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Abstract
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Oral medications are not readily available for a subset of the population, including
pediatric patients, patients with comorbidities, and patients on a tapering schedule. Additive
manufacturing (AM) provides a viable solution to this shortcoming in current medication
standards, allowing for tailored oral dosage forms. Two methods, semisolid extrusion (SSE)
and selective laser sintering (SLS) show particular promise for this application and are used in
this thesis. SSE has particular applicability for clinical applications, while SLS has shown an
aptitude for creating an array of doses of medication at a larger scale.

Investigation into printing oral dosage forms using SSE in a hospital setting showed
promising results. Oral dosage forms were created with consistency from batch-to-batch in
mass and drug content. The drug content achieved, additionally, aligned closely to the desired
drug content. Interviews with pharmaceutical professionals yielded information leading to a
suggested workflow overhaul, utilizing SSE, for implementation in hospitals.

Further investigation into SSE led to the development and printing of oral dosage forms on a
tapering schedule. These oral dosage forms were examined with image analysis using a machine
learning model (MLM). This added a layer of validation, where there is typically no validation
to dose-adjusted and unlicensed medication. MLMs were able to determine differences in the
images and classify images with a high-degree of success, particularly with the use of more than
one viewpoint of the oral dosage forms.

The impact of geometry on the fundamental properties of SLS oral dosage forms was next
studied. It was found that geometry, with shape and surface-area-to-volume ratio (SA/V) have
an impact on not just the dissolution profile of the oral dosage forms, but also the resultant print
quality of the oral dosage forms in terms of mass and volume compared to the theoretical values.

Analysis into different polymers and polymer grades was performed for SLS oral dosage
forms. The findings indicated that the type of polymer and polymer grade impact the resultant
oral dosage forms. A general trend of slower laser sintering and higher printing temperatures,
within an appropriate printing window for the material, yielded oral dosage forms that best
adhered to European Pharmacopoeia guidelines.

Overall, SSE and SLS have shown distinct advantages for pharmaceutical application. The
outcomes demonstrated in this work indicate the viability of SSE, particularly with image
analysis validation, in a clinical setting. This work has also shown that properties such as
geometry and polymer choice have a large impact on SLS printing.
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1. Introduction

1.1 Clinical challenges

Many patients would benefit from dose-adjusted or specialized medications,
particularly vulnerable patient groups. Such vulnerable patient groups include
pediatric patients, dysphagia-suffering patients, those with comorbidities, ger-
iatric patients, and patients following a tapering schedule. Pediatric patients
are patients from birth to 18-21 years old." This group can be further subdi-
vided into neonates (0-28 days of age), infants (29 days-2 years of age), chil-
dren (2-12 years of age), and adolescents (12+ years of age).” Dysphagia is
when a person has difficulty swallowing. This is extremely common amongst
older patients, as 16-22% of patients over 50 years old suffer from dysphagia.
Dysphagia can also be found in patients with head injuries, Parkinson’s dis-
ease, or with esophageal issues.*** Comorbidities are medical conditions that
coexist along with a primary diagnosis. These simultaneous medical condi-
tions can negatively impact a patient’s health, well-being, and quality of life.’
Geriatric patients are classified as patients over 65 years old.® This group can
have more complications or comorbidities than other patient groups. Patients
following a tapering schedule are typically deprescribing from medications,
where a complete discontinuation of the medication would lead to withdrawal
symptoms (i.e. deprescribing from psychiatric medications,” opioids,® etc.)
With such widespread use of psychiatric medications, such as selective sero-
tonin reuptake inhibitors (SSRIs), the need for medications adhering to these
schedules is important. In the United States, 13.2% of adults used such medi-
cations over a 30 day period.’

These vulnerable patient groups do not have an off-the-shelf option, so
dose-adjustment or extemporaneous compounding is frequently required, of-
ten with modification to off-the-shelf medications. This dose-adjustment is
traditionally done with methods such as tablet splitting or creation of liquid
preparations.'” Tablet splitting can be done with a splitting device, scissors or
by hand, or via a kitchen knife.!' Some tablets have score marks visible to
assist tablet splitting, while others do not. Liquid preparations, meanwhile, are
preparations created from a tablet (or contents of a capsule) being added to
water or another liquid for oral delivery."

These preparations, however, have limitations. Traditional dose-adjust-
ment can lack accuracy.”® A study examining tablet and capsule splitting by
Elliot, et al found that 10% of split medications deviated from the intended
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dose by over 25%."* This splitting can be done by a pharmacist, nurse, a pa-
tient, or a caregiver, making the range of knowledge and experience on tablet
splitting wide. As many as 30% of adult patients experience difficulties with
tablet subdivision.'>'® Tablet splitting via a tablet splitter device (Figure 1) is
common, especially for tablets without a score mark. While splitting of scored
tablets is considered safe by the FDA, provided the tablet is split only with the
intended subdivision,'!” not all tablets have score marks and those that do can
be difficult to split. In studies investigating tablet splitting, as many as 25% of
volunteers were unable to break tablets.'® It is still very common for patients
and caregivers to split tablets by hand or kitchen knife, as well. These different
methods do not necessarily yield consistent results.'®

Figure 1: Tablet splitter device after splitting a tablet, showing uneven splitting
results

Liquid preparations, too, can lack accuracy. A syringe is a very common tool
for dosing of liquid preparations.'® While syringes have been reported as more
accurate than dosing spoons, they still deviating from the intended dose, with
reported drug range deviations of £12%.2%%!

In addition to a lack of accuracy associated with dose-adjusted medications,
there are also risks associated with these adjustments. These risks include con-
tamination of the tablet, as well as health and safety risks. Microbial contam-
ination is a concern, particularly in a clinical environment.*** The health and
safety of the individual adjusting the medication can also be put at risk.>* Han-
dling of medications that are considered dangerous for caregivers, such as cy-
totoxic medications (a group of medications designed to treat cancer and pre-
vent cell growth), are especially problematic.”
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An additional challenge for dose-adjusted medication is that this process
lacks validation. Licensed medication undergoes rigorous Ph. Eur. testing to
ensure the quality of the resultant products. Extemporaneously compounded
medications undergo a level of quality control measures,”® though this medi-
cation is not typically considered FDA or other governmental body approved.
In a hospital setting with medications that are traditionally split or modified in
a ward setting, this is not necessarily the case. Since dose-adjusted medica-
tions have been modified, they are rendered unlicensed.?’” While guidelines for
split tablets regarding mass uniformity do exist, this accounts for only scored
tablets split in industry-designated ways. Unlicensed medication is often pro-
vided in a hospital or outpatient setting with no additional validation. This
means that there is less assurance that the medication provided is sufficient
and safe for the patient for dose-adjusted medication than for commercial, oft-
the-shelf medications.

1.2 Potential solution to clinical challenges

1.2.1 Additive manufacturing

A potential solution to the challenges associated with traditional dose adjust-
ment of medications is the use of additive manufacturing (AM). This technol-
ogy is generally defined as the additive process of combining together mate-
rials to create parts or products from 3D modelling data.® AM could allow for
custom medication containing a specific drug dosage in a pharmacy or com-
pounding facility setup. In the last 20 years, AM for pharmaceutical applica-
tion has grown rapidly.” It is possible to apply this technique not only to oral
solid medications,*® but also to suppositories®' and transdermal medications.*>
This technique generally allows for the creation of medications in a semiauto-
mated way and has the potential to create more accurate medications.> AM,
meanwhile, is a broad description of a multitude of different methods. It is
necessary to determine the most viable options for each application.

1.2.2 Fused filament fabrication

Fused filament fabrication (FFF) is an AM technique that extrudes heated
thermoplastic material through a nozzle, creating a layer-by-layer pattern until
a desired 3D object is created (Figure 2). First, the material, in the form of a
filament, is pulled via a pulling system off of a spool and into a heating system.
In this heating system, the material softens to a printable temperature. It is
then extruded through a nozzle onto a build platform. In this process, either
the nozzle moves to create the pattern or the base the material is deposited on
can move.**
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FFF for pharmaceutical application is a popular choice, due to the simplis-
tic nature and the cost-effectiveness of the printers. This technique has some
limitations, however. While the printers are affordable and relatively simple,
the materials used must be thermoplastic in nature. Additionally, the use of
heat can potentially cause thermal degradation of the active pharmaceutical
ingredient (API). The material used for printing needs to be in a filament, as
well. This means additional processing steps are necessary for printing with
this technique.*®> To add an API to the filament, different processing steps
(such as using hot melt extrusion (HME)) are undertaken, adding time and
complexity to a method that seems simple on the surface.** FFF is also lim-
ited by nozzle size and the diameter of the filament.

Filament Spool

Filament——

Pulling System

Heating System

L

Build Platform « Nozzle

Figure 2: FFF printing schematic

1.2.3 Stereolithography (SLA)

Stereolithography (SLA) is a process in which a vat of photopolymer liquid is
selectively cured layer-by-layer to form a 3D object. The resolution of the
resultant 3D object is from the diameter of the laser beam.’’

There are two types of SLA printers: top-down and bottom-up. In a top-
down SLA printer, the light source for curing is located above the photopoly-
mer liquid vat. The build platform is immersed in the liquid one layer deep to
begin. The light source solidifies the desired 2D pattern and moves down an-
other set layer to allow for the next desired 2D pattern to be cured. This is
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repeated until the desired object is complete. In a bottom-up SLA printer, the
light source is below the photopolymer liquid vat (with a bottom of a vat that
the light source can penetrate). This vat is generally shallower, as it will not
engulf the printed object. Rather, the build platform begins toward the top of
the vat, immersed in liquid leaving a gap of one layer thickness at a time. The
light source projects upward to create the desired 2D pattern and a layer of
photopolymer liquid is cured. Then, the build platform moves up a layer and
the next layer is printed. This continues until the resultant part is complete.*®
There are two other additional types of photopolymerization printers, called
digital light processing (DLP) printers and liquid-crystal display (LCD) print-
ers. DLP uses a projector to cure a whole layer of time for photocuring, while
LCD printers use an LCD mask lit with LED lights to photo-cure each layer
of liquid.*® These printers are often considered alongside SLA, due to their
similarities.

SLA for pharmaceutical applications has led to the creation of oral dosage
forms***! and topical delivery dosage forms.* Some positive aspects of SLA
include high resolution possibilities and the ability to create complex struc-
tures.’” SLA, however, has potential drawbacks. Most polymers used for SLA
are not FDA approved. Several of these materials are toxic,"”** making them
unsuitable for pharmaceutical application. Additionally, unreacted monomers
left post-curing in the final printed object can still undergo chemical reactions
that can cause irritation and cytotoxicity.*® While there are methods for post-
washing and post-curing to combat these issues, this is often unsuitable for
API-loaded objects. APIs, too, have been observed forming covalent bonds
with resin, which is another potential issue of this method.*

1.2.4 Binder jetting (BJ)

Binder jetting (BJ) is a powder-based process. A binder liquid is dropped onto
a powder layer in a pattern. Once this pattern of binder liquid is deposited on
the powder surface, the powder bed lowers and a new layer of powder is
spread over the previous layer.*® The binder liquid must dry and the printed
objects must be de-dusted of residual powder material, as they are immersed
in the powder bed during printing.

This process has been used for the creation of Spritam®, the first and only
commercial medication to utilize AM with FDA approval.*’ BJ has many ad-
ditional positive attributes for pharmaceutics, such as no need for elevated
temperatures and the ability to have high drug loading of the resultant dosage
form.** The printed object also remains submerged in powder during the print,
eliminating the need for support structures and allowing for more complex
geometries. There is also potential for powder recycling. However, despite
these positive attributes, BJ often requires post-processing to remove residual
solvents and improve the strength of the printed object.*® Another disad-
vantage to BJ for pharmaceutical applications is that it requires two separate
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formulations to be developed, one for the binder liquid and one for the pow-
der.”’ Sufficient mechanical properties for BJ-created pharmaceutical tablets
are also a difficulty of this method.>

1.2.5 Semisolid extrusion (SSE)

Semisolid extrusion (SSE) is an extrusion-based AM technology in which a
semisolid material, contained in a syringe, is extruded out of a nozzle onto a
platform in a layer-by-layer fashion (Figure 3). The material either hardens or
the object is dried post-processing depending on the formulation used. The
material extrudes using pressure, which can be applied mechanically, through
pneumatic pressure, or via electrical pulses (solenoid extrusion).’’ The print-
head moves in the x- and y- directions to allow for the printing of the semisolid
material onto the platform for each layer, with the printhead or printing plat-
form, depending on the specific printer, moving up or down to print the next
layer.

SSE is a suitable option for pharmaceutical application and has been used
to make tablets, chewable formulations, orodispersable formulations, and sup-
positories.’” This process does not require elevated temperatures, the printers
are often designed with sterility and ease-of-cleaning in mind, and offers size
and shape flexibility of a resultant dosage form.”*** While SSE has many pos-
itive attributes, it can also be limited by certain factors, such as potential post-
processing through drying. The resolution of the resultant print is, addition-
ally, limited by the nozzle diameter.

X-Y Direction
Movement

><,
|

lPressure

Syringe with
semisolid
material

l Platform
Nozzle — i

Figure 3: SSE printer schematic
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1.2.6 Selective laser sintering (SLS)

Selective laser sintering (SLS) is a powder-based AM technology (Figure 4).
A laser sinters together a powder formulation in a layer-by-layer fashion. This
laser is often a diode laser, a CO; laser, or a Nd:YAG laser.>* After each layer
of sintering, the print bed moves down a layer and the surface is recoated with
powder stored in the powder bed. This continues until printing is complete.

SLS has shown potential for pharmaceutical application, particularly with
personalized medications in mind.>® This process allows for complex geome-
tries, since the printed object is fully immersed in unsintered powder during
printing. This process also allows for a possible high resolution. Additionally,
SLS does not typically require lengthy post-processing, requiring only de-
dusting of the printed objects, and has the possibility for some powder recy-
cling. A disadvantage of SLS is that this is a relatively high temperature pro-
cess, which could potentially degrade APIs.*®

Laser
4 I

Deflection
Mirror

Recoater

Figure 4: SSE printing schematic

1.2.7 Choice of SSE and SLS

For making custom medications for vulnerable patient groups, SSE is a highly
effective choice. SSE is easy to integrate into an existing pharmacy workflow,
with relatively small printers and components that are easy to clean or are
disposable. These considerations are extremely important for the adoption of
a technique into an existing workspace, such as a hospital or outpatient phar-
macy. This technique is already being adopted by many research groups and
hospital pharmacies.’**” SSE allows for the creation of custom dosage forms
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on-demand and in desired quantities, making this an attractive technique for
clinical and outpatient pharmacies. In order for this technique to thrive in a
clinical setting, however, it must be adopted by the personnel who would be
using this technique on a daily basis. Therefore, the considerations of these
personnel must be well-understood to implement SSE in a clinical setting.

