODF with LP 0.24+0.01 212+30
v Drug-loaded ChewT  Tablet 1614012 202 + 34
disintegrator
Tablet
\' Drug-loaded ChewT . 1.43+0.09 467 +39
disintegrator
Drug-loaded RTD film 1 0.50+0.12 495+44
VI Drug-loaded FD film 1 Tablet 1.51+0.09 558%52
Drug-loaded RTD film 2  disintegrator  0.27 +0.01 939 + 138
Drug-loaded FD film 2 0.41+0.04 480+138

DIS: disintegration; ODF: orodispersible film; LP: liver powder; ChewT: chewable tablet;
SSE: semi-solid extrusion-based 3D printing; RTD: room temperature dried; FD: freeze-
dried

The ChewTs prepared in studies IV and V, disintegrated within the time limit set
for immediate-release tablets. Nyamweya et al. studied the disintegration time
of several commercially available ChewTs in a similar setup. They found that the
mean disintegration times ranged from 6 to more than 60 min in distilled water
(Nyamweya et al,, 2020). The TPH-loaded ChewTs (V) took almost 8 min to
disintegrate. The obtained result is in the lower end of the spectrum found by
Nyamweya et al.,, but more than double the time it took for the GBP-loaded
ChewTs (IV), which took around 3 min to disintegrate. These ChewTs contain the
same ink base, but the poorer solubility of TPH compared to GBP might attribute
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to the difference in the disintegration time between the two printed dosage
forms. However, the disintegration time of the prepared dosage forms in both
studies is lower than that of commercially available chewable dosage forms
found by Nyamweya et al. and is hence considered sufficient.

In study VI, the FD films had a more porous structure, and the assumption was
that it would contribute to faster disintegration. Films printed with printing ink
1 and dried at different conditions had similar disintegration times despite the
different morphology, while the disintegration time was cut in half for FD films
printed with printing ink 2 compared to RTD films. Printing ink 1 consist mostly
of HPMC and printing ink 2 of HPC, both polymers are hydrophilic cellulosic
polymers, where HPMC is substituted with methoxy and hydroxypropyl groups,
and HPC is substituted with only hydroxypropyl groups (Viridén et al., 2009). It
has been found that hydrophilicity affects the drug release and swelling
performance of matrix tablets (Alderman, 1984). None of the films disintegrated
within 3 min, which is the limit for an orodispersible dosage form, but they all
disintegrated within the 30 min limit set for immediate-release dosage forms
(European Pharmacopoeia Commission, 2020a). Adding a disintegrant to the
formulation could expedite the disintegration.

6.1.4.8 Drug content (I-VI)

One of the biggest criteria for producing tailored drug dosage forms is precise
and accurate drug content. It is important that the dose can easily be adjusted by
adjusting the design; hence, a high correlation between the designed size and
obtained drug amount is crucial.

In study [, pediatric ODFs with therapeutic doses of WS with the targeted drug
amounts of 1, 2, 4, and 8 mg were prepared. To achieve different drug amounts,
different-sized films were designed, namely, films were designed to have a
volume of 25, 50, 100, and 200 mma3. The achieved drug amounts were 0.9 + 0.0,
1.8+0.1, 3.8+0.1, and 7.4 £ 0.1 mg, respectively, which were close to the
targeted drug amounts, but could further be optimized by a slight increase in
pressure. Low standard deviation and good correlation (R2 = 0.9996) between
designed sizes and obtained drug amounts were achieved.

In study II, pediatric therapeutic doses of WS were prepared, with the target drug
amounts of 0.1, 0.5, 1, and 2 mg, and ten dosage forms of each dose of the
prepared batch and preparation method were analyzed to determine the UC and
AV as described in the Ph. Eur., the results are presented in Table 8. A full analysis
can be found in the corresponding publication. But in general, the study revealed
that based on the fulfillment of AV, SSE 3DP 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 superior to OPSs, which
is the method being used today at the hospital pharmacy for dose manipulation
of WS dosage forms for clinical use. SSE 3DP was further found to have a linear
correlation between the dry weight of the film and the drug content (mg) (R?
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values of 0.9996, 1.00, and 0.9999 for batches 1, 2, and 3, respectively), which
could be an easy quality control that could be used in a hospital pharmacy,
pharmacy, or animal clinic setting. Additionally, the conducted stability study did
not show drug degradation, indicating that the moisture content in the
formulations did not affect the drug's stability during the study period.

Table 8. Drug content, content uniformity (UC), uniformity of dosage units
(acceptance value (AV), 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, and AV and UC are
calculated based on ten dosage forms from each batch. Note that the weight of the
oral powders in unit dose sachets (OPSs) is given without a decimal, as that is how
it is routinely done when manufacturing OPSs in the hospital pharmacy. However,
the weight of the orodispersible films (ODFs) is given with one decimal to show
differences between the dosage forms. Modified and reproduced from (II), with
permission from MDPI.

Dosage form; Weight Drug Maximum Acceptance
Batch (mg) amount deviation (%) value
(mg)
0.1 mg
SSE ODF
1 1.5+0.0 0.14 £ 0.00 +29a 41.04
2 1.3+0.1 0.11+0.00 +1.1a 109 ¢
3 1.2+0.2 0.10 £ 0.02 -30.0 b 47.14
IJP ODF
1 2.1+£01 0.07 £0.01 +25.9 b 55.04
2 2.3+0.2 0.09 £ 0.00 -9.0 17.64
3 22+0.0 0.09+0.01 +214 25.44
OPS
1 2000 0.05+0.01 - 22.5 erkx 67.84
2 2000 0.09 £ 0.01 -233a 29.04
3 2000 0.08+0.01 +18.3 2 37.64
0.5 mg
SSE ODF
1 6.2+0.1 0.59+0.00 +1.22 17.54
2 52+0.1 0.48 £ 0.01 -1.8a 49c
3 55+0.1 0.52£0.01 -2.5a 45¢
IJP ODF
1 8.6 +0.1 0.51+0.04 -13.8a 20.84
2 9.3+0.2 0.51+0.03 -13.7a 16.14
3 9.5+0.0 0.52 £0.02 -4.62 11.6¢
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OPS
1 2000 0.47 £ 0.05 -18.9 ¢~ 30.44
2 2000 0.54 £ 0.02 +5.7a 15.54
3 2000 0.48 +0.06 -26.1b" 32.54
1 mg
SSE ODF
1 12.2+0.1 1.16 £ 0.01 +1.2a 16.6 4
2 10.7£0.1 1.01 £ 0.05 -14.8a 13.7 ¢
3 11.5+0.1 10.9 £ 0.01 +1.3a 9.9c¢
IJP ODF
1 17.1+£0.6 1.09 £ 0.07 -11.1a 23.44d
2 17.2+0.3 1.06 £ 0.07 -12.0a 21.34d
3 18.2+0.6 1.05+0.03 -4.2a 10.3 ¢
OPS
1 2000 1.01 £ 0.03 -6.0a 6.9c
2 2000 1.10 £ 0.06 +8.0a 22,74
3 2000 1.11 £ 0.06 +7.1a 23.54
2 mg
SSE ODF
1 23.0+0.7 2.12+0.06 -5.4a 12.5¢
2 224+0.1 2.11+£0.01 +1.5a 54c
3 22.7+0.2 2.13+£0.03 -2.4a 8.2¢
IJP ODF
1 34.7+0.2 2.06+0.10 -9.8a 14.8¢
2 349+0.8 2.13+0.10 -12.7a 17.64
3 40.1+1.2 2.10+0.02 +1.5a 5.8¢
OPS
1 2000 2.17 £0.07 +149a 16.04
2 2000 2.24 +£0.03 +2.82 14.3 ¢
3 2000 2.25+0.05 +3.5a 17.14

The number of individual doses outside * 15% limits: * = 1 dose, ** = 2 doses, *** = 3
doses. a = complies with the requirements for UC, b = does not comply with the
requirements for UC, ¢ = complies with the requirements for AV, d = does not comply
with the requirements for AV, e = an additional 20 units should be tested to reveal if the
test passed or failed. SSE ODF: semi-solid extrusion-based 3D-printed orodispersible
film; IJP ODF: inkjet-printed orodispersible film; OPS: oral powders in unit dose sachet

In study 1], three different SSE 3D printers were assessed for content uniformity
within and between batches. The AV and UC were calculated with results in
Table 9. Extensive results and analysis can be found in the corresponding
publication (publication III, Table 3). The Bocusini printer failed the UC and AV
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criteria for all three batches. Only one batch from the Zmorph printer met the
requirements. Conversely, the Biobot printer consistently met the UC and AV
criteria across all batches, making it the selected printer for subsequent studies.
In the second print with the Biobot printer, different-sized films were printed to
obtain different doses, i.e., tailored doses. All films had a designed width of
15 mm and a height of 1 mm, but with an increasing length of 10, 15, 20, 25, and
30 mm. The obtained drug amounts for the designed sizes were 2.7, 4.1, 5.4, 6.3,
and 7.3 mg, respectively, all with a small standard deviation of 0.1 mg. Again, a
great correlation (R2=0.9934) between the designed size and obtained drug
amount was achieved, further confirming that altering the design enables
tailoring of the dose and thus proving that SSE 3DP is a suitable method for the
production ODFs with tailored doses.

Table 9. Weight, calculated drug amount, the maximum deviation of content
uniformity (UC), and uniformity of dosage units (acceptance value) of the
orodispersible films’ (ODFs) batches printed with different semi-solid extrusion
(SSE)-based 3D printers. Modified and reproduced from (I11), with permission from
MDPI.