While SSE is an excellent choice for use in a clinical and outpatient phar-
macy setting, SLS has great potential for larger-scale production of tailored
medications in places like external compounding facilities (ECFs) or in the
pharmaceutical industry. While the technique lacks the ease of cleaning of
SSE, it has the potential to shine in large-scale production and for mass cus-
tomization. This technique has the possibility to provide more tailored medi-
cations than the current standard in industrial quantity. SLS has the potential
to achieve mass customization for pharmaceutical products, with the goal of
mass customization being to provide consumers with tailored products at
nearly mass-production efficiency.’® Sharing with the advantages of BJ, which
has been successful commercially and at scale-up, SLS has similar powder-
based advantages, like high resolution printing. SLS does not require signifi-
cant post-processing, or the development of a secondary formulation (for the
binding liquid), which is necessary for BJ. SLS also has the potential benefit
of creating dosage forms with the possibility of increased API amorphiza-
tion.”” Therefore, SLS is a highly logical choice for investigation due to the
possibility of using this technology for scaled-up applications.
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2. Aim

The aim of the work presented in this thesis is to investigate AM for vulnerable
patient groups in a clinical setting and the possibility of AM for use on a
larger-scale. In this work, the creation of novel formulations was developed
and oral dosage forms, as well as their fundamental properties, were created
and analyzed for the use-case of both a clinical and larger-scale setting.

The specific aims of each project included in the thesis are listed below:

L Creation of custom-dosed medication with SSE from off-the-
shelf medication and how this technique was viewed by hospital
employees

1L Analysis of SSE tablets via image analysis with a machine learn-

ing model (MLM) to improve validation and quality control for
dose-adjusted medication

111 Analysis on the impact of geometry on fundamental properties of
SLS tablets

Iv. Investigation into the impact of polymer chemistry on SLS tab-
lets, as well as the most suitable printing conditions for different
polymers and polymer grades
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3. Semisolid extrusion background

3.1 SSE

SSE has been chosen for this thesis to create custom oral dosage forms. This
process often utilizes benchtop-sized printers, making this system easy to in-
tegrate into existing hospital or outpatient pharmacies. Many SSE printers are,
additionally, designed for biological applications, meaning that they are de-
signed with thought toward sterility and cleanability.”® An aim of this thesis
was to investigate the use of AM in a clinical setting, and SSE was a prime
candidate for this investigation. This method has many considerations regard-
ing the settings, material choices, and important aspects to printing.

3.2 Solvent- and thermal-based formulations

It is possible to create formulations, which are the semisolid print material,
using either a solvent base or thermal base. A solvent base means that the
formulation has solute material dissolved in a chosen solvent. This solvent
then either dries in atmosphere or in an oven or vacuum oven. Common sol-
vents for pharmaceutical application include water, ethanol, or a mixture of
both. The use of ethanol can be problematic, as there can be ethanol remaining
in the final product. This is particularly important for pediatric populations.®
Therefore, water is the safest solvent option. However, not all APIs and ex-
cipients dissolve in water, which can sometimes add complexity to formula-
tion development. In this thesis, water was used as a solvent, as all APIs used
for SSE were readily soluble in water.

A thermal base for a formulation means that this formulation is created,
then solidified, then reheated to print. It then cools post-printing into a solid
object. Different thermal-based materials can be utilized, such as polymers
(i.e. polyethylene glycol), lipids (i.e. glycerides), or gelling agents (i.e. gela-
tin).*"%2 This process has several downsides, including the limitation to the
excipients that can be used, as well as the possibility for demixing of the com-
ponents of the formulation. Phase separations can occur due to the components
of the formulation having different melting temperatures. It is possible an im-
miscible liquid forms and separation of the different components of the for-
mulation occur.®® This method was not used in this thesis, due to these down-
sides and the more complicated nature of this method.
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3.3 Positive aspects and limitations of SSE

SSE has many positive attributes, as well as some limitations (Table 1). These
positive attributes far outweigh the limitations of the method, and many can
be combatted or considered when designing the formulation or selecting the
printer.

Table 1: Positives and potential limitations of SSE summary

Positive Aspect Limitation
-Accurate doses possible -Rheology limitations
-Relative speed and hands-off production -Resolution depends on printhead and nozzle
-Less overall waste -Drying for solvent-based materials
-Complex release profiles possible -Pre-processing thermal-based materials

-Freedom of geometry

-Polypills possible

-No heat required for solvent-based materials
-Setup easy to integrate into existing phar-

macy

First, SSE has the ability to create accurate doses,* particularly when com-
pared to other dose-adjustment methods, such as tablet splitting and liquid
preparations.®*® In a study performed by Chatzitaki, et al, an accuracy of
97.05%+4.68% of the theoretical drug content was achieved for SSE medica-
tions,® while in another study by Cui, et al, SSE medications achieved drug
contents 96.2-103.3% of the theoretical drug content.®” While these methods,
particularly tablet splitting, are the most commonly used methods of dose-
adjustment, the accuracy of the resultant dosages is not always accurate or
consistent.®® Tablet splitting, done with tools such as a kitchen knife, tablet
splitter, or by hand, are often employed.'" Further discrepancies have been
found in accuracy depending on the person splitting the tablet (i.e. nurse or
non-medical professional).'* Tablet splitting is made even more challenging
due to the differences between tablets—some tablets have score marks to aid
with division while others do not. Additionally, tablets come in many shapes
and sizes, further creating a challenge for practical guidance for tablet subdi-
vision. Liquid preparations, meanwhile, have shown a higher accuracy with
the use of a syringe than with tools such as a dosing cup, but this method still
achieves doses off from the intended API quantity by £12%.'***?' Addition-
ally, syringes are difficult to use in an outpatient setting and there is potential
for certain APIs to undergo hydrolytic degradation.” Liquid preparations are
also not ideal for poorly soluble drugs.”® These forms of dose-adjustment also
have potential risks for the caregiver, particularly for drug substances consid-
ered dangerous for handling on a repeated basis, such as cytotoxic drugs.”!
Capsules created via extemporaneous compounding have shown levels of
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dose accuracy aligned with Ph. Eur. guidelines.”> Content uniformity of cap-
sules, however, can fluctuate depending on the method used (volume-based
or weight-based methods).”

The risks associated with handling found in several forms of traditional
dose-adjustment could potentially be lessened with SSE. This process is rela-
tively quick and hands-off compared to tablet splitting and liquid preparations.
SSE has the potential to allow pharmacy or hospital professionals to designate
the number of tablets they would like to create, as well as a specified dosage,
and begin the print. Printing can commence while the pharmacy or hospital
professionals continue with other tasks. This can potentially take less time
from overburdened staff’* than traditional dose-adjustment. Additionally, a
select number of oral dosage forms may be printed at a time, where manual
adjustment of each tablet would otherwise occur. Compared with other AM
methods, SSE is also considered relatively quick, as solvent-based SSE does
not require heating of the printer or material, and oral dosage forms can be
printed in a matter of seconds utilizing certain printers.”” This method is also
relatively quick compared to obtaining medications from ECFs or compound-
ing pharmacies.”®

In addition to the possible speed and reduction in direct work for staff, SSE
can also potentially reduce the waste associated with specialized and custom
medications. With dose-adjustment of licensed medications, the leftover por-
tion of the tablet, crushed powder, or liquid preparation must be discarded, as
the remaining medication is no longer in intended shelf-stable conditions.
When it is not possible to adjust licensed medications in a hospital, an ECF or
compounding pharmacy will provide this medication. Often, this medication
comes with a minimum dosage form order higher than necessary for the pa-
tient. In Sweden, this order quantity is frequently 100 dosage units. While this
medication can be used for other patients needing the same dose and drug, the
remaining doses often go unused and are disposed within the shelf-life of the
product. SSE, meanwhile, allows for the creation of a specific number of dos-
age forms, reducing waste of unused medication.

SSE also allows for a variety of release profiles, particularly when com-
pared to traditional dose-adjustment or extemporaneously compounded cap-
sules from an ECF or compounding pharmacy. Traditional dose adjustment
manipulates a licensed medication, which can be coated. This adjustment
causes the coating to no longer encase the medication, which could potentially
impact the release or bioavailability of the medication, which is of particular
relevance for sustained and delayed release coatings.”” Extemporaneously
compounded medications often come in capsule form. Capsules have release
behaviors primarily determined by the material making up the capsule (i.e.
gelatin). The use of an industry-standard capsule shape limits the possibilities
for more complex release profiles. SSE allows for a range of release profiles
by utilizing different infill geometries, infill density, and excipient materials,
making it possible to create tailored release profiles.’"”® Different infill
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geometries indicate the pattern created inside the outer shell of the printed
object (i.e. honeycomb, lines, grid, cubic, triangular) (Figure 5). Infill density
is the amount of material used to fill the inside of the printed object. It is often
measured in percentage, from 0-100% infill, with 0% being a hollow shell and
100% being a solid object. The materials used can impact the kinetic release
of the API, as well, as SSE allows for a wide range of materials with different
release profiles to be used as excipients.””* These materials may even be used
as a blend. The use of multiple materials can also be utilized to create materials
with a “shell” of a different release profile, printed via an additional print-
head.®!

Figure 5: Example of honeycomb infill geometry on circular tablet created with SSE

In addition to the release profile flexibility allowed by the freedom AM and
SSE allows, there is a wide range of geometries possible with SSE. This al-
lows for shapes that can potentially improve the compliance of pediatric pop-
ulations, such as bear shapes, heart shapes, etc.***> More traditional shapes,
too, can be made in any size desired. This allows for more flexibility than
capsules, which come in standard sizes.

Another advantage of SSE is the ability to create polypills, or medications
containing more than one API. Due to the use of printheads for SSE, it is pos-
sible to have multiple printheads containing formulation with additional
APIs.* This can be advantageous for geriatric patients and patients with
comorbidities, who are often burdened with polypharmacy needs.*

Solvent-based SSE does not require heating of the formulation for printing,
which is another advantage of this method over other AM techniques (such as
thermal-based SSE, FFF, and SLS) in terms of possible APIs and excipients.
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Thermal degradation of the API or excipient materials can potentially occur
with heating of a formulation.>>®* This lack of heating also makes the printers
more simple, as no temperature chambers are required and no heating of the
printhead must occur.

Along with the simpler printer due to the lack of heating requirements for
solvent-based SSE, this technique is relatively easy to integrate into existing
hospital and outpatient pharmacy setups. The printers are typically benchtop
sized and, while there is a requirement of an oven or vacuum oven for drying
post-printing, this oven can fit under the benchtop. Compared to some other
AM printers, these printers have a small footprint. In this thesis, it is shown
that SSE fits into an existing hospital workflow.

While SSE has many positive attributes, there are a few limitations to con-
sider when working with this AM technique. One such limitation is the rheol-
ogy requirements for SSE. The formulation must have suitable rheological
range. If the formulation will not extrude out of the nozzle within a pressure
range possible for the printer, it is unsuitable for use. If the formulation
streams out of the nozzle in an uncontrolled manner or causes strings of ma-
terial to extrude, it is also unsuitable for use. Overall, rheological properties
of a formulation are dependent on many printing parameters (i.e. nozzle di-
ameter, pressure, print speed, components in formulation, temperature).”
Rheological aspects such as viscosity, pseudoplasticity, and thixotropy can
have a profound impact on SSE. Viscosity is the resistance of a fluid material
to flow. Pseudoplasticity, sometimes referred to as shear-thinning behavior, is
when the rate of flow of a material increases as the shear rate increases.®” The
opposite effect would be shear-thickening behavior, where viscosity increases
with an increase in shear rate. Thixotropy, meanwhile, is when viscosity de-
creases continuously over time when flow is applied to a previously resting
material and gradually recovers once the flow is discontinued. Thixotropy is
a reversible, time-dependent decrease of the viscosity of a material induced
by flow.*® Therefore, these aspects must all be considered when designing a
formulation for SSE, as formulations of semisolid nature will be greatly im-
pacted by resistance to flow, shear rate, and time-dependent flow properties.
Since semisolid materials are often non-Newtonian, meaning that the viscosity
varies dependent on the applied stress,*” these properties can impact the re-
sultant print quality. This process often takes trial-and-error, and can therefore
take time to perfect, which can be a potential downside of using SSE.

In addition to rheological considerations, the resolution of SSE-produced
oral dosage forms depends on the printhead type and the nozzle diameter.
Pneumatic printheads offer limited precision for low-viscosity formulations,
which can impact the resultant resolution of the oral dosage forms created with
this method. Pneumatic systems are also rather complex when compared with
mechanical printheads.” Mechanical printheads, meanwhile, offer precision
for many formulations. These systems are also more simple and straightfor-
ward.”' Therefore, it is important to consider what type of printhead to use for

26



a specific formulation. Nozzle diameter also has an impact on the print reso-
lution. If too large of a nozzle diameter is used for printing, this could decrease
the overall print resolution. However, the nozzle diameter is often correlated
with the viscosity of the formulation, as the formulation must pass through the
nozzle at an appropriate pressure setting. With a highly viscous formulation,
it is possible that a larger nozzle diameter is necessary. Ultimately, the smaller
the nozzle diameter, the higher the resolution of the printed oral dosage form.

After printing, for solvent-based SSE, a drying step may be needed. This
can require post-processing time in an oven or vacuum oven to remove the
solvent.”’ This leads to a longer total production time than simply printing,
and must be considered as a potential limitation of this technique.

In the case of thermal-based SSE, pre-processing steps are required. The
materials in the formulation must be combined then solidified to form the
starting formulation. This formulation must then reheat for printing. This pre-
processing to form the solid formulation, as well as the requirement to heat up
the printhead and formulation material to an appropriate printing temperature,
are all time consuming. This pre-processing step, much like the drying step
for solvent-based SSE, requires additional time.

While there are some limitations to SSE, the overwhelming positive aspects
make this method a popular choice amongst researchers and clinicians. So
long as the limitations of this method are considered, it is possible to combat
potential issues that can arise with this process. The potential accuracy of dos-
ages possible with this method, combined with the reduction in waste over
traditional extemporaneous compounding and dose adjustment, make this
method a worthy option. The potential of SSE is overwhelming, with the pos-
sibility to create complex release profiles and geometries, as well as create

polypills.

3.4 Fundamental properties of SSE

There are many properties that govern SSE (Figure 6). A very clear example
of an important property for printing with SSE is the material choice. The
materials that comprise the formulation are typically API, excipients, and sol-
vent(s) for solvent-based SSE. For thermal-based SSE, a solvent is not a re-
quirement. The API used must be soluble in the solvent for successful print-
ing. The excipients must create an ideal rheology when blended with the sol-
vent of choice. Excipients such as HPMC (hydroxypropyl methylcellu-
lose/hypromellose) are commercially available in different viscosity grades,’
meaning that the choice of these materials can have a great impact on the re-
sultant printability of the formulation. Excipients, in addition to impacting the
printability, can impact the release profile of the resultant oral dosage forms.
This is another important aspect for formulation development. The amount of
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solvent, too, can greatly impact the resultant formulation. This can not only
impact total drying time, but also the rheology of the resultant formulation.

Extrusion Retraction
Rate Rate

Nozzle Print
Diameter Speed

Layer Infill Pattern
Height & Density
A
Oral
Dosage Form SSE Fundamental | gormulation
Geometry Considerations

Figure 6: Properties that influence SSE

In addition to material choice, the geometry of the oral dosage form chosen
can impact the resultant print. Geometry governs the surface area to volume
ratio (SA/V), which can impact the release rate of the APL.>** Generally, a
higher SA/V leads to quicker dissolution.”*” Different geometries can also
impact the compliance for certain patient groups, such as pediatric popula-
tions. More interesting shapes can potentially improve compliance for these
patients than traditional tablet shapes.® Certain shapes, however, should be
avoided due to possibilities of increased swallowing difficulties or discomfort.
Shapes with sharp points, such as stars or pyramids, can potentially cause dis-
comfort while swallowing. Smoother shapes, such as cylinders and oval-
shapes, are easier to swallow. Certain medication sizes, too, can impact the
overall swallowability. Larger tablets are generally more difficult for pediatric
patients to swallow, but can also be difficult for geriatric and dysphagia-suf-
fering patients, as well.”*"” These aspects should all be considered when de-
ciding the geometry of the oral dosage form.
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The infill pattern and infill density chosen for printing are aspects that also
impact the resultant oral dosage form. These two parameters are intrinsically
tied to geometry, as the interior geometry becomes exposed during dissolution
of the oral dosage form. Infill density, along with the infill pattern, determine
how much of the tablet is exposed to the dissolution media at a given time.
These parameters also relate to the SA/V, as an infill pattern with more void
space potential, such as a grid-pattern, along with a lower infill density, create
more inner surface area per tablet volume. This could impact the dissolution
rate. These parameters can, additionally, impact printability. For example, too
much void space in a dosage form can potentially cause the print to collapse.

Nozzle diameter is another important property of SSE. This diameter is tied
to extrusion rate through rheological properties of the formulation. The print
resolution for SSE is higher with a smaller print diameter. While a high print
resolution is optimal, the viscosity of the formulation must be suitable to flow
through the selected nozzle diameter with an appropriate application of pres-
sure. Higher viscosity materials can, potentially, require a larger nozzle diam-
eter. While this can impact the resolution of the oral dosage form, it is a ne-
cessity for thicker semisolid formulations. Furthermore, while a smaller noz-
zle size can lead to a higher print resolution, this can increase the print time
per dosage form.* Nozzle diameter choice can also be impacted by undis-
solved particles in the formulation. Solid particles can impact the rheological
properties of viscous liquids, with the possibility to change the way the for-
mulation prints.”® As another possibility, if these particles accumulate or are
larger than the nozzle diameter, they can potentially clog the nozzle and lead
to printing errors.

Another fundamental property of SSE is the extrusion rate. This rate con-
trols the quantity of formulation extruding out of the nozzle at a given time.
An incorrect extrusion rate can cause over- or under-extrusion. This property,
like nozzle diameter, is tied to rheology of a given formulation. The extrusion
rate defines the speed a material comes out of the nozzle, which is highly de-
pendent on the flowability of the formulation. For SSE, this is often charac-
terized by a volume of material over time (i.e. uL/s).

Retraction rate is very similar to an extrusion rate, in that it is the speed a
material is retracted from the nozzle. The retraction rate, too, is highly depend-
ent on the flowability of the formulation. A retraction rate can prevent over-
extrusion or excess streaming of the formulation, particularly with more flow-
able formulations. For more viscous formulations, a lower retraction rate can
be utilized, as the formulation is less likely to stream out in an uncontrolled
manner.

The print speed is another important property of SSE. This, too, is impacted
by the rheology of the formulation, as the speed at which the printing occurs
depends on the material flowability. The print speed determines the speed at
which printing occurs. Depending on the flowability of a material, a faster or
slower print speed may be necessary. Implementing an incorrect print speed
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can lead to print failures. For example, too quick of a printing speed can lead
to shape deformation or inaccuracies of the print, as the material can drag. Too
slow of a print speed can cause over-extrusion, which can also lead to defor-
mation via too much formulation deposited in part or all of the different layers
making up a print.

Layer height can also impact SSE. If the layer height is greater than the
nozzle diameter, there can potentially be poor attachment between the layers.
If a layer height is too small, it can cause the nozzle to drag through the pre-
viously printed material. It is, therefore, important to determine an appropriate
layer height for successful printing. Certain aspects, such as formulation
swelling or contracting could additionally impact the layer height.

Overall, many of these fundamental properties of SSE are associated with
rheology. While each property is a separate aspect, they all come together to
create a successful print. Viscosity, elasticity, plasticity, and thixotropy can
all influence the rheology of a formulation during the SSE process, which is
determined by the fundamental properties listed.””'® These factors create
complexities in developing a suitable SSE process, and it is important to note
that all of the fundamental properties are connected through rheology and the
many aspects and complications of rheology for semisolid materials.

3.5 Important aspects of SSE for clinical application

While there are many considerations on how to create well-printed medica-
tions in terms of the printing process and material choice, there are many
added aspects of importance for use in a clinical setting. These considerations
(Figure 7) include the cleanliness of the process and resultant printed product,
how this process fits into the existing workflow, the replicability of the pro-
cess, the acceptability for clinical personnel, and the validation of the resultant

medication.

For the clinic:
+ Cleaning/Sterilization

+ Fits existing workflow

+ Replicability/Uniformity
» Method Acceptance

+ Validation

Figure 7: Aspects to consider for clinical application of SSE
The first aspect to consider is the cleanliness of the process and the resultant

medication. The process where printing occurs must be clean, and the resultant
medication must pass microbial inspection. Ph. Eur. has guidelines regarding
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cleanliness during extemporaneous compounding and microbial testing of
medications. Hospitals, pharmacies, and governments in individual countries
have additional regulations and guidelines. General practices to follow are
Good Manufacturing Practices (GMP).'”' SSE must fit as high of cleanliness
standards as possible. There are many elements that make SSE a good candi-
date for high cleanliness, including that the printer is able to be disinfected
using 70% isopropyl alcohol solution. SSE printers are typically very simple
in build and the elements touching the formulation and final printed dosage
forms can be disposable. A disposable petri dish or weigh boat, depending on
the formulation viscosity, can often be used as the platform for printing. If this
is not possible, glass petri dishes may be used. These glass petri dishes are
robust enough to undergo a sterilization process. The printhead holds a sy-
ringe, which is often disposable. Since many SSE printers are designed for
bioprinting or directly for pharmaceutical printing, they are designed to be as
clean as possible. Some of these printers have built in UV-sterilization and
HEPA filters, which reduce the risk of contamination during printing.

While the printing process is designed with cleanliness in mind, it is also
important to consider cleanliness during formulation preparation. Therefore,
it is unlikely for formulation preparation to occur on the ward in a hospital.
To maintain the most possible control over the process, it is likely that formu-
lation preparation would occur in an ECF, compounding pharmacy, or central
hospital pharmacy. These more controlled environments have setups and pro-
tocols in place to increase the cleanliness and safety associated with extempo-
raneously compounded medication. Cleanliness of spatulas used for measur-
ing, for example, must be ensured, as well as considerations like a face mask
on the creator of the formulation to prevent the spread of contaminates.'®?
Since these setups already exist in such locations, it is suitable that the creation
of formulations should take place there.

The storage of the medications is also a vital consideration for best sterili-
zation and cleanliness practices in a clinical setting. Medications made via
dose adjustment can be stored in many ways, such as blister packs, bottles or
containers, or given directly to the patient if applicable.'” If storage of the
medication occurs, it is important to keep this storage clean to prevent micro-
bial growth and contamination of the dosage forms. After printing for solvent-
based SSE, a drying step occurs. By using a vacuum oven, the risk of micro-
bial growth is lessened, as aerobic bacteria are less likely to survive in this
environment.

In addition to the importance of cleanliness, SSE must fit well into the ex-
isting workflow of a hospital or outpatient pharmacy. The small profile of the
printer, as well as the need for an oven for solvent-based SSE, do not require
much additional room in an existing space. All other equipment used for for-
mulation preparation and printing already exists in a hospital. Standard dis-
posable petri dishes and syringes are often utilized, which are usually abun-
dant in a clinical setting. Disinfectant for properly cleaning the printer surfaces
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is also found in a hospital or pharmacy. While disposable nozzles may need
to be ordered, this is a low amount of new equipment. In order for SSE to
succeed, it must therefore be easy to integrate by not requiring a large dedi-
cated workspace or many extra tools.

Another vital requirement for SSE in clinical application is the replicability
and uniformity of the resultant dosage forms. SSE dosage forms should still
meet Ph. Eur. requirements for uniformity, despite a lack of guidelines for AM
dosage forms. These requirements are for uniformity of mass (2.9.5 Uni-
formity of Mass of Single-Dose Preparations), as well as uniformity of content
(2.9.6 Uniformity of Content of Single-Dose Preparations).'™ Ph. Eur. re-
quirements are important for determining the replicability of SSE for a spe-
cific formulation. This needs to be established in order to provide medications
with this method in a clinical setting.

The acceptability of SSE for pharmaceutical and hospital personnel is an-
other important aspect to the successful adoption of this method in a clinical
setting. A method can only be highly effective if the perception is positive for
those who must interact with it on a daily basis. Therefore, the design of the
printer must be approachable and intuitive. Additionally, the method must
make a clear improvement over existing methods.'®

Lastly, the method must have medication validated to sort in a desired way
and eliminate undesirable dosage forms, whether it be due to mass uniformity,
intended dose, or other specifications. While unlicensed medication currently
does not always go through validation before administration, particularly
when compared to commercial medications, SSE must overcome this same
issue, as a lack of strict validation can lead to incorrect doses of medica-
tion.' 6819 Incorporating further validation, one which would not increase la-
bor time or be destructive of medications, would create a heightened level of
quality assurance. Using similarity factors between medications can increase
this validation, with the possibility to group tablets by mass uniformity ac-
cording to Ph. Eur., intended dose, or other desired factors. This level of vali-
dation would allow SSE-produced medications to provide deliberate medica-
tions to patients.
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4. Selective laser sintering background

4.1 SLS

SLS has been chosen for this thesis to create oral dosage forms, as it has the
potential to create such dosage forms on a larger scale. This technique is prom-
ising for creating custom dosage forms in an efficient manner. SLS is more
suited to an ECF or industrial site, as there is the potential to create larger
batches of dosage forms with desired API content and loading. This technique
is advantageous for scaleup, as it is a powder-based printing technique. It
would allow for the creation of mass customized oral dosage forms. This
would provide the possibility for more dosage forms for vulnerable patient
groups (i.e. pediatrics) to have licensed medication designed specifically for
them in mind.

4.2 Advantages and limitations of SL'S

SLS has many advantages and some limitations (Table 2). The advantages that
SLS has make it very suitable for potential use in a scaleup setting, as it is
possible to make accurate, high resolution dosage forms with little post-pro-
cessing. While there are limitations to SLS, such as the use of powder materi-
als and a limitation on APIs possible to use due to potential degradation, this
technique is highly applicable for many situations where specialized dosage
forms could be created.

Table 2: Positives and potential limitations of SLS summary

Positive Aspect Limitation
-Accurate doses possible -Powder exposure
- High resolution possible -Colorant sometimes needed
-Freedom of geometry -Powder aging
-Complex release profiles possible -Possible API degradation

-Relative speed and hands-off production
-Polypills possible

-Improvement possibilities for poorly soluble
APIs

-Scaleup possible
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First, SLS can lead to accurate dosage forms in terms of the drug content.'”’
Studies in this field have shown consistent drug loading and drug contents for
oral dosage forms created with SLS.'*!%° This is an important aspect, as con-
sistency in oral dosage form content must be ensured. This accuracy is par-
tially based on resolution, as a higher resolution leads to more precision in the
resultant print from the desired STL. Therefore, resolution and drug content
accuracy are related.

SLS can print with relatively high resolution.>® Resolution is partially de-
pendent on the layer thickness (height of each layer making up the part). The
thinner the layers, typically the higher the resolution of the resultant print.
While a higher resolution is often desirable, this can potentially be limited by
the particle size of the formulation.''® The layer thickness should not be below
the particle size, or this can cause issues including difficulty creating a layer
that covers the print bed or dragging of larger particles by the recoater. Print
resolution also impacts printing time, as prints with higher resolution require
a longer print process. This is another factor to consider when determining
adequate printing settings.

In addition to resolution advantages, SLS allows for the printing of a wide
range of geometries. The high precision involved in laser printing allows for
complex geometries.''""!'? Additionally, no support structures are needed for
SLS printing, as the printed object is immersed in powder during printing,
making complex geometries possible.

In part because of the freedom in possible print geometry, there is a freedom
to the possible release profile of API for SLS oral dosage forms. Geometry and
the effect of SA/V can impact the release profile for a dosage form. This is tune-
able for SLS. Gyroid lattice structures with high SA/V can be created, or spheres
or cylinders with low SA/V, allowing for release behavior modification.'"* Re-
lease profiles can also be tailored using different laser settings.'"*

Another advantage of SLS is the relative speed to the printing process.
There is no major pre- or post-processing required. Unlike with BJ, there is no
liquid formulation to dry post-printing. Once the print is complete, the printed
objects must simply be removed from the print bed and dedusted. It should be
noted that some additional time is required to heat and cool the printer, which
does add to the total print time. This slower cooling, meanwhile, can lead to
higher quality prints.'"® This printing technique allows for a large amount of
dosage forms to be produced in a single print. A scientist or pharmacist must
simply load in a formulation, determine the desired printed objects, let this
print occur, and then remove the objects from the remaining loose powder.
Since so many objects are possible to print per batch, this process is relatively
low in labor demand.

SLS also allows for polypills to be created. The use of added powder beds
with pure API powder or additional API-containing formulations, as well as
multiple API powders in one formulation could aid in the creation of polypills
(Figure 8). While each of these scenarios contain complexities, such as
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dynamic print settings to sinter sufficiently for each material or layer or the
need for selecting APIs that have similar printing conditions, SLS can allow
for the creation of polypills. While this method is possible for polypharmacy
purposes, it can potentially waste formulation. In the case of using different
powder materials from different powder beds, the recoater will move a layer
of the material onto the print bed. Once different materials are mixed together
on the print bed, it is impossible to separate these formulations, rendering the
excess material waste product.