Printer; Weight Drug Maximum Acceptance
Batch (mg) amount deviation (%) value
(mg)
Bocusini
1 63.6 +10.5 550.7 - 34.8 b 44.84
2 69.0 + 8.5 6.0+0.8 -26.5b" 56.44
3 79.8+10.9 6.8+0.8 +33.0 b 72.24
Biobot
1 65.1+0.2 48+0.1 +6.62 6.5¢
2 62.2+1.6 4.6+0.2 -8.4a 15.0¢
3 63.2+0.2 4.6+0.1 -55a 11.2¢
Zmorph
1 69.2+7.2 50+0.5 -23.2b™ 24.7 4
2 66.7 £ 3.1 49+0.2 -159¢" 12.2¢
3 81.3+8.2 6.0 +0.6 +30.1 b 48.84

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

For study 1V, seven different doses were designed with constant width and
height but with increasing length. GBP (IV) cannot directly be UV-Vis
spectrophotometrically analyzed in order to quantify the drug amount. Hence,
various methods were extensively assessed to find and develop a reliable
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quantification method for GBP. A full description of methods, analysis, and
assessment can be found in the corresponding publication (publication 1V,
Table 2 and Figure 2), including a detailed description of the best-performing
method. The ascorbic acid method exhibited the best performance throughout
each assay and was used to quantify both the drug content and drug release
profile of GBP. The obtained drug amount reached from around 10 mg for the
smallest ChewT to over 200 mg for the biggest dosage form, with a great
correlation of Rz2=0.9935 between obtained drug amount and designed size.
Good content uniformity was obtained, with the highest variation from average
being less than or equal to 10%.

In study V, four different sizes were printed with a TPH content between 30 mg
and 120 mg, and a high correlation (R = 0.9973) between the designed size and
obtained drug amount was attained. The achieved CU for sizes 5, 10, 15, and 20
were 6.78, 13.75, 8.62, and 8.48. The requirements are met if the CU is less or
equal to 15, all prepared sizes meet the Ph. Eur. and USP criteria for uniformity
of dosage units (European Pharmacopoeia Commission, 2020d). No significant
changes in drug content were observed during the three-month stability study,
and the dosage form met the uniformity criteria (=15) at all time points.

In study VI, the drug content of the different-sized films (diameter of 7.5, 10, 15,
and 20 mm) printed with printing ink 1 and 2 and dried at ambient conditions
was measured (n = 5). The obtained PRX amounts for printing ink 1 were
therapeutic doses of 4.78 + 0.17, 6.90 + 0.48, 12.26 £ 0.47, and 21.90 + 1.73 mg
with a correlation of R2 = 0.9965 between the designed size and obtained drug
amount. Similar drug content was obtained for printing ink 2; 4.40 + 0.24, 6.36 +
0.26, 13.62 = 0.75, 21.01 * 0.89 mg (R2=0.9946). The study shows that a
homogenous printing ink of nanoparticles was obtained, applicable for the
production of tailored doses.

6.1.4.9 Invitro drug release (I-VI)

Drug release behavior in vitro was assessed for the printed oral dosage forms,
utilizing both manual (studies I, II, and 1V) and automatic (studies II, 111, V, VI)
dissolution setups. The choice between manual and automatic dissolution setups
is influenced by various factors. Manual dissolution setups are preferred when
the aim is to replicate conditions involving a lower volume of dissolution media.
They are also chosen for investigating drug release profiles related to small drug
doses that might challenge detection in automatic dissolution setups with larger
media volumes. Additionally, manual dissolution is the practical choice when an
intermediate step, like derivatization for UV-Vis analysis, is required for each
sample. In contrast, automatic dissolution setups are favored for their
standardized and reliable nature. They offer consistency and reliability in drug
release testing and minimizes the potential for human error. Overall, the choice
between manual and automatic dissolution setups depends on several factors,
including the need to replicate specific conditions, the detection of small drug
doses, and the necessity of intermediate steps like derivatization. It's notable
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that both the Ph. Eur. and the USP lack specific dissolution test setups and criteria
for ODFs. A harmonized dissolution method specifically designed for ODFs is
needed and would excel the research.

In study I, all but one size exhibited a drug release that met the requirements of
immediate release (publication I, Figure 3). In general, the smaller sizes
exhibited a more rapid dissolution profile. All sizes exhibited a burst release of
drug particles present on the surface of the dosage form allowing for the water-
soluble drug to rapidly release, followed by a relatively slow drug release due to
the gelation of HPC in contact with water which entraps the drug that is slowly
released by gel erosion (Klancar et al, 2015). As the drug release was
investigated through manual sampling, a more accurate drug release profile
would be obtained by automatic sampling at more frequent time points. The
choice of performing the study manually was the desired low amount of media,
which is impossible with the available automatic setup.

In study II, the dissolution behavior of SSE 3D-printed and IJP ODFs, and OPSs
was compared through manual dissolution (publication II, Figure 8). As
expected, the OPSs exhibited the fastest drug release, as the drug in this
formulation was present in ground tablets, thus enabling a rapid release of the
water-soluble drug due to a large surface area. On the contrary, for the ODFs, a
slower drug release was observed in accordance with study I. The thin
manufactured ODFs were seen to disintegrate quickly. However, a complete drug
release was not observed until around 30 min, suggesting that the drug particles
were still embedded in the polymer matrix after the ODF ruptured into smaller
pieces. The size of the ODFs or OPSs was not observed to have a pronounced
impact on the drug release, which is in line with the results obtained in the
disintegration study.

Additionally, in study I, an automatic dissolution was performed on the biggest
size of all dosage forms (publication II, Figure 9). The dissolution of the drug was
faster for all formulations due to the increased amount of liquid and improved
stirring compared to the manual setup. The SSE 3D-printed ODF and the OPS
with a target dose of 2 mg displayed an 80% drug release within the first 2 min
of the experiment. The corresponding drug release for the IJP ODF was 4 min.
This underpins the difference in results gained from the different setups, as
previously discussed. An automated setup is a more robust method due to
decreased human errors and would, therefore, be favorable. However, the online
dissolution setup could not be used for the smallest dosage forms in this study
due to a low dose in the dosage form and the large volume of media required.