Laser
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Mirror
Recoater

I Print Bed
L -

Figure 8: Printing utilizing multiple powder beds with different materials to facilitate
polypill fabrication

With SLS, APIs that are considered poorly soluble have the potential for sol-
ubility improvement. SLS, in particular, has the ability to improve on amor-
phization (Figure 9) of poorly soluble APIs. While this is dependent on the
particular formulation created, it has been shown possible using SLS and stud-
ies have demonstrated enhanced solubility of certain APIs."''"® This direct
amorphization may improve the oral bioavailability of the select APIs. Amor-
phous APIs, however, are not stable and can recrystallize over time. Amor-
phous solid dispersions (ASD) can stabilize the amorphous API by dispersing
them in a polymeric matrix, which in turn may prevent the API from recrys-
tallizing.'"'* The polymer chosen must be carefully considered, as it must
stabilize the API in the high energy, amorphous state by reducing the molec-
ular mobility of the APL.'?' While this field is still under investigation, it is a
strength of SLS to improve resultant solubility of poorly soluble APIs.
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Figure 9: Pictorial representation of amorphization and recrystallization, with purple
circles representing atoms

SLS also allows for potential scaleup of production for dosage forms.''* SLS,
like BJ, is a good candidate for larger-scale production. Large powder and
print beds may be utilized to facilitate production of many tablets in a single
print. Both of these processes share many similarities, as they are powder-
based and, therefore, share many of the same advantages. SLS, however, does
not require any solvents or liquid formulations. Due to the other advantages
listed for SLS (high resolution, freedom of geometry, many objects possible
per print, etc.), it is a suitable choice for use on a larger-scale. While SLS is
not yet approved for use by governing agencies such as the FDA, it is consid-
ered to be a likely candidate for mass production and scale-up.**

While there are many positive aspects to SLS, there are some limitations,
as well. One such limitation is the use of powder formulation. This can prove
hazardous for SLS operators to have exposure to powder excipients and APIs
over an extended period of time. While these risks can vary based on the spe-
cific materials and amount of exposure, powder formulations have been
shown to carry risks for those who must work with them.'?? Powders, too,
carry increased flammability risks.'** Safe handling practices, meanwhile, can
reduce these risks. Capsules, which are common extemporaneously com-
pounded medication, are also powder based,'**'*> meaning that with proper
procedure, the risks associated with powder materials can be minimized.
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In addition to the risks associated with powder exposure, there is also a
need for the use of colorant for certain laser systems. Diode lasers often need
a colorant to enhance absorption at a certain wavelength of light. This provides
more suitable sintering.”> However, it is another material that must be added
to the formulation. While many dyes are considered safe by the pharmaceuti-
cal industry, some of the components of these dyes are still potentially prob-
lematic.'*® With CO, lasers, however, there is no need for colorant. The higher
energy of CO, lasers can be absorbed by the C-H bonds of organic molecules
directly, negating the need for enhanced absorption.>

Another potential limitation of SLS is the impact of aging on the powder
formulation. Aging can occur due to the cyclical heating and cooling of the
formulation during printing cycles. The powder material is potentially im-
pacted by cyclical aging, which effects the recyclability of the powder.'?”!?
While this raises the cost of production with a higher material demand, this
also raises sustainability concerns. Individual excipients and APIs would need
to be investigated to fully understand the impact of aging for a particular for-
mulation, but this is an important factor to bear in mind.

In addition to aging, thermal aspects of SLS can curtail the APIs used for
this process. Thermal degradation of particularly temperature-susceptible
APIs is possible.'*!* This can partially be bypassed by the use of appropriate
excipient materials, which print at lower temperatures. However, some APIs
will remain difficult to print without degradation. Biological materials, too,
provide a challenge for SLS, as biological components are often temperature
sensitive. While SLS has been used for creating bioactive scaffolds and for
other biomedical applications,"' directly printing with cells is unlikely due to
the harsh print environment.

Overall, SLS has many advantages, particularly for larger-scale production.
This technique provides accurate, high-resolution printing with tailorable API
release profile possibilities. While this technique is not appropriate for certain
APIs and carries potential risks due to the use of powder materials, when ap-
plied correctly, it is a powerful tool for creating custom oral dosage forms for
vulnerable patient groups.

4.3 Fundamental properties of SLS

There are many properties to consider when printing with SLS (Figure 10).
These properties include not just the print settings, but also the materials used
and the design of the oral dosage form. These factors must all work in unison
to create the proper conditions for SLS and, ultimately, the creation of quality
oral dosage forms.
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Figure 10: Fundamental properties for SLS

First, the material choice impacts the resultant SLS printing process and re-
sultant oral dosage forms. The formulation for SLS powders for oral dosage
forms comprises of an API powder, at least one excipient powder, and other
additives. These additives can include a colorant, in the case of a diode laser,
or materials that make the powder flow more easily. This is particularly im-
portant for achieving successful recoating between layers.'*? The API chosen
must not degrade at the desired print temperatures. To ensure this, an appro-
priate excipient must also be paired with the API that will sinter appropriately
at a temperature range that does not degrade the excipient. The excipient, ad-
ditionally, can change the release profile of the oral dosage forms created.
Some pharmaceutical excipients are designed for a quick release of the API,
while others are designed for prolonged release. The colorant chosen in the
case of a diode laser, additionally, must be an appropriate color to enhance the
absorbance of the laser. All of these aspects of materials must be considered
when creating a formulation for SLS.

The particle size of the chosen materials is another fundamental property
of SLS. This particle size can heavily impact the printing process and resultant
oral dosage forms. If the particle size is too large, there can be issues of drag-
ging of the powder, incomplete layer coverage of the print bed between layers,
or other potential issues. Particle size considerations for the API and excipient
are particularly important, as they can impact the resultant dissolution of the
drug. An API with a larger particle size, for example, might require a longer
time for dissolution.'*® Particle size, additionally, can impact the resultant res-
olution and surface roughness of the created oral dosage forms. Too large of
particles, therefore, can lead to poorer resolution. However, too small of par-
ticles also carries potential issues. Fine particles can have poorer flowability.>
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Particle size can additionally impact the part density, as more fine particles
lead to less porosity of the resultant oral dosage form. This is because the void
space between larger particles can be filled in by smaller particles, particularly
for spherical particles, leading to this reduction in porosity. In a formulation,
there are multiple materials and, subsequently, multiple particle sizes. This
porosity can impact the release profile of the API'** as well as the mechanical
properties of the oral dosage form.'** Particle size can also influence the laser
absorption, as it impacts the energy density. The energy density is the amount
of energy supplied to a specific volume of powder.'** Powder layers have been
found to absorb less laser energy as particle size increases,'”’ meaning that
particle size has a great impact on the energy density and, therefore, the re-
sultant print quality.

The aging of the material is another important property of SLS. Cyclical
heating and cooling of the formulation can cause this aging process to occur.
The elevated temperature regime used for SLS, held for a sustained period of
time for printing, can cause material changes. These changes can also be due
to the other powder materials present in the formulation, which likely have
different temperature regimes. Though material melting is undesirable for
SLS, different printer systems can have temperature gradients within the
printer. This could potentially cause inconsistent heating of the material and,
therefore, the possibility of partial material melting or degradation. This, too,
can contribute to the overall aging of the formulation. Essentially, changes to
the chemistry of the material can occur, which can lead to consequential aging
of the powder formulation.

Aside from material considerations, the temperature used during printing
is a critical attribute of SLS. While the exact heating regime is printer depend-
ent, heating of the print bed and the print chamber are possible. These temper-
atures must be appropriate for the materials used (API and excipient), as in-
correct temperature choices can impact the print quality.'*® The powder should
generally be printed near the glass transition temperature (T,) or melting tem-
perature (T)."* Overall, temperature can impact the resultant oral dosage
forms greatly and the most optimal printing will occur within a sintering win-
dow, or metastable thermodynamic region of undercooled polymer melt.'*’
With incorrect temperature regimes, the surrounding powder material can
form blocks surrounding the dosage forms, effectively making a brick of ma-
terial. Another issue that can occur is layer warping from too large of a gradi-
ent between the print bed temperature and print chamber temperature. There-
fore, it is important to consider an appropriate temperature regime for printing
with SLS.

As is the case with SSE and other types of AM, the geometry of the oral
dosage forms is another important factor of SLS. The design of the tablet can
impact the API release profile. Designs with different shapes and sizes are
possible, with complicated designs achievable due to the relatively high reso-
lution of the process and the printed objects remaining in powder during
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printing (no support structures required). Structures can be designed with tai-
lored API release profiles and many shapes can be produced (i.e. gyroid lat-
tices, star shapes, reservoir-type designs).'”” This freedom of geometry allows
for a wide variety of applications for SLS.

Printer settings are another fundamental property of SLS. While the exact
settings differ between printers, the fundamental settings remain the same.
First, there is the layer height used during printing. This dictates the thickness
of the layer of powder that will be recoated onto the print bed after each layer
is sintered. This layer, which must be greater than the particle size for proper
layer application, impacts the resultant printing time. Smaller layer heights
require a longer print time for the full object to print, but generally lead to
better layer fusion and overall sintering of the layer. Another important printer
setting is the hatching space. This determines the distance between laser paths
when sintering each layer. This is, essentially, the creation of the part infill. If
the hatching space is too far apart, there is a risk of unsintered or not fully
sintered powder material in the resultant oral dosage form. If the hatching
space is too close, there can be oversintering from this overlap and, effec-
tively, resintering of the same spot. Therefore, an appropriate hatching space
is important to create a good print. Lastly, the laser scanning speed is an im-
portant printer setting. This setting dictates the speed that the laser beam
moves across the print bed surface. Too fast of a laser scanning speed can lead
to unsintered or undersintered parts. Meanwhile, too slow of a laser scanning
speed can lead to oversintering.

While there are many individual considerations for SLS, these fundamental
properties all combine for a suitable printing process. The laser scan speed
must pair with an appropriate temperature regime, which is dependent on the
material considerations. Factors such as hatching space and particle size, too,
can heavily impact the resultant oral dosage forms. These properties must all
be considered in tandem for ideal printing results.

4.4 Tmportant aspects of SLS for scale-up and industrial
application

There are many important factors to the scale-up of SLS (Figure 11). These
factors include regulation elements, as well as quality assurance measures, all
to ensure the most consistent, safe oral dosage form.
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Figure 11: Important aspects of SLS for scale-up

The first factor to consider is the cleanliness of the process. In the event of a
change in manufacturing, where a new formulation will be produced, the
printer must be well-cleaned to prevent contamination. This could be particu-
larly problematic when transitioning production between potentially harmful
APIs, such as cytotoxic drugs. With scale-up, cleanliness during the packaging
process is also an important consideration. The oral dosage forms produced
require packaging, as they are produced in greater quantity and will not be
provided onsite, as is possible in a clinical setting. Therefore, the packaging
used needs to meet standards for the packaging type (i.e. blister pack, bottle,
etc.)'! Prior to printing, the raw materials used for the formulation must also
be stored in a specified way to reduce contamination risks. The whole process,
additionally, must aim to reduce microbial contamination.

In addition, since SLS is not yet utilized on an industrial scale for the crea-
tion of medications, the creation of new cleaning protocols must be developed.
New equipment will be utilized for this process, further highlighting the need
for specific protocols. Moreover, since this technique is powder-based, proper
facility and equipment cleaning must be carried out.

Facility design and equipment is a major factor for GMP and cleanliness
considerations. A facility should reduce airborne contamination, keep contam-
ination from compounding surfaces, and follow international organization for
standardization (ISO) protocol, which is dictated for traditional compounding
facilities.'** Additionally, all tools must be kept to a high standard of cleanli-
ness, not just the SLS printer. This includes vats for mixing materials, weigh
scales, etc. GMP extends to every aspect of the compounding process. Aspects
such as operator personal hygiene, the use of personal protective equipment,
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and an appropriate work area with proper light and ventilation are additional
aspects that must be incorporated into an SLS scale-up operation.'*

In addition to the high cleanliness standard required for this process, there
must also be a high level of replicability. SLS should meet the criteria set for
traditionally compounded medications. These requirements from Ph. Eur. are
2.9.40 Uniformity of Dosage Units.'® While no standard is set currently for
AM methods, meeting the requirements of traditional compounding would
lead to assured high quality of the dosage forms.

Replicability pairs with the need for quality control of the resultant dosage
forms. This, too, can be achieved through traditional testing methods from Ph.
Eur. Since large batches of oral dosage forms can be created, randomly se-
lected tablets from each batch can be used for testing and examinations. SLS
can use quality control measures that are in place currently for oral dosage
form production, meaning that the transition in procedure is minimal for test-
ing the replicability and quality of the resultant oral dosage forms.

While SLS would need to meet industry cleanliness standards, BJ is already
used for the production of oral dosage forms.'** This has shown that powder-
based AM can fulfil the high levels of scrutiny necessary to create oral dosage
forms at scale. Therefore, SLS is a feasible technology for printing at a larger-
scale capacity. Additionally, SLS is used for the creation of medical implants,
further highlighting the ability of SLS to meet high regulatory standards.'**"'*’
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5. APIs selected

5.1 Metoprolol tartrate

Metoprolol tartrate (Figure 12) is a selective betaj-adrenoreceptor blocking
agent.'”® This API is available as oral tablets (commonly 50 mg and 100 mg
doses) or as ampuls for intravenous administration (typically 5 mL ampuls).
It is used for many purposes, including hypertension, cardiac arrhythmias, and
prevention of heart attacks. Side effects, which occur in approximately 10%
of patients, can include bradycardia, dizziness, an nausea.'* After oral admin-
istration, metoprolol tartrate is almost completely absorbed in the gastrointes-
tinal tract.

Figure 12: Chemical structure of metoprolol tartrate and relevant properties'>%!3!

5.2 Fluoxetine Hydrochloride

Fluoxetine hydrochloride (Figure 13) is a SSRI. It is a commonly used anti-
depressant worldwide, but is also used for treating obsessive-compulsive dis-
order, and bulimia nervosa.!> After oral administration, fluoxetine is well-
absorbed with a peak plasma concentration after 6-8 h. Fluoxetine has a half-
life of 1-4 days, whereas the active metabolite norfluoxetine, has a half-life of
7-10 days.'® SSRIs can have withdrawal symptoms following treatment ter-
mination or interruption. These withdrawal effects can impact over 40% of
patients, with symptoms lasting from a few weeks to a few months.'>*!%
Symptoms can include anxiety, nausea, sensory disturbances, hallucinations,
etc.'™

43



Figure 13: Chemical structure of fluoxetine hydrochloride and relevant properties!>’~160

5.3 Theophylline

Theophylline (Figure 14) is used to treat airway diseases. It is a weak nonse-
lective inhibitor of phosphodiesterase isoenzymes.'®! It was originally used as
a bronchodilator, but is not commonly used for this purpose anymore, due to
the high doses required and potential adverse side effects these high doses can
cause.'® Theophylline is now typically used as an add-on therapy for patients
with asthma that is not easily controlled by inhaled corticosteroids. It is also
used as an add-on therapy for patients with chronic obstructive pulmonary
disease (COPD) that is not controlled by bronchodilator therapy. In pediatrics,
it can be used to prevent apnea and bradycardia in preterm infants.'®' Theo-
phylline has a half-life of around 7-9 hours in healthy adults.

Figure 14: Chemical structure of theophylline and relevant properties'®

5.4 Indomethacin

Indomethacin (Figure 15) is a nonsteroidal anti-inflammatory drug (NSAID).
It is used to treat inflammation, fever, and pain.'® Side effects can include
headaches and nausea.'® This API is considered poorly water-soluble. The
amorphous form of this API exhibits higher solubility and, subsequently, bet-
ter dissolution rate than the crystalline counterpart.'® The bioavailability of
this API is close to 100% for oral administration, with 90% of a dose absorbed
in 4 hours.
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Figure 15: Chemical structure of indomethacin and relevant properties
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6. Results and discussion

6.1 Creating custom SSE tablets with off-the-shelf
medication and the perception of this technique in a
hospital setting (Paper 1)

In Paper I, the goal of this study was to show the viability of SSE for producing
custom dosage forms in a hospital setting, as well as to determine the percep-
tion of this technique by pharmaceutical professionals. SSE tablets were com-
pared to capsules produced in an ECF.

To achieve this, a formulation was first developed via trial-and-error using
licensed medication with the API metoprolol tartrate (Seloken™ 50 mg tab-
lets). The final formulation was chosen based on the miscibility of the com-
ponents to a homogeneous state, the ability to load the formulation into a sy-
ringe for printing, the extrudability of the formulation through a nozzle, and
the printability of the formulation (i.e. resultant resolution, lack of over- or
under-extrusion). Once the formulation was designed and the tablet shape de-
termined for the intended dose of 5 mg of API (based on linear correlation of
drug content testing of the formulation for different STL volumes), printing in
Uppsala University Hospital could commence.

Five batches of tablets (n>27 per batch) were produced in Uppsala Univer-
sity Hospital on a Cellink BioX™ 3D printer. One of the batches, batch 5, was
produced by a licensed pharmacist. The mass of the SSE tablets (Figure 16)
was consistent between batches, including the batch created by a licensed
pharmacist and no significant differences between batches were found. The
standard deviation was found to be below 1 mg in all cases for SSE tablets,
indicating a consistency in printing.
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Figure 16: Mass results of five batches of printed tablets (X + s, n > 27) as well as
ECF prepared capsules (X + s, n = 100).

The ECF capsules have a high mass compared to the SSE tablets. The standard
deviation, meanwhile, was lower than for the SSE tablets (0.9%), likely
caused by the high absolute weight of the capsules. The SSE tablets have
standard deviations slightly higher than the ECF capsules (1.9-2.5%), but this
can be exacerbated by the much lower mass of the SSE tablets.

Dimensionally, the ECF capsules are also much larger than the SSE tablets,
with a size of 14.3+ 0.76 mm (standard capsule size 4). SSE tablets were found
to have an average diameter of 7.2 + 0.2 mm and height of 1.7+£0.2 mm for the
five batches. This is significantly smaller than the ECF capsules. The SSE
tablets, however, did not hold shape post-printing and lack a uniform shape
(Figure 17). This indicates that the viscosity of the formulation was too low
for keeping a cylindrical shape. Over time, the visible, distinct AM-character-
istic lines coalesce and are no longer visible. The likely cause of this low vis-
cosity is that a viscous liquid was used instead of a semisolid.

Figure 17: Images of tablets post-drying.

47



The drug content between the SSE tablets and the ECF capsules also had dif-
ferences (Figure 18). The drug content for the SSE tablets was within a +6%
deviation from the desired dose of 5 mg, with an average drug content of
4.840.1 mg over the five batches. Meanwhile, one ECF capsule randomly se-
lected for drug content contained 11.0 mg of API. This drug content is over
twice the intended dose. Including this capsule, the average drug content for
the ECF capsules was 5.1+1.4 mg. Excluding this capsule, the drug content
was 4.8+0.1 mg, matching exactly to the average drug content of the SSE tab-
lets. While only one capsule investigated contained an undesired drug content,
this capsule indicates a lack of consistency that could potentially provide in-
accurate medication to patients. SSE, meanwhile, created tablets all close to
the 5 mg intended dose.
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Figure 18: Drug content for tablets tested from the five batches made in the study and
the ECF capsules.

In vitro drug release indicated a prolonged-release behavior for the SSE tab-
lets. Commonly prescribed licensed metoprolol tartrate tablets also have pro-
longed-release behavior, though these licensed medications often have a full
release within 20 h, while the release observed for the SSE tablets was 210
min. This is a preferable release compared to ECF capsules, which have im-
mediate-release characteristics. For vulnerable patient groups that struggle to
swallow, particularly pediatrics, an immediate release oral dosage form is not
1deal, as the API can release in the mouth. Due to the taste of the medication,
as well as the intention for prolonged-release, preventing release in the mouth
is desirable.

Disintegration testing indicated results consistent with the in vitro drug re-
lease, where the SSE tablets showed a slow erosion over time. Burst release
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was observed from the tablet surface, due to drug particles directly exposed to
the surrounding liquid medium.

Microbial analysis, a vital aspect for adoption in a clinical setting, proved
acceptable according to Ph. Eur. specifications for non-aqueous preparations
for oral use. No specialized equipment was used to create these tablets (i.e.
laminar airflow cabinets, sterile compounding approaches, etc.), with only cli-
mate control regulating the air.

Interviews with pharmaceutical professionals were conducted to learn the
perception of SSE in a hospital setting. These professionals indicated a variety
of important considerations for the use of SSE in this setting. There was a
great desire for premade formulations, which could be made in the central
hospital or outpatient pharmacy or ECF. Pharmaceutical professionals also
wished for status indicators to indicate a change in print status, as well as a
user-friendly interface. These professionals also stressed the importance of a
robust labeling system to avoid errors or medication mix-ups. SSE was found
by pharmaceutical professionals to reduce waste, as medication must typically
be discarded during traditional dose adjustment. Alternatively, extemporane-
ously compounded medication often sits unused until it expires, as it comes in
quantities too large to use up. This process, additionally, was considered to
meet or exceed current occupational safety, particularly with premade formu-
lations, as the cleaning process was simple and the syringes and nozzles were
disposable. The interviewees unanimously saw a future for SSE in a clinical
environment and would like to see the technology used.

Compared to the current workflow, SSE would increase efficiency. When
utilizing an ECF, medication takes an average of five days to arrive. While
this may be somewhat faster in countries with compounding pharmacies, ex-
temporaneous compounding is still a bottleneck that could be fixed by SSE.
Additionally, many compounding pharmacies and ECFs use capsules, which
have been shown to have issues in this study.

Overall, SSE has the ability to operate in a hospital setting. Several, con-
sistent tablet batches were made with a desired API content. Aside from pro-
ducing suitable tablets, this method was also regarded as positive for creating
custom-dosed medication by pharmaceutical professionals. Adoption of a
technology is a key to its success, passing an important milestone for clinical
use. SSE can provide vulnerable patient groups with improved quality-of-care
benefits.
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6.2 Validation of SSE tablets made on a tapering
schedule using image analysis with a machine learning
model (Paper II)

Building off the successful creation of custom-dosed tablets using SSE in Pa-
per I, an investigation into validation of the resultant tablets was conducted.
While Paper I showed the advantages of SSE over traditional dose adjustment
or extemporaneous compounding techniques, there is potential for implement-
ing validation for SSE tablets. In Paper II, validation is performed on SSE
tablets created with specific doses on a tapering schedule. Validation of unli-
censed medication is not as rigorous as with off-the-shelf medication, which
is a problem that SSE does not solve. While SSE has been shown to create
accurate dosage forms, this method can greatly benefit from a simple, non-
destructive technique to examine tablets. This was done in Paper II using im-
age analysis with a machine learning model (MLM), a non-destructive tech-
nique that can analyze every tablet created.

First, the tablets created on a tapering schedule were investigated compared
to traditional dose adjustment techniques to further justify the validity of SSE
for creating tablets containing accurate API doses. Doses of fluoxetine were
created with a tapering schedule, adhering to tapering Step 6 (1.8 mg API),
tapering Step 5 (3 mg API), and tapering Step 4 (5 mg API). Dimensionally,
these dosage forms had very consistent heights, though the height was slightly
higher in the case of the tapering Step 5 tablets, with 2.2+0.2 mm. Tapering
Step 6 and 4 tablets had height of 2.1+0.1 mm.

The drug content of the tablets showed high consistency with the intended
doses, with average drug contents of 1.81£0.03 mg (Step 6 tablets),
3.05+0.04 mg (Step 5 tablets), and 5.17+0.05 mg (Step 4 tablets). These drug
contents are particularly accurate when compared to traditional dose-adjusting
of commercial tablets. These adjustments, conducted by a licensed pharma-
cist, were with liquid solutions and tablet splitting. The liquid solution dose
was made to match tapering Step 6 (1.8 mg API), while the tablet splitting was
made to match tapering Step 4 (5 mg API). The results indicated a lower dose
accuracy than with SSE, as well as deviations in each method, with an average
dose accuracy of +17.0% for liquid solutions and an average dose accuracy of
+28.2% for tablet splitting (Figure 19). There was a discrepancy in the drug
content obtained from the liquid solutions depending on the time between dis-
solution and removing of the dose and the location of the removal. Addition-
ally, tablet splitting left a large and small portion of tablet during each split,
further indicating inconsistencies with traditional dose-adjustment processes.
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Figure 19: Average drug content for commercial tablets dose-adjusted by a licensed
pharmacist, with A) tapering Step 6 liquid solutions; 1: solution taken from superna-
tant in syringe left to settle, 2: solution taken from sediment in syringe left to settle,
3: solution taken from agitated dispersion, B) tapering Step 4 quartered tablets; 4:
small quarter, 5: large quarter; X £ s, n =3.

In vitro drug release and disintegration data indicated prolonged release be-
havior for the SSE tablets. Due to the half-life of fluoxetine being 1-4 days,'®
a prolonged drug release below this half-life does not yield issues, despite the
commercial fluoxetine in the study being immediate release.

For testing the MLLM, the first investigation into whether this model could
distinguish a tablet top from a tablet bottom showed high success, with all test
images correctly identified with over 99.87% confidence. This establishes the
MLMs ability to determine differences and patterns in the images provided.
This is an important check before delving into more complicated testing of the
MLM.

The next analysis was whether the MLM could identify test images from
the three different tapering steps (tapering Step 6, 5, and 4). The MLM cor-
rectly identified all test images with over 99.87% confidence. While all iden-
tifications were correct, the confidence shown for tapering Step 5 tablets was
slightly lower than for the other tapering Steps. While the difference is small
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and the values were all close to 100%, this is an important distinction, as these
tablets had slightly greater height variation which could account for this small
decrease in confidence. The MLM was given images that do not account for
height, so this decrease in confidence due to a height variation is noteworthy.

The MLM was next tested with mass range compliance according to Ph.
Eur. guidelines for the three different tapering Steps. For each tapering Step,
20 total test images were used, comprising of 10 test images of outliers and 10
test images of non-outliers. For the tapering Step 6 tablets (1.8 mg API), 90%
of test images (18/20) were correctly identified. One misidentified image
(99.64% confidence) had a mass just 3.1% above the mass range limit. The
other misidentified image (51.63% confidence) had a higher height than aver-
age by 8.6%. This is difficult to determine via images of tablet tops and bot-
toms. For tapering Step 5 tablets, 75% (15/20) of images were correctly iden-
tified by the MLM. These tablets had more height variation than the other two
tapering Steps, with average heights of 2.24+0.2 mm (the other tapering Steps
had average heights of 2.1+0.1mm). This could be the cause of the loss in
accuracy for labeling test images of this tapering Step. Tapering Step 4 tablets,
meanwhile, had 90% (18/20) of test images correctly identified. Of the two
misidentified tablets (Figure 20), one had a diameter 5.6% smaller and height
9.0% higher than the average and the other had a mass only 1.9% above the
mass range limit.

A) B)
MLM Identification: MLM Identification:
92.31% Outlier 89.36% Non-outlier
Actual Identification: Actual Identification:
Step 4, Non-outlier, Top Step 4, Outlier, Top

Figure 20: Misidentified tablets tapering step 4, with A) tablet misidentified with a
smaller diameter and higher height than average, B) tablet misidentified close to ac-
ceptable mass range.

When analyzing only one tablet view (tablet tops), the MLM successfully
identified all test images for tapering step differentiation, with at least 99.65%
confidence. This does not differ from the results gained with two viewpoints
of the tablets. However, analyzing the mass range compliance for the tapering
Step 6 tablets (1.8 mg) reduced the correct identification to 75% from 90%,
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indicating that the inclusion of more angles of the tablets leads to better iden-
tification, due to the increase in data the MLM can train on.

MLMs have shown the ability to determine differences between tablet im-
ages. MLMs identified tablet doses with 100% success. For mass range com-
pliance, the best results were obtained with two tablet viewpoints. This study
showed that image analysis with machine learning can lead to the successful
validation of tablets, a non-destructive, time-effective form of validation. Ad-
ditionally, SSE tablets following a tapering schedule can be produced with a
high degree of uniformity, especially when compared to traditional dose-ad-
justment methods.

6.3 Influence of geometry on fundamental properties on
SLS pharmaceutical tablets (Paper I11I)

AM proved to have clinical application with SSE in Paper I and II. However,
SLS is an ideal choice for mass customization. In order for this method to
create the best possible oral dosage forms and reach its mass customization
potential, fundamental aspects of printing with this technique for pharmaceu-
tical purposes needed to first be investigated. A primary candidate for explo-
ration was how geometry can influence the fundamental properties of an API
containing SLS tablet, which was investigated in Paper III. Theophylline-con-
taining tablets (Table 3) in the shape of a cylinder, hollow cylinder, and coni-
cal frustum were printed, designed to have similar surface areas. Additional
cylinders were created to have three different SA/V.

Table 3: SA/V information for tablets printed in this study

Shape SA/V (mm)

Cylinder (d=6 mm) 1.17
Cylinder (d&=10 mm) (0.9
Cylinder (d&=14 mm) {0.79
Hollow Cylinder 1.5
Conical Frustum 0.95

Micro-CT imaging of the cylinders (d=6 mm, 10 mm, and 14 mm) showed
distinct visible layers, indicating imperfect sintering between layers. The tab-
lets all exhibited imperfect resolution, with the probable cause for this being
the particle size of the powder formulation and the laser spot size of the printer.
This could additionally be due to remaining unsintered particles attached to
the tablets post-printing, a result of the tablets immersion in unsintered powder
until printing is complete.
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DSC results showed no indication of crystallinity of the API in any SLS
tablets. XRD results, meanwhile, show some crystallinity peaks in all tablets,
relating to the API. Therefore, the SLS tablets contain crystalline API. Crys-
talline theophylline, due to the water solubility, is sufficient in crystalline
form. Other APIs, however, require an amorphous API for improved solubil-
ity. Since XRD results showed crystallinity and DSC results did not, these
results indicate the importance of utilizing both techniques to best understand
the solid-state characteristics of the tablets. To further understand the discrep-
ancies between the results, small quantities of API were mixed with the poly-
mer used for printing and analyzed with both DSC and XRD. At very low
concentrations, such as 0.5% API content, peaks indicative of the API are pre-
sent in XRD but not for DSC, indicating that XRD can detect crystallinity of
the particular API at very low concentrations while DSC cannot.