In study III, an automatic dissolution setup both in water and in phosphate buffer
was utilized, and the dissolution profiles between ODFs with LP and without LP
were compared (publication III, Figure 7). The pure drug released quickly in
water and was fully dissolved within minutes, pure PRE had a slower drug
release in buffer (pH 6.8), and 80% drug release was obtained first at 40 min.
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The drug release of the drug-loaded ODFs without LP in water was slightly
slower compared to the pure substance at first due to the gelation of the HPC, but
the ODFs rapidly dissolved and reached 80% drug release within 50 min. In
buffer, the drug release of PRE from the ODFs is slow due to potential cross-
linking of the polymer, and only 90% drug release was achieved. Films
containing LP generally had a slightly faster drug release profile due to the
presence of solid particles expediting the disintegration of the film. It was noticed
during the dissolution studies in buffer, that the films remained intact and turned
opaque. An immersion study was conducted to assess the behavior of HPC films
in both water and buffer solutions, and the dried films were analyzed using ATR-
FTIR spectroscopy. Films immersed in buffer at elevated temperatures exhibited
an additional FTIR peak which might correspond to the phosphate crosslinking
of HPC, causing a delayed release (publication III, Figure 12).

Additionally in study III, the obtained dissolution data up to 80% drug release
for the prepared dosage forms were fitted to various kinetic models, and the
correlation coefficient and release exponent values were calculated (complete
details can be found in the publication III, Figure 8 and Table 7). All ODFs
exhibited a strong correlation with the Korsmeyer-Peppas drug diffusion model,
demonstrating N values exceeding 0.5. This indicates a non-Fickian diffusion
release mechanism, suggesting that drug release occurs through a combination
of diffusion and swelling, and that the release is dependent on time. These
findings align with the behavior of HPC, where drug release from the polymer
matrix is facilitated by HPC swelling, resulting in erosion and subsequent
diffusion from the gel layer (Klancar et al., 2015). In water, the drug release of
the ODFs without LP showed a good correlation (R2 > 0.99) for all tested models
except the zero order. In comparison, the addition of LP altered the dissolution
profile to fit zero order release kinetic in water. Drug-loaded ODFs with and
without LP followed a Higuchi release kinetic in buffer.

The dissolution of the ChewTs prepared in study IV had to be analyzed by manual
dissolution setup due to every sample requires a derivatization step to be
analyzed by UV-Vis. The study investigated several derivatization methods and
found that the ascorbic acid method was accurate and robust; hence this method
was utilized to quantify GBP in the dosage forms. As GBP is freely soluble, the
pure drug exhibited complete drug release within minutes. As expected, the drug
release from the prepared ChewTs was slightly slower but still rapid, and more
than 90% of the drug was released within 15 min (publication IV, Figure 5). The
prepared ChewTs met the Ph. Eur. specification of releasing at least 80% drug
within 30 min (European Pharmacopoeia Commission, 2020b). An automated
test setup that allows for an increased number of sampling time points would
yield a more accurate dissolution profile, but due to the required derivatization
step, this was not feasible.

An automatic setup was utilized for analyzing the drug release profile of the
ChewTs prepared in study V. Pure TPH achieved 100% drug release within
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minutes, but as encountered for all the previous dosage forms, the drug release
from the printed dosage forms was slightly slower. Still, complete drug release
was obtained at 5 min (publication V, Figure 4). The drug release between the
TPH dosage forms and the GBP dosage forms cannot be compared as the
dissolution setups are different and hence not comparable. However, both
dosage forms exhibit rapid drug release appropriate for a chewable dosage form.

In study VI, all dosage forms were tested by automatic dissolution
(publication VI, Figure 6). Printed films of ink 1 showed a fast drug release, with
a small delay if freeze-dried. Films printed with ink 2 had a slower drug release,
but freeze-drying giving a porous structure, expedited the drug release. Printing
ink 1 consist of mostly HPMC while printing ink 2 consists of HPC. Mohammed et
al. reported that HPC polymers are non-ionic, which releases the drug by a
mechanism of swelling and erosion (Mohammed et al., 2012). Furthermore, the
viscosity of the polymers also affects drug release. In our study, the HPMC-based
polymer’s viscosity is lower than the HPC-based polymer, which was observed
in the rheological results of the polymer-based dispersions (Table 5). Therefore,
it could be concluded by the substitution amount of methoxy and hydroxypropyl
in the HPMC-based polymer and its lower MW and viscosity might expedite the
drug release in printing ink 1 compared to printing ink 2 that consists of HPC.
The dissolution rate acceptance criteria by the Ph. Eur. for an immediate release
dosage form, is that more than 75% or 80% of the drug must be released within
15 min or 30 min, respectively (European Pharmacopoeia Commission, 2020b).
The criteria are met for three out of the four tested dosage forms. The
dissolution result corresponds to the disintegration results obtained for the
prepared dosage forms.