Physical analysis of the tablets showed a much higher percentage of dam-
aged tablets during printing for the cylinder (d=6 mm) tablets, with 7.94% of
total tablets damaged. All other shapes created had print failures below 2%.
While the exact reason for this higher print failure is not known, it could be
due to the small tablet size and lower densification (less heat energy absorbed
per layer) during printing or to more layer dragging with application of new
layers of formulation.

When analyzing mass compliance following Ph. Eur. guidelines, only the
cylinder (d=14 mm) tablets had a distinctly different percentage of outliers
(19.4% excluding damaged tablets). Of the seven outlier tablets printed for
this shape, five had masses greater than the average mass. This could be a
result of a combination of temperature gradients in the printer, where more of
the overall surface area is sintered in each print layer due to the large tablet
size, and high tablet mass. The cylinder (d=6 mm) tablets, on the other hand,
had the lowest outlier percentage when excluding damaged tablets (0.9%). All
other tablet shapes had similar mass outlier percentages. Mass analysis results
indicate the largest differences between the cylindrical tablets, though SA/V
generally appeared to have an impact.

Next, the actual-to-theoretical volume of the tablets was investigated. The
results showed a closer accuracy between the actual and theoretical volumes
for the cylindrical tablets than for the other shapes created. The hollow cylin-
der and conical frustum had actual-to-theoretical volume ratios of 1.44 and
1.23, respectively. The cylinder (d=6 mm) had a ratio of 1.01, while the cyl-
inder (d=10 mm) had a ratio of 1.07 and the cylinder (d=14 mm) had a ratio
of 1.08. The hollow cylinder, which has the highest actual-to-theoretical vol-
ume ratio of the shapes created, also has the highest SA/V. The perimeter of a
tablet is sintered more than the interior of the tablet, with the perimeter traced
three times by the laser. With SLS, the increased energy absorbed by the ma-
terial from additional perimeter tracing with the laser can potentially cause a
higher degree of sintering and, therefore, overall energy absorbance. This can,
in turn, lead to more densification of surrounding particles and a greater
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resultant volume than the theoretical volume. This is seen in the hollow cylinder
and, to a lesser degree, in the conical frustum, as these shapes have greater sur-
face areas and, consequently, more perimeter. This information can be im-
portant for dissolution considerations, as well as proper dosage, as differing vol-
umes can greatly impact both of these crucial pharmaceutical aspects.

Afterward, disintegration and dissolution testing were performed. Disinte-
gration testing showed a general trend supporting that higher SA/V had shorter
disintegration times, with the cylinder (d=6 mm), which had the highest SA/V,
disintegrating in 15.345.4 seconds and the cylinder (d=14 mm), which had the
lowest SA/V disintegrating in 57.5+18.1 seconds. Dissolution results (Figure
21) supported this trend. All tablets had a similar pattern of rapid drug release.
The cylindrical samples, overall, exhibited a slower release rate until the full
release plateau is reached, as the cylinder diameter is increased. An increase
in the cylinder diameter leads to a decrease of SA/V, with these differences
observed in the drug release.
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Figure 21: Drug release profiles of samples cylinder (d = 6 mm, SA/V =1.17 mm™;
d=10 mm, SA/V=0.9 mm'; d = 14 mm, SA/V = 0.79 mm!) and conical frustum,
SA/V =0.95 mm . (A) % of drug release over time, (B) mass of drug released over
time.

This study has shown that geometry, particularly with respect to SA/V, has a
clear impact on the properties of the resultant SLS tablets. It is also not possi-
ble to assume that the STL file designed will fully describe the resultant tablet.
These results indicated that shape must be considered when designing tablets
for pharmaceutical application. This study had findings consistent with FDM
and traditional manufacturing techniques, indicating SLS follows similar
trends in regard to geometry impact on the dosage forms created.
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6.4 Polymer chemistry effect on SLS solid oral dosage
forms (Paper IV)

While Paper III established the importance of geometry for SLS printing of
pharmaceuticals, the materials used for printing play a large role in the funda-
mental properties of the print. In Paper IV, SLS solid oral dosage forms, made
with formulations containing different grades of PVA (polyvinyl alcohol) and
PVP-VA (copolymer of 1-vinyl-2-pyrrolidone and vinyl acetate), were printed
with different print temperatures and laser scanning speeds to determine suit-
able printing parameters. This study aimed to provide information on how dif-
ferent polymers and polymer grades can impact the properties of the solid oral
dosage forms created and provide an understanding of optimal printing con-
ditions for each polymer investigated.

In this study, the PVA grades Parteck® MXP PVA-3-82, PVA-5-74, and
PV A-4-88 were used. The naming convention of PVA grades has two num-
bers, with the first indicating the apparent viscosity of a 4% w/v aqueous so-
lution at 20 °C in mPa-s., while the second number indicates the hydrolysis
grade. PVP-VA was used in the form of Kollidon® VA 64 and Plasdone™ S-
630. Each formulation was loaded with 10 wt% indomethacin.

Printing was done with the goal to achieve the best overall oral dosage
forms in terms of Ph. Eur. guidelines, as well as minimizing the crystallinity
of the API. To achieve this, the printing temperature and laser scan speed were
tested at different combinations for each formulation to determine the most
optimal printing conditions.

For the different PVA grades, a laser scanning speed of 200 mm/s and a
printing temperature of 125 °C created the most suitable tablets of the condi-
tions tested. For the different PVP-VA formulations, a laser scanning speed of
200 mm/s and 112.5 °C was the most suitable of those tested. In both cases,
these were the slowest laser scan speed and the highest temperature tested for
each polymer.

First, according to mass uniformity guidelines set by Ph. Eur., all formula-
tions for both PVA and PVP-VA met these guidelines for the settings of the
slowest laser scan speed and the highest temperature, with one exception (Ta-
ble 4). Kollidon® VA 64 had more mass outliers than allowed by Ph. Eur.
guidelines. From these average masses, differences depending on the polymer
grade and polymer type were observed, which can impact the tablet mass and
API content in the oral dosage form. This is especially apparent with the av-
erage mass of PVA-3-82, which was 18.7% higher than the average mass of
PVA-5-74 and 25.6% higher than the average mass of PVA-4-88.
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Table 4: Average mass and number of outliers for each polymer printed (n=36 tablets)
with most suitable printing parameters

Polymer Average Mass (mg) |Mass Outliers (#)
PVA-3-82 226.5+4.1 1
PVA-5-74 190.8+3.3 0
PVA-4-88 180.4+4.6 2
Kollidon® VA 64 216.2+5.2 5
Plasdone™ S-630 193.6+5.0 2

When examining friability, however, the tablets did not adhere as well to Ph.
Eur. guidelines. The friability values observed were 2.3% for PVA-3-82, 4.5%
for PVA-5-74, 2.0% for PVA-4-88, 4.1% for Kollidon® VA 64, and 4.5% for
Plasdone™ S-630. None of these friability values pass Ph. Eur. requirements.

Visually, the tablets displayed differences with different printing parame-
ters. Tablets printed at conditions other than the slowest laser scanning speed
and highest temperature settings showed, at times, layer shifting, more pro-
nounced surface roughness, or a lighter color indicative of a lower amount of
sintering. For the settings with the best results for each polymer grade and type
(slowest laser scanning speed and highest temperature setting), the resulting
tablets were relatively consistent with the desired shape (Figure 22). The
Plasdone™ S-630 proved to be an exception, however, as the resultant dosage
forms were irregular in shape and exhibited a rough surface texture.

A) B) C)
PVA-3-82 PVA-5-74 PVA-4-88
D) E)

Kollidon® VA 64 Plasdone™ S-630

Figure 22: Camera images of tablets of each polymer grade and type with the best
results A) PVA-3-82 (200 mm/s, 125 °C), B) PVA-5-74 (200 mm/s, 125 °C), C) PVA-
4-88 (200 mm/s, 125 °C), D) Kollidon® VA 64 (200 mm/s, 112.5 °C), E) Plasdone™
S-630 (200 mm/s, 112.5 °C)
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Differential scanning calorimetry (DSC) and powder x-ray diffraction
(PXRD) results were next investigated. For the different PVA grades, for the
batches printed at the most suitable conditions from the study (200 mm/s, 125
°C), no crystalline peaks for the API remain. This indicates a likely amorphous
nature for the API in the dosage form. For indomethacin, an amorphous profile
is better for the solubility of this drug, making this ideal for these particular
oral dosage forms. When analyzing the DSC and PXRD results for the PVP-
VA polymers, however, traces of crystalline API were detected.

In addition to the analysis into the solid-state characteristics of the oral dos-
age forms, the dissolution profiles of the oral dosage forms were explored
(Figure 23). These profiles showed that the different grades and types of pol-
ymers had a significant impact on the release rate kinetics of the API. The
PV A-based formulations showed significant supersaturation of API in the 180
min measurement period. This is likely due to the amorphization of the API
in these dosage forms, which enhances the solubility. The PVA-3-82 exhibited
the highest API release during the measurement period (58.4% of loaded API
released), whereas PV A-4-88 plateaued at around 120 min (28.6% of loaded
API released) and PVA-5-74 exhibited the slowest release of the three PVA
grades (24.1 of loaded API released). Both PVA-3-82 and PVA-5-74 exhib-
ited quasi-linear release throughout the measurement time. The dissolution
differences observed between these PVA grades can be due to the dynamic
viscosities (mPa-s) and degree of hydrolyzation (molar %). PVA-3-82 had the
lowest dynamic viscosity of 3 mPa-s and had the highest API dissolution rate,
while PVA-5-74 had the highest dynamic viscosity of 5 mPa-s and the lowest
dissolution rate. PVA-4-88, meanwhile, had a dynamic viscosity of 4 mPa-s
and a dissolution rate between these other PVA grades. These values are indi-
cators of dynamic viscosity (4% w/v aqueous solution at 20 °C) and serve as
a rank order which should hold true at higher concentrations, giving a relative
order of the concentrations. In regard to hydrolyzation, a lower degree of hy-
drolysis had less hydrophilic hydroxy groups and more hydrophobic acetate
groups in the polymer structure. The amphiphilic nature of the PVA grades
observed in this study played a significant role in the supersaturated state sta-
bilization. PVA-3-82 had the most suitable ratio of acetate and hydroxyl
groups, which enhanced the solubility of the lipophilic API and providing a
supersaturation concentration 40 times higher than for the pure APL

The PVP-VA-based formulations showed much lower release of the API.
Kollidon® VA 64 had a release of 5.8% of the loaded API, while Plasdone™
S-630 had a release of 4.3% of the loaded API for the 180 min measurement
period. This inhibited API release was likely due to the presence of remaining
crystalline API. The remaining crystalline API residuals could potentially act
as nucleation centers for recrystallization during the dissolution, subsequently
lowering the supersaturation concentration. An additional inhibitor to the API
release could have been the formation of a hydrophobic outer shell upon pol-
ymer dissolution, caused by hydrophilic polymer preferentially dissolving
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from the shell of the tablet, leaving behind an amorphous drug-rich and hy-
drophobic core. This could potentially be the cause of the slowing or hindering
of the dissolution media from entering the dosage form.
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Figure 23: Dissolution profiles of PVA-based (A) and PVP-VA-based (B) dosage
forms, as compared to the API, Indomethacin, with average release of API in pg/mL.

The trends observed in this study indicate that the polymers printed with, as
well as the specific polymer grades, can have a significant impact on the re-
sultant oral dosage forms and polymer chemistry. A trend of slower laser scan-
ning speeds and higher temperatures, within the appropriate temperature win-
dow for each material, yielded the most suitable oral dosage forms in terms of
Ph. Eur. adherence. PV A-based formulations supported amorphization while
PVP-VA-based dosage forms showed traces of crystallinity. At the same
printing conditions, the different polymer grades and materials showed differ-
ent results.
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7. Materials and methods

The following section provides an overview of the materials and methods used
to complete the work in this thesis. For the comprehensive experimental pa-
rameters and details, the reader is referred to the papers attached to the thesis.

7.1 Printers and print parameters

In these studies, SSE and SLS printers were utilized. The SSE printer utilized
for Paper I and Il was a Bio X™ 3D printer (Cellink, Gothenburg, Sweden).
The slicer software (Heart OSTM) integrated into the Bio X™ 3D printer was
used for setting printing parameters and all printing was performed at room
temperature. The printhead used was a piston-type syringe pump printhead.
The parameters used for printing are found in Table 5. Post-printing, drying
in a vacuum oven overnight at 40 °C and 400 mbar was carried out to ensure
tablets were fully dry.

Table S: Print parameters for Bio X™ 3D printer used for Paper I and II

Parameter Paper I Paper 11
Nozzle diameter [0.41 mm (22 gauge) 0.41 mm (22 gauge)
Extrusion rate 1 pL/s 1.7 uL/s*
Retraction rate 100 pL/s 70 pL/s
Print speed S mm/s 10 mm/s
Preflow delay 0 ms 0 ms
Postflow delay [0 ms 0 ms
Infill pattern Grid pattern, 99% infill density  |Grid pattern, 99% infill density

*Extrusion rates of 1.3 ul/s and 2.1 pL/s were used to simulate over- and under-
extrusion

For SLS, the Sintratec Kit printer (Sintratec AG, Brugg, Switzerland) was
used for Paper III and IV. This printer operates with a 2.3 W diode laser (A =
455 nm) with the operating software Sintratec Central 1.2.7 (Sintratec AG,
Brugg, Switzerland). Pre-printing the powder formulation was heat treated
overnight at 70 °C in an oven (Incucell®, BMT Medical Technology s.r.o.,
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Brno, Czech Republic) for Paper III and IV. Printing parameters are found in
Table 6.

Table 6: Print parameters for printer used for Sintratec Kit printer in Paper III and IV

Parameter Paper 111 Paper IV
Laser scanning speed {300 mm/s 200, 300, and 400 mm/s
Chamber temperature |70 °C 70 °C
Print bed temperature 100 °C 75,100, 112.5, and 125 °C
Layer height 150 um 125 pm
Perimeter offset 50 um 50 um
Hatching space 50 um 50 um
Hatching offset 150 um 150 um
Number of perimeters |3 3

7.2 Formulations

Formulations in accordance with the printer types were made, with semisolid
formulations created for SSE and powder formulations made for SLS. In each
case, the main components are an API and excipient materials, (materials
aside from the active ingredient). The semisolid formulations were prepared
primarily with a mortar and pestle (components and quantities of formulations
found in Table 7). In Paper I, the licensed medication Seloken™ 50 mg tablets
(AstraZeneca AB, Sodertilje, Sweden) were crushed for three minutes in a
mortar and pestle. In Paper 11, the licensed medication fluoxetine 20 mg tablets
(STADA Arzneimittel AG, Bad Vilbel, Germany) were milled with a plane-
tary ball mill (PM 200, Retsch GmbH, Haan, Germany) for 45 min at 300 rpm,
with 10 second break intervals every minute. After, the powder was sieved
through a 500 pm sieve. After the powder-form of the licensed medication
was obtained for Paper I and II, this powder was added in the selected quantity
to MilliQ water in Paper I and deionized water in Paper II in a mortar and
pestle. Mixing then occurred in Paper I for three minutes and in Paper II for
five minutes. Then, PVAc-PVP (Polyvinyl acetate/polyvinylpyrrolidone co-
polymer, known commercially as Kollidon SR®, BASF, Ludwigshafen, Ger-
many) was added to the mixture in the mortar and pestle and mixed for five
minutes in both Paper I and II. PVAc-PVP was added as the main matrix
agent. In Paper II, MCC (Avicel® PH-101 cellulose microcrystalline, Sigma
Aldrich, Burlington, Massachusetts, USA) was added to the mixture and
mixed for five minutes. MCC was chosen to act as a matrix support to improve
upon the formulation used in Paper I, and was therefore not used in Paper 1.
Then, HPMC (Benecel™ K100 LV PH PRM, Ashland, Diisseldorf, Germany)
was added and mixing occurred for five minutes in both Paper I and II. HPMC
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was added with the purpose of acting as the release modifying excipient. Then,
the formulations were loaded into 3 mL disposable syringes and stored at room
temperature until use. Formulations were created in the morning and printing
occurred in the afternoon of the same day.

Table 7: Formulation composition for SSE printing

Paper I Paper 11
Material Amount of Material Amount of
total batch total batch
(8) (8)
Crushed Seloken™ 0.90 Crushed Fluoxetine 1.20
50 mg tablet 20 mg tablet
PVAc-PVP 0.90 IPVAc-PVP 1.44
HPMC 0.45 HPMC 0.56
Water (MilliQ) 3.75 MCC 0.80
Total 6.00 Deionized water 4.00
Total 8.00

For SLS, the powder formulations for Paper III and IV were prepared by
weight percent in large enough volumes (approximately 1500 mL) to provide
materials for several print batches (composition of powder formulation in Ta-
ble 8). In Paper III and IV, the powder materials were weighed, manually
mixed, and sieved with a 315 pm stainless-steel test sieve (VWR International
AB, Stockholm, Sweden). This was done to remove any large particles or ag-
glomerates. Further mixing then occurred via a Turbula shaker (Turbula T2F
shaker, Glen Mills, Inc., Clifton, NJ, US) for 20 min. Drying overnight at 70
°C was done to eliminate remaining moisture in the powder. After this drying
process, the formulations underwent additional sieving and mixing to ensure
proper heterogeneous distribution of all of the materials.

The activated carbon in Paper III and the silica-based effect pigment in Pa-
per IV, which are color pigments, ensure proper laser beam absorbance. Sili-
con dioxide colloidal increased the flowability in the SLS formulations, meant
to improve the flow-properties of the formulation.
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Table 8: Formulation composition for SLS printing

Component Paper III materials Paper IV materials wt%
Polymer PVP-VA (Kollidon® VA 64) PVA (3-82, 5-74, 4-88), PVP-  [88.5
IVA (Kollidon® VA 64, Plas-
done™ S-630)

API Theophylline anhydrous powder |Indomethacin powder 10
Colorant |Activated carbon Silica based effect pigment 1
Flow-enhancer [Silicon dioxide colloidal Silicon dioxide colloidal 0.5

7.3 Dosage form dimensions

Dimensions for the AM dosage forms created in this thesis were an important
parameter (SSE tablet dimensions from Paper I and II in Figure 24, SLS di-
mensions from Paper Il and IV in Figure 25). Different dimensions were cho-
sen for each paper due to the different goals of each study.

For the SSE dosage form dimensions, specific API doses in the final oral
dosage forms were required. This meant targeted dimensions were needed to
fit a formulation to a specific API dose, as changing the size changes the API
quantity. In both Paper I and 11, oral dosage forms were printed in a variety of
dimensions and the drug content was determined. A linear correlation
emerged in both cases, which could be used to determine dimensions for dos-
age forms with specific drug contents. Cylinders were chosen for simplicity
and swallowability. In Paper I, the dosage forms created had intended dimen-
sions of a d=7.38 mm and a h=1.64 mm. In Paper II, three different tablet
diameters were used all with h=2.05 mm and d=5.33 mm for tapering Step 6
(1.8 mg API dose), d=7.79 mm for tapering Step 5 (3 mg API dose), and
d=9.84 mm for tapering Step 4 (5 mg API dose).

For the SLS dosage form dimensions, there was more variation. While this
is partially due to the high resolution possible with SLS, it was also due to the
nature of the studies. In Paper III, dosage forms were created with three dif-
ferent cylinder diameters (6, 10, and 14 mm) and a constant height of 4 mm.
A conical frustum and a hollow cylinder were also created. These different
shapes were chosen, as geometry was investigated, necessitating a variety of
dosage form shapes. In Paper IV, cylinders with d=9.5 mm with a 0.5 mm filet
on the edges and h=4 mm were created. Only one shape was needed for this
study, and a cylinder was chosen for simplicity. A filet was done on this shape,
as high resolution is possible and this would avoid any sharp edges to the re-
sultant dosage forms.
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Figure 24: Dimensions of SSE dosage forms for Paper I and II.
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Figure 25: Dimensions in mm of dosage forms created in Paper III: A) cylinder (d=6
mm), B) cylinder (d=10 mm), C) cylinder (d=14 mm), D) conical frustum, E) hollow

cylinder, and Paper IV.

7.4 Size and mass measurements of oral dosage forms

The oral dosage forms in Papers I-IV were measured using a digital caliper
(digital sliding caliper 150 mm stainless steel, Distrelec Group AG, Nénikon,
Switzerland). The oral dosage forms in Paper I-IV were weighed using an
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analytical balance (Mettler Toledo XS 64 Analytical Balance, Schwerzen-
bach, Switzerland) and the average values were reported. In Paper 11, average
values included tablets printed prior to creating tablets with over- and under-
extrusion to create tablets purposefully outside of the mass range. Uniformity
of mass was scrutinized in each paper in accordance with Ph. Eur. 2.9.5 Uni-
formity of Mass of Single-Dose Preparations for uncoated and film-coated
tablets. These guidelines allow for different deviations depending on the av-
erage mass of the tablets investigated. For tablets with an average mass less
than 80 mg, a 10% deviation from the average mass is allowed. For tablets
with an average mass over 80 mg and less than 250 mg, a deviation of 7.5%
from the average mass is allowed. For tablets with an average mass of 250 mg
or greater, a 5% deviation from the average mass is allowed. In addition, no
more than two individual tablets tested can deviate from the average mass by
these percentages and no single tablet can deviate by twice that percentage.
Though Ph. Eur. dictates that 20 tablets should be randomly selected, all dos-
age forms were weighed for the papers in this thesis. Since no guidelines exist
yet for AM dosage forms, showing the results from all tablets gives a better
indication into the success or failure of the printing and methods used.

7.5 Solid-state analysis

In Paper 1, 111, and 1V, differential scanning calorimetry (DSC) thermograms
were obtained with a Mettler Toledo DSC 3+ (Schwerzenbach, Switzerland).
DSC creates thermograms of heat flow fluctuations (endothermic and exother-
mic peaks) to identify thermal events (i.e. crystallization, glass transition,
melting, etc.). This technique was particularly useful for identifying crystal-
linity in samples through the presence of a melting peak (T). When an API
is amorphized, the melting peak disappears. If there is partial amorphization,
this peak may shift or reduce. DSC also gives information on crucial temper-
atures, Ty and Tw, for optimizing printing of various polymers and APIs.

In Paper III and IV, powder x-ray diffraction (PXRD) diffractograms were
obtained using a D8 Advance TwinTwin X-ray diffractometer (Bruker AXS
GmbH, Bremen, Germany) using Cu-Ka1,2 (A= 1.5418 A) radiation. In Paper
IIT and IV, the instrument was operated at 40 mA and 40 kV with a step-size
of 0.02°, PXRD is an additional valuable tool for solid-state analysis. This
technique works by directing x-rays at a powder sample, where the resulting
diffraction pattern can be used to determine vital information such as crystal
structure, phase, etc. Information from the resultant diffraction pattern is ob-
tained by using Bragg’s law.

DSC and PXRD both provide information on the solid state of a sample. It
can be useful to examine both of these methods when knowledge on micro-
structure is of particular interest, as these techniques are considered comple-
mentary for ASDs to provide the most complete conclusions.'”
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In Paper 111, micro-CT measurements were performed using a CT-Alpha (Pro-
con X-Ray, Sarstedt, Germany) to better understand the internal structure of the
dosage forms. Micro-CT is a technique in which 2D x-ray images are compiled
and used to reconstruct 3D representations of a samples inner structure. A voxel
resolution of 10 um was used (12 um for 14 mm cylinder), with an x-ray tube
current of 30 mA and a voltage of 80 kV. Image stacks of 1,600 projections were
used and each projected image had an exposure time of 500 ms.

7.6 Particle size

In Paper II and 1V, particle size was measured using a Mastersizer 3000 (Mal-
vern Panalytical Ltd., Malvern, United Kingdom) with ten measurements for
each sample with a 10 s measurement duration. Results are presented as vol-
ume-based. Since particle size is such an integral part of the SLS process, this
information was collected for SLS studies. Particle size impacts the formula-
tion and printability of the material.

7.7 Friability

Friability tests were conducted for Paper IV in accordance with Ph. Eur. 2.9.7
Friability of Uncoated Tablets using a Pharmatest PTF E friabilator (Hainberg,
Germany) at 25 rpm and for 100 rotations. For friability testing of tablets with
unit masses of less than 650 mg, as was the case for Paper IV, whole tablets
equalling as close to possible to 6.5 g were used. The tablets were weighed
pre- and post-rotation (after dedusting) and total mass loss of the tablets, giv-
ing the friability value, was calculated. A mass loss of over 1% is considered
unacceptable.

7.8 Disintegration testing

In Paper I, 11, and 11, disintegration testing was performed on a PTZ Auto EZ
fully automated tablet disintegration testing apparatus from Pharmatest (Hain-
berg, Germany). Testing was done in accordance with Ph. Eur. 2.9.1 Disinte-
gration of Tablets and Capsules Test A. Following this protocol, six tablets
were tested and the average disintegration time is reported (X £ s). 450 mL of
37 °C MilliQ water was used as the disintegration medium.
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7.9 Drug content

In Paper I-IV, drug contents of the AM oral dosage forms were investigated.
In Paper I-11I, drug content analysis was carried out using a UV—Vis (1800,
Shimadzu Corporation, Kyoto, Japan) at a wavelength corresponding the API
used in each paper (Paper I: 274 nm, Paper II: 225 nm, Paper III: 271 nm).
UV-Vis measures the absorption of UV and visible light by the API to deter-
mine its concentration. In Paper I-1I1, a calibration curve was prepared of the
drug in solution. Additive manufactured tablets in each paper were weighed
and dissolved in an appropriate amount of solution.

In Paper I, drug content was additionally determined on the capsules cre-
ated at an ECF, where capsules were also measured with the same equipment
and procedure as above. In this case, the gelatin capsules were removed and
the powder from the capsules was weighed and dissolved in the appropriate
quantity of solvent. Similarly, in Paper II, drug content of dose-adjusted com-
mercial Fluoxetin STADA® 20 mg tablets were done on liquid preparations
made via tablet dissolution in a syringe and tablet quarters split with a tablet
cutter (Karo Pharma AS, Oslo Norway).

In Paper 1V, drug content was determined using high performance liquid
chromatography (HPLC) (Agilent 1260 Infinity II, Agilent Technologies,
Inc., Santa Clara, USA). HPLC is a technique that separates and quantifies
compounds in a mixture by passing the sample through a column using high
pressure. Different components interact with the stationary phase and are de-
tected based on the unique retention times of each material. The AM oral dos-
age forms were added and stirred at 40 °C and 500 rpm for 1 h. After, the
solutions were diluted with 50 mL HPLC mobile phase, stirred again for 30
min, cooled down to room temperature and filled up to 100 mL with mobile
phase. Then, 5 mL of substance was filtered (0.45 um PTFE filters, VWR
International GmbH). The HPLC assays were performed using a mobile phase
composition of acetonitrile and phosphate buffer (0.01 M NaH2PO*H20 1.38
g/L+0.01 M Na2HPO4 1.41 g/L)in a 1 to 1 ratio. Samples were injected into
a Supelcosil LC-18 column (30 x 4 mm, 5 pm) at a flowrate of 1 mL min—1
and at 40 °C and the eluent analyzed at 254 nm.

7.10 In-vitro drug release

Dissolution studies were performed in Paper I-III using a Sotax AT7 (Sotax
AG, Aesch, Switzerland) dissolution tester and in Paper IV using a Sotax AT7
Smart Dissolution USP type II Tester (Aesch, Switzerland). In Paper I-1V,
tests followed USP II method. In Paper I-11I, each vessel was filled with 900
mL of phosphate buffer, pH 6.8 of at 37 °C, stirred at 100 rpm. Sample ali-
quots were removed (5 mL for Paper I and Il and 3 mL for Paper III) and
filtered with 0.45 um PTFE filters at predetermined time intervals. The
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medium was not replenished between sampling, which was accounted for
when calculating the drug content of the sample. All experiments were per-
formed in triplicate. The percentage and mass of the drug released was calcu-
lated via measuring the sample aliquots with UV—Vis spectroscopy. The drug
release profiles were investigated for fit with several kinetic profiles using
KinetDS 3.0 (Krakow, Poland) software'”" in Paper I and II. In Paper I1I, drug
release profiles were investigated for fit with two kinetic profiles; first-order
and Higuchi, using DDsolver.'”? In Paper IV, each vessel was filled with 500
mL of Simulated Gastric Fluid (SGF; 800 mL 1 M HCI, 20 g NaCl ad 10 L,
pH 1.2) at 37+0.5 °C and 50 rpm using a sinker to weigh down the tablets.
The drug concentration in the dissolution media was determined with HPLC,
as was described in section 7.9 of the thesis. In this case, 10 pL of filtered
sample was analyzed.

7.11 Microbial assays

In Paper I, microbial testing was performed using Ph. Eur. 2.6.12 Microbial
Examination of Non-sterile Products: Microbial Enumeration Tests as a
guideline. This was done to show the viability of SSE in a hospital setting, as
limiting microbial growth is essential for providing safe medication to pa-
tients. A mass of 1 g of tablets was added to 10 mL of buffered sodium chlo-
ride-peptone solution and dissolved. Since the 1/10 dilution had high turbidity,
samples were further diluted 1:1 to 0.05 g/mL. A quantity of 1 mL sample
solution was then added to two sterile petri dishes each. For a negative control,
1 mL of buffered sodium chloride-peptone solution was added to a sterile petri
dish. Molten tryptic soy agar (TSA) (20-30 mL) were added to each plate and
mixed. The plates were left to set until reaching room temperature. Incubation
then proceeded at 30-35 °C for 3—5 days. The total aerobic microbial count
(TAMC) was then taken for each plate and multiplied by 20 to calculate the
number of cfu/g.