6.1.4.10 Thermal properties (I-V)

The thermal properties of all the prepared dosage forms in the different studies
were analyzed with a DSC. In the prepared drug-loaded ODFs from studies I-II],
there is no melting point characteristic of the drug observed, indicating that the
drug can be found in an amorphous state in the ODFs (publication I, Figure 11;
publication III, Figure 13). In study IV, a melting point characteristic of GBP can
be found in the prepared ChewTs, proving that the crystals in the dosage form
are crystallized GBP (publication IV, Figure 6). A concern when manufacturing
GBP dosage forms is the degradation of GBP to gabapentin lactam. This
degradation product should display a distinct melting point approximately at
87-91 °C (Braga et al.,, 2008; Cutrignelli et al., 2007). This melting point was not
found in the thermograms of the prepared ChewTs, indicating that GBP did not
degrade into gabapentin lactam during the manufacturing process. TPH (study
V) is polymorphic, i.e., exhibits several polymorphs of the drug, which of the
anhydrous TPH form II is desired. The drug-loaded ChewTs did not show an
endothermic event corresponding to the melting of TPH (publication V,
Figure 6). Usually this could indicate that the drug is in an amorphous form or
that the drug has dissolved in the polymer during heating. Moreover, the
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presence of drug crystals observed under microscope confirm that no
amorphous form was present. Ultimately, DSC could not be used to analyze the
polymorph in the final dosage form in study V.

6.1.4.11 Infrared spectroscopy (I-VI)

In order to investigate possible interactions between the drug and the additives,
or possible changes in the drugs due to the manufacturing, ATR-FTIR was
performed on all prepared dosage forms. The full analysis including graphs of
the findings can be found in the corresponding publications.

a) Warfarin

In studies [ and II, the characteristic bands of WS could be found in the pure
substance and the physical mixtures at around 1663 cm-1, 1453 cm, 1323 cm't,
1720 cm-t, 761 cmL, and 702 cm-! (Parfenyuk & Dolinina, 2017; Vuddanda et al.,
2018; M. L. Yang & Song, 2015). Only a few of the aforementioned peaks could be
found in the drug-loaded SSE 3D-printed dosage forms (publication I, Figure 5;
publication II, Figure 10), of which all peaks are attributed to HPC. As not all
characteristic peaks could be found, it confirms the finding made in the DSC
analysis that WS might be present in amorphous form in the printed dosage
forms. No significant spectral shifts, changes in band intensity, or complete
dilution of bands were observed in any of the dosage forms during the one-
month stability study performed in study II, suggesting that there were no
significant changes in the intermolecular interactions during storage.

b) Prednisolone

In study III, characteristic peaks of PRE could be found in the pure substance and
the physical mixtures at 3497 cm-!, 3453 cm-1, 3350 cm1, 1711 cm-1, 1652 cm-d,
and 1612 cm! (Nguyen et al., 2017; Palanisamy & Khanam, 2011). Some of the
aforementioned characteristic peaks are hidden by the peaks associated with
HPC, however, the carbonyl groups in PRE are present in both the physical
mixtures and the drug-loaded SSE 3D-printed films and at 1712-1708 cm! and
1657-1651 cm! (publication III, Figure 11), indicating that PRE is present in
crystalline form in the printed dosage forms. Furthermore, these peaks are more
profound in the drug-loaded film with 2% PRE compared to the 1% PRE-loaded
film, suggesting that infrared spectroscopy could be utilized in quality assurance
for drug quantification.

The ODFs did not fully dissolve in the dissolution study performed in buffer and
only 90% drug release was obtained. Hence, an immersion study was performed
where the films after immersion were measured with ATR-FTIR as it was
suspected that a crosslinking of HPC occur in the presence of phosphate. In the
ATR-FTIR measurement a new peak at around 1650 cm-! was observed for films
immersed in buffer at elevated temperatures (publication III, Figure 12). The
emergence of the new peak observed in the study could potentially be attributed
to either the cross-linking of HPC or the presence of water. It is known that
phosphate can act as a cross-linking agent for cellulose, and this process can be
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facilitated by elevated temperatures (da Silva Peixoto et al., 2019). However,
characteristic FTIR peaks of phosphate could not be found in the samples.

c) Gabapentin

GBP exhibits polymorphism and is prone to degrade to beta lactam, the purpose
of the ATR-FTIR analysis in study IV was to determine the drug's form in the
prepared dosage and to assess any potential degradation. Some of the
characteristic peaks are hidden by the additives in the formulation, but
characteristic peaks of GBP form II could be found in the SSE 3D-printed ChewTs
(publication IV, Figure 7), namely 1534 cm1, 1396 cm-1,and 1165 cm! (Lin etal,,
2010; Ranjous & Hsian, 2013). Despite the additives in the formulation having
strong peaks in the region where the characteristic peaks of gabapentin lactam
are found (3202 cm, 2928 cm1, and 1699 cm1), no changes in the spectra at
these wavelengths were found confirming the DSC findings that the
manufacturing process did not degrade the drug.

d) Theophylline

In study V, ATR-FTIR analysis was performed for seven days on the printing inks
stored at different temperatures and of the prepared ChewTs at set time points
up to three months after printing. TPH is known to exist as a crystalline
monohydrate and three anhydrous polymorphs (the stable forms I and Il and the
metastable form III), and a fourth anhydrous form IV has also been identified.
The anhydrous form II is most commonly used as an API in pharmaceutical
dosage forms, but monohydrate products are also on the market. Phase
transition during pharmaceutical processing can occur, e.g.,, anhydrous TPH
transforms into TPH monohydrate in the presence of water at ambient
conditions (Khamar et al., 2011; Shukla & Price, 1989). Characteristic peaks of
anhydrous TPH of polymorph II was found in the printing ink and the final
dosage forms, and no changes to the drug was observed throughout the stability
study on the ink nor the ChewTs (publication V, Figure 7). The studies indicate
that the active and stable form of TPH is present in both the ink and the ChewTs
and that neither the storage conditions nor the preparation method caused a
phase transition, furthermore, the drug stayed stable in the ChewTs for at least
three months.

e) Piroxicam

PRX also exhibit different polymorphs, namely a, 3, and monohydrate, and was
investigated in study VI with ATR-FTIR. The following peaks were found in the
pure nanoPRX and the printed films; 1633 cm-1, 1300 cm't, 1352 cm!, 832-
729 cml, and 685 cm! and 654 cm! (publication VI, Figure 7), all corresponding
to the  form of PRX (Adibkia et al., 2007; Redenti etal., 1999; Taddei et al., 2000).
This confirms that the nanoformed API has remained unchanged throughout the
process. Furthermore, no change in the infrared spectra was observed after one
month of storing (publication VI, Figure A.5.).
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6.1.4.12 Raman spectroscopy (V-VI)

In study V, Raman spectroscopy was utilized to further analyze the polymorphic
character of TPH in the prepared ChewTs and whether changes were observed
over the stability study period of three months. Characteristic peaks of TPH form
II are observed in the spectra of the pure drug and in the drug-loaded ChewTs,
additionally, no variation in the spectra is observed throughout the three-month
stability study (publication V, Figure 8). Specifically, the absence of the
characteristic peak of TPH form I at 1329 cm! and the presence of the
characteristic peak of TPH form II at 1662 cm (Zhu et al, 2019) in all the
prepared samples and throughout the stability study, confirms the results found
in the ATR-FTIR spectra, namely, that anhydrous TPH of polymorph Il is present
in the printed ChewTs and that it is stable for at least three months.

Raman spectroscopy was also performed in study VI to investigate the
polymorphic form of PRX (publication VI, Figure 8) and whether the ATR-FTIR
results could be confirmed which indicated that the nanoPRX was found
unchanged and stable throughout the manufacturing process. Neither
characteristic peaks of PRX monohydrate at 1462 cm-! and 1398 cm'1, nor the
characteristic peak of PRX form a at approximately 1543 cm-! can be found in the
printed films. However, the characteristic strong band for the § form of PRX is
present at 1521 cm! (Adibkia et al,, 2007; Redenti et al.,, 1999). The findings
confirm the ATR-FTIR findings that PRX form f is found in the printed films and
that the drug has not changed form while formulating or one month after
printing.

6.1.4.13 X-ray powder diffraction (VI)

XRPD was performed in study VI to confirm the findings made by ATR-FTIR and
Raman analysis regarding the polymorphic form of nanoPRX in the prepared
films. The obtained XRPD patterns in all printed films were similar to the one
obtained from pure nanoPRX (publication VI, Figure 9). The results indicate no
changes had occurred in the drug's crystallinity, which confirms the findings
made by ATR-FTIR and Raman analysis that the formulation preparation was
successful in keeping the nanoformed drug stable. The analysis was performed
again three months after printing and no changes have occurred indicating that
the dosage forms are stable for at least three months after printing.
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7. Summary and conclusions

This thesis explored the utilization of SSE 3DP as a novel approach for
manufacturing customized drug-loaded solid oral dosage forms close to the
point-of-care, aiming to replace traditional manual compounding techniques.
Semi-solid high-viscous inks in form of gels or pastes were formulated, which
were employed to successfully produce tailored dosage forms of five model
drugs investigated within the thesis. The research focused on various aspects of
personalization, including the customization of dosage, size, and type of solid
oral dosage forms. Personalization was achieved through the careful selection of
printing inks and the printing of dosage forms of different sizes. The printed
dosage forms underwent rigorous analysis using established pharmaceutical
analytical methods to assess their quality and to ensure the reliability and
success of the printing process. By exploring the quality of the printing materials
and gaining insights into the characteristics of the prepared dosage forms, this
study contributes to a deeper understanding of the printing process and its
potential for producing tailored medicines. The findings shed light on the
feasibility and viability of SSE 3DP as an innovative approach to revolutionize
drug manufacturing, bringing us closer to the realization of personalized
medicine and enhanced patient care.

In the first study (I), the research focused on the successful printing of thin and
flexible yet durable ODFs of various sizes, containing therapeutic doses ranging
from approximately 1 mg to 8 mg. Notably, the low standard deviation in drug
content indicates the suitability of this method for drugs with a narrow
therapeutic index, such as WS. The printed films demonstrated rapid
disintegration and immediate drug release. Furthermore, the films exhibited a
neutral salivary pH, which is crucial for ensuring compatibility with
orodispersible drug administration. These findings highlight the potential of the
prepared ODFs as a practical choice for delivering a tailored and accurate
amount of a potent API that demands rapid disintegration and immediate drug
release.

In the second study (II), two printing techniques, namely SSE 3DP and IJP, were
compared to each other and to OPS prepared at the hospital pharmacy using a
standard operating procedure for the preparation of personalized doses. The
printed ODFs demonstrated superior characteristics compared to OPSs, with the
ODFs produced using SSE 3DP showing the best results. The printed ODFs were
formulated with various therapeutic doses of WS, ranging from 0.1 mg to 2 mg,
specifically tailored for pediatric patients. Additionally, a stability study
conducted over a 4-week period at room temperature confirmed the stability of
both the ODFs and OPSs during this time. These findings highlight the favorable
attributes of the printed ODFs, including content uniformity, mechanical
properties, and stability. Overall, these findings support the potential of printed
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ODFs as a viable option for delivering personalized and stable doses of WS to
pediatric patients.

In the third study (III), the focus was on evaluating the capability of three
different SSE 3D printers to produce tailored doses for veterinary care. The
printers were assessed and compared based on their suitability for printing
drug-loaded veterinary dosage forms, printing speed, and user-friendliness. The
primary objective was to compare the content uniformity of the printed dosage
forms using the different printers to determine which printer would be most
suitable for use in a pharmacy or an animal clinic setting. To enhance the taste
and encourage voluntary uptake, LP (a taste-enhancer) was added to the
formulation, resulting in films with a neutral salivary pH suitable for oral
delivery in veterinary patients. The films exhibited rapid disintegration and
immediate drug release. A strong correlation (R2=0.9934) between the
designed size and the achieved drug amount with therapeutic doses of TPH up
to 7.4 mg was observed with the best-performing 3D printer. This correlation
further confirmed that modifying the design allows for tailored dosing,
highlighting the suitability of SSE 3DP for producing ODFs with tailored doses.
One of the most time-consuming steps in SSE 3DP is the post-drying process to
obtain the final product. Therefore, the drying time was investigated under
different drying conditions. It was observed that higher temperatures resulted
in shorter drying times; however, temperatures above 40 °C led to the formation
of brittle films. Overall, the findings from this study demonstrate the feasibility
of using SSE 3DP to produce drug-loaded ODFs with tailored doses for veterinary
care. The study provides valuable insights into printer selection, dosage form
characteristics, and drying conditions, contributing to the advancement of SSE
3DP in veterinary medicine.

In the fourth study (IV), the application of SSE 3DP was explored for producing
hard ChewTs intended for veterinary care. To enhance acceptance and appeal to
animals, LP was added to the formulation, resulting in ChewTs with a brown
color and an apparent liver scent, resembling treats for dogs or cats. The ChewTs
were printed in various sizes corresponding to CADs, offering escalating doses.
The printed ChewTs demonstrated favorable characteristics, including fast
disintegration, immediate drug release, and a neutral salivary pH. The GBP
amount in the ChewTs varied, with around 10 mg for the smallest ChewT and
over 200 mg for the largest dosage form, showing a high correlation
(R2=10.9935) between the designed dose and the achieved drug amount. The
content uniformity of the ChewTs was excellent, with the highest variation from
the average being less than or equal to 10%. These findings highlight the
suitability of SSE 3DP for producing hard ChewTs with tailored doses for
veterinary applications. The ability to customize the size, drug content, and
flavor of the ChewTs offers potential for personalized medicines for animals. The
study provides valuable insights into the dosage form characteristics and content
uniformity, contributing to the advancement of SSE 3DP in veterinary medicine.
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In the fifth study (V), the focus was on investigating the loading of the same ink
base used in study IV with a different drug, namely TPH. The printed dosage
forms exhibited fast disintegration, although slightly slower than those in study
IV. Four different sizes of TPH-loaded ChewTs were successfully printed, ranging
from 30 mg to 120 mg of drug content, with a high correlation between the
designed size and the obtained drug amount. All doses met the content
uniformity requirements specified by the Ph. Eur. and USP. The results
demonstrated that the same ink base used in a previous study was suitable for
preparing TPH-containing dosage forms. The printed ChewTs, which
incorporated LP for improved acceptance, remained stable throughout the
three-month stability study. These findings have practical implications, as they
showcase the feasibility of manufacturing pet-friendly ChewTs of different API
utilizing the same ink base.

In the sixth study (VI), oral thin films containing therapeutic doses of nanoPRX
particles were successfully prepared using SSE 3DP. The primary objective of
this study was to stabilize the nanoPRX particles in an aqueous dispersion (ink
base) and maintain their original form throughout the manufacturing process.
Tylopur-605 was identified as a superior stabilizer based on DLS results and was
selected for suspension preparation. Two printing inks were prepared with the
ink suspension. Printing ink 1 demonstrated ease of manufacturing, and the
corresponding thin films exhibited fast disintegration, dissolution rate, and
suitable mechanical properties, albeit being harder and more brittle compared
to films prepared from printing ink 2. The study achieved a high correlation
(R2=10.9965) between the designed size and the obtained drug amount,
confirming the second objective of the study that personalized doses can be
achieved by modifying the film's area. Ultimately, printing ink 1 was preferred
over printing ink 2. The study also compared two drying methods, with freeze-
drying reducing the drying time from 24 hours to 15 hours compared to ambient
conditions. Importantly, freeze-drying improved the disintegration and
dissolution properties of the films. Solid-state analysis was extensively
conducted to examine the drug's polymorphic form, which confirmed that the
prepared thin films maintained the nanoPRX particles in their original form. The
dosage form remained stable for at least three months after printing. This study
successfully demonstrates the concept of SSE 3DP nanoformed particles to
obtain personalized doses. The findings have implications for other poorly
water-soluble drugs requiring dose personalization, particularly in pediatric and
geriatric populations, with the potential to improve treatment outcomes.

In culmination, the success of the SSE 3DP as a pioneering method for tailored
drug manufacturing is intricately tied to pivotal parameters such as nozzle
diameter, travel speed, extrusion rate, printing temperature, and the nozzle-to-
build plate distance. The viscosity and homogeneity of the ink play a decisive role
in influencing the precision and quality of the printed product. Ensuring proper
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calibration of these parameters and maintaining consistent ink properties are
fundamental for achieving optimal results.

SSE 3DP holds immense potential for revolutionizing the healthcare industry and
transforming medicine manufacturing. This highly versatile technology enables
the preparation of medicine with tailored characteristics including dosage form,
dosing, and flavoring to be catered to the need of individual patients. One of the
notable advantages of SSE 3DP is the utilization of disposable syringes, which
enhances the manufacturing process by ensuring adherence to stringent quality
control requirements. This feature contributes to the production of safe and
reliable medicines while maintaining compliance with regulatory standards. By
harnessing the capabilities of SSE 3DP, the healthcare industry can unlock new
possibilities for personalized medicine, optimizing treatment outcomes and
enhancing patient experiences. The ability to create customized dosage forms
with specific properties showcases the potential of SSE 3DP to shape the future
of pharmaceutical manufacturing and medicine delivery.
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8. Future perspective

The successful implementation of tailored 3D-printed oral dosage forms close to
the point-of-care on a larger scale necessitates a paradigm shift, the
establishment of new regulatory guidelines, and the development of innovative
business models to ensure efficient delivery of these enhanced drug products to
patients, preferably through a mass customization approach. Several
distribution chain scenarios have been proposed for on-demand printed dosage
forms, with large hospital pharmacies or compounding facilities emerging as the
most feasible options, followed by small hospital pharmacies and community
pharmacies. The potential for 3DP in patients' homes has also been recognized,
emphasizing the importance of safety, regulatory compliance, and reliable
control mechanisms.

To address these challenges, it has been proposed that licensed manufacturing
facilities prepare the drug-loaded feedstock used for printing under GMP
conditions, which would then be shipped to the printing location for the
production of tailored doses using in-line analytical techniques. Alternatively, a
mass-produced printing ink base could be shipped to the printing facility, where
the appropriate drug and dosage would be added according to a prescription,
blended, and then printed into tailored doses using a 3D printer equipped with
built-in analytical equipment.

However, despite the FDA and EMA's interest in personalized medicine,
decentralized manufacturing, and innovative drug delivery technologies, there is
currently a lack of a regulatory framework for oral dosage forms with flexible
doses that can be manufactured on-demand using 3DP technologies. This
regulatory gap poses challenges and risks for pharmaceutical companies
venturing into the development of 3D-printed oral dosage forms. The approval
process for printed dosage forms remains uncertain, whether it will encompass
the entire printing process or solely the final dosage form. The classification and
production location of printed products may influence future regulatory
guidelines.

This thesis focused on exploring the use of SSE 3DP to produce tailored doses
suitable for pediatric and veterinary patients. The study compared different SSE
3D printers, investigated the use of the same ink base with different drugs,
examined the printing of nanoparticles, and explored the stability of both
printing inks and prepared dosage forms. However, given the limitations of a
thesis, there is room for further exploration. Future studies could explore
additional SSE 3D printers with built-in analytical tools to ensure the safety and
efficacy of tailored doses. Investigating the printing of various drugs in a
standard ink base with rheological properties determining the printing pressure
required for accurate doses would also be valuable. Additionally, studying
children's and animals' voluntary acceptance of the printed dosage forms would
provide insights into the most appropriate formulations.
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In order for SSE 3DP to become the preferred method for producing on-demand
tailored doses, it is imperative to meet the requirements of cost-effectiveness,
scalability, speed, robustness, reliability, accuracy, safety, and ease of operation.
This requires careful material optimization, establishing education and training,
the development of appropriate equipment, rigorous quality control protocols,
automating the translation of prescription information into dose designs, fast
and safe post-processing, and suitable packaging and labeling. To achieve these
goals and overcome the associated challenges, collaboration between academia,
industry, regulatory bodies, and healthcare professionals is imperative. This
collaborative effort fosters innovation, enables the sharing of best practices, and
facilitates the exchange of knowledge, research findings, and experiences. By
working together, stakeholders can address the regulatory and technological
barriers associated with SSE 3DP, ultimately accelerating its adoption and
implementation in healthcare.
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