7.12 Interviews

In Paper I, five individuals with a role in medication handling were inter-
viewed at Uppsala University Hospital. The topic of these interviews was SSE
of oral dosage forms in a hospital setting. The interviews were recorded and
transcribed using Microsoft Teams so that the interviewees would remain
anonymous for their privacy protection. Interview questions relating to a se-
ries of topics were used: SSE production steps and workflow, potential bene-
fits of SSE, usability of the equipment, patient safety, occupational safety, and
future perspectives. These interviews were conducted to contextualize SSE in
a hospital setting and gain insights from pharmacy professionals.
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7.13 ML with image analysis

In Paper II, MLMs are used for image analysis of SSE oral dosage forms. First,
images were captured for model training. Images of tablets, a top and bottom
view of each tablet, were taken to train the model in a robust way (Canon
550D camera, 18-55 mm standard lens). The camera was mounted on a tripod
and images were taken with ISO 100, an exposure time of 1/50 s, and an ap-
erture F6.0. Images were then labeled accordingly.

Next, images were prepared for the MLM. To facilitate supervised learn-
ing, images were allocated into categories of being within or outside of the
allowable mass range (following Ph. Eur. guideline 2.9.5 Uniformity of Mass
of Single-Dose Preparations). These images were then labeled as outliers or
non-outliers, as well as with the additional information of whether the image
contained a top or bottom view of a tablet and the tapering step represented.
Images were grouped according to the training being done. For example, in
one specification tablets were separated according to Ph. Eur. mass specifica-
tions for all three tapering steps (tapering Step 6 with 1.8 mg of API, tapering
step 5 with 3 mg of API, and tapering step 4 with 5 mg of API).

The model was trained using a validation split of 20%. Images were resized
into squares (180x180 pixels). The Keras sequential model'” of the Tensor-
Flow package'’* was set up with three convolution blocks each containing a
max pooling layer and a fully-connected layer with 128 units on top. The
Adam optimizer was used in the training. Images were trained in color, data
augmentation was done with random rotation, and a dropout of 20% of the
output units was applied. An appropriate number of epochs was used for each
specification, with the need in some cases to compromise between training
and validation accuracy and training time.

Then, the model was tested with 10 images representing each specification.
These images were chosen at random and removed from the training and val-
idation set. The training and validation accuracy and loss was also determined
for each specification.
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8. Conclusions and future perspectives

The work in this thesis shows the ability and potential of AM for pharmaceu-
tical application. From clinical application to scaled-up production, AM has
the potential to revolutionize the pharmaceutical sector. Specialized, accurate
doses of API can be created in a variety of shapes and sizes, providing much-
needed medication to vulnerable patient groups. This thesis has demonstrated
the viability of SSE, in particular, in a clinical setting for creating custom-
dosed medication. The ability to validate that medication with image analysis,
furthermore, was shown for SSE oral dosage forms. For industrial application
and mass customization, SLS has great potential. Therefore, fundamental as-
pects of this technique were investigated to fully understand the method for
best use. The geometry of the oral dosage forms produced with this method
were found to have a significant impact, meaning that this is an aspect that
will need to be considered when designing oral dosage forms created with
SLS. The polymer chemistry of the excipient, as well as the printing condi-
tions, was also found to have a profound effect on the resultant oral dosage
forms. This thesis has demonstrated that AM has many aspects to consider to
achieve high quality oral dosage forms.

In Paper I, oral dosage forms containing a specific dose of API were created
utilizing licensed medication. This was done in a hospital setting, with no spe-
cialized setup, showcasing the viability of this method in a clinical environ-
ment. The oral dosage forms created had an accurate dose of API, particularly
when compared to capsules obtained from an ECF. These capsules, the stand-
ard for extemporaneous compounding, were additionally immediate-release
medication and significantly larger than the SSE oral dosage forms. These
characteristics are less desirable than the smaller, prolonged-release oral dos-
age forms created with SSE. The SSE oral dosage forms, meanwhile, also
passed microbial testing, indicating that SSE can be performed successfully
in a hospital. Interviews with knowledgeable professionals also highlighted
areas to improve with SSE and showed the willingness of these vital stake-
holders to accept this emerging technology.

In Paper II, SSE oral dosage forms were created with three doses of API
following a tapering schedule. The accuracy achieved with these oral dosage
forms further illustrated the potential of this technique for clinical application.
In this paper, SSE oral dosage forms were compared to standard dose-adjust-
ment techniques. This paper also addressed an issue plaguing both standard
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dose-adjustment and AM methods: validation and quality assurance. Using
image analysis with a MLM, it was possible to validate SSE oral dosage
forms. Image analysis with a MLM is a non-destructive, efficient method of
validation for oral dosage forms that have shown superior dose accuracy.

In Paper III, the importance of geometry on the fundamental properties of
SLS oral dosage forms was determined. In order for this technique to be suc-
cessful, an aspect such as this must be considered. The resultant oral dosage
form, it was found, cannot be expected to perfectly match the intended STL
file, particularly in regard to oral dosage form mass and volume. The shape
and SA/V played an important role in the intended drug release profile, as
well. This paper emphasized the importance of optimizing design for SLS
printing, as geometry is an important aspect to consider for designing oral
dosage forms.

In Paper IV, the differences observed in resultant dosage forms for different
polymer materials, as well as different grades of these materials, further em-
phasised the importance of optimization for SLS printing. The most suitable
print results were achieved with higher print temperatures within the print
window of the materials and a slower laser scanning speed for the materials
and polymer grades investigated. This impacted not just the visual appearance
of the oral dosage forms, but the resultant mass and friability, as well. Addi-
tionally, not all polymer materials support API-amorphization equally, which
is relevant for poorly soluble APIs.

This thesis covered AM through the lens of two different applications. SSE
is viable for clinical use, due to the clean, low-profile nature of this technique.
SSE also has a positive profile for hospital and pharmaceutical professionals,
improving the adoptability of this technique. While a technology can appear
useful to one group of individuals, the ultimate acceptance of the technique
must come from those who will use it on a daily basis. SSE has additionally
shown the ability to create very accurate dosage forms and a method of vali-
dation using image analysis with a MLM was shown to be possible. SLS,
meanwhile, is most suitable for scale-up and larger-scale application than a
clinical environment, with the possibility to have SLS printers in an ECF or in
industry. This technique has the advantages seen in BJ, which already has reg-
ulatory approval.

This thesis has shown AMs use to create more customized, select dosages
for vulnerable patient groups, both on an individualized level and potentially
on a larger-scale. For SSE, the next step is to further test image analysis vali-
dation strategies to fully optimize this process for use in a clinical setting. If
validation is made easy and simple, SSE can fully realize its potential as a way
to produce accurate, custom medication more efficiently. Additionally, studies
into the shelf life of SSE formulations should be further analyzed. This would
determine when and in what quantity such formulations must be prepared.
Additionally, regulatory aspects, such as if SSE medications can be prepared
by a decentralized manufacturer will need to be determined.
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For SLS, the next step would be a continuation into the analysis of funda-
mental properties of the materials and resultant printed oral dosage forms. This
can be achieved through further polymer-excipient investigation, testing print-
ing conditions for the most optimal polymer excipients for pharmaceutical ap-
plication. Then, analysis into printing in large SLS printers with large batch
sizes can be investigated, including whether temperature differentials, longer
prints, recyclability, or other factors impact the resultant dosage forms.

Finally, AM for pharmaceutical use needs regulatory guidelines specifi-
cally for these techniques. While several dosage forms have been created with
many AM techniques that meet current Ph. Eur. guidelines, a comprehensive
set of guidelines specifically for AM would ensure further consistency be-
tween oral dosage forms. Guidelines created by the European Medicines
Agency (EMA) or Ph. Eur. could be produced by consulting various stake-
holders in industry, healthcare, and academia. By creating guidelines with the
EMA, there would be the possibility for high continuity of the EU member
states and partners, ultimately allowing for the most consistent, reliable med-
ications to be produced in the EU-bloc. The FDA of the USA and the Phar-
maceuticals and Medical Devices Agency (PMDA) of Japan, too, could be
consulted to create effective guidelines that would encompass an even larger
share of the pharmaceutical sector. In addition, there must be further discus-
sions with these vital stakeholders to further ensure that the resultant AM tech-
niques, printers used, materials, and methods are all appropriate for their func-
tion. Designing an AM printer without the input of the users, for example,
cannot yield the most successful printer. This group of stakeholders must also
develop a consensus on GMP standards for AM techniques utilized in clinical
and industrial settings to ensure the best possible medication for patients and
consumers. While this thesis has assisted in moving SSE and SLS closer to
widespread adoption, it is ultimately up to the stakeholders to fully integrate
AM into the mainstream for pharmaceutical implementation.
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9. Popular summary

Going to the pharmacy to pick up a prescription of licensed, commercial med-
ication is not a noteworthy event for the average adult. The medication pur-
chased is standard, as is the dose. However, for several groups of people, this
is an unobtainable luxury. Children and those with comorbidities (multiple
diseases or conditions present simultaneously) are some of these patients who
are not able to obtain standard, licensed medication in the required dose. While
this is only a subset of the population, tapered medications, which are medi-
cations with gradually decreasing doses over time, are also not standard, and
these medications account for a large user-base. Tapered medications are nec-
essary for successful reduction of withdrawal symptoms for a variety of patients
on medications such as antidepressants, opioids, and nonsteroidal anti-inflam-
matory drugs (NSAIDs). Grouping together all of these patients who require
non-standard medication, there is a vast number of people who cannot simply
walk into a pharmacy and receive a standard medication.

3D-printing can solve this issue. In this thesis, two techniques of 3D-print-
ing, semisolid extrusion (SSE) and selective laser sintering (SLS), showed the
ability to create consistent, high-quality medications. SSE and SLS can pro-
vide custom medications for patients who require non-standard medication.
SSE is a technique with an easy to clean printer and a small size, making it a
good choice for use in a hospital or pharmacy. This brings the potential of
custom-dosed medication right to the patient. SLS, meanwhile, is a technique
similar to binder jetting (BJ), which is a method that is already approved by
regulatory bodies for use in creating medication for large-scale. Therefore,
SLS can provide larger quantities of a wider range of doses of medication to
patient groups in need.

In Paper I, medications were created with SSE in a hospital setting. This
demonstrated the ability of SSE to work successfully in a clinical environ-
ment. The medications made, additionally, were more accurate in the dose
than medications obtained with current dose-adjustment methods. Pharmaceu-
tical professionals interviewed about SSE for custom medication creation in a
hospital setting were also interviewed, giving suggestions for improvement of
the technique, as well as providing information on aspects that were vital to
the use of SSE in a hospital.

These interviews further highlighted an issue found in current techniques
for adjusting existing commercial licensed medication, including the necessity
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of a validation step for the medication. Therefore, in Paper II, a validation
process was analyzed. Since SSE proved to be a useful method for creating
accurate medications, these medications were then investigated through image
analysis with a machine learning model (MLM). This allowed the medication
to be examined without destroying it. It is also a relatively quick method of
analysis that does not add significant burden to hospital or pharmacy staff. In
this study, MLMs were able to identify and categorize differences between
medications, indicating that image analysis with a MLM would be a valuable
tool for validation of non-standard medications.

SLS, on the other hand, has aspects that must still be investigated before it
can be adopted in a large-scale setting. So, in Paper 11, the impact of the shape
of medicine created with SLS was examined. Most importantly, shape, as well
as the surface-area-to-volume ratio (SA/V) were found to affect the medica-
tions produced with SLS. This can impact the rate at which the active phar-
maceutical ingredient (API) is released from the medication, which can have
major implications for patients who need a specific release of this medication.
The mass and volume of the 3D-printed medications, also, differed from the
expected results differently depending on the shape and SA/V created. This
paper determined the importance of including geometry in the design of med-
ications for SLS.

Aside from shape, the polymers used in the medications, which are respon-
sible for a majority of the composition of SLS medications, were investigated
in Paper IV. It was found that different polymers and printing settings have a
large impact on the resultant medication. For the polymers investigated,
slower printing and a higher temperature in the 3D-printer (within an accepta-
ble temperature window) led to medications better adhering to European Phar-
macopoeia guidelines.

While 3D-printing is still developing as a solution to create medications for
patient groups who need specific doses, it is extremely promising for this field.
SSE can provide patients with required medication in a hospital or pharmacy
setting. For larger-scale solutions, SLS has the potential to create a more di-
verse subset of medications and doses than are currently commercially avail-
able. A future with 3D-printing in use for more tailored medications for chil-
dren, patients with comorbidities, and patients with tapered medications can
lead to a higher quality of care for these groups. With 3D-printing, the possi-
bility that anyone can pick up a prescription with the right dose is in sight.
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10. Popularvetenskaplig sammanfattning

Att hdmta ut ett recept pa apoteket med licensierade och kommersiella ldke-
medel ar inget markvardigt for en genomsnittlig vuxen. Medicinen som kops
ar standardiserad, liksom doseringen. For vissa grupper dr detta dock en
ouppnaelig lyx. Barn och multisjuka tillhér de patienter som inte kan fa stan-
dardiserade ldkemedel i ritt dos. Forutom dessa grupper finns det ocksa ett
stort behov av nedtrappning vid utsittning av vissa ldkemedel, vilket géller
for lakemedel dér patienter annars riskerar att drabbas av abstinenssymptom
exempelvis antidepressiva, opioider och icke-steroida antiinflammatoriska 14-
kemedel (NSAID). Sammanlagt utgdr dessa patienter en stor grupp som inte
enkelt kan besdka ett apotek och fa tillgéng till rdtt medicinering.

3D-skrivning kan 16sa detta problem. I denna avhandling undersoks tvé
3D-skrivningstekniker, semisolid extrusion (SSE) och selektiv lasersintring
(SLS), som visade sig kunna producera hogkvalitativa ldkemedel. Med hjélp
av SSE och SLS kan skridddarsydda ldkemedel tillverkas for patienter med
behov av anpassad medicinering. SSE ar en teknik som anvénder en kompakt
skrivare med god rengorbarhet, vilket gor den sérskilt 1dmplig for sjukhus eller
apotek. Den majliggdr produktion av individuellt doserade lakemedel direkt
till patienten. SLS, som dr en metod liknande binder jetting (redan godkénd
av regulatoriska myndigheter for storskalig ldkemedelstillverkning) kan i sin
tur producera storre mingder likemedel i olika doser for behdvande patient-
grupper.

I den forsta studien (Papper I) testades SSE-tekniken for tillverkning av
lakemedel i sjukhusmiljé. Resultaten visade att SSE fungerar vl i en klinisk
miljo och att ldkemedlen som framstilldes hade mer exakta doseringar jamfort
med likemedel som anpassas med dagens metoder. Dessutom intervjuades
farmaceutisk personal om anvidndningen av SSE for skrdddarsydd medicine-
ring pé sjukhus. Dessa intervjuer gav forslag pa forbéattringar av tekniken och
insikter om vilka faktorer som ar avgorande for dess anvédndning i en klinisk
miljo.

Intervjuerna belyste ocksa ett annat problem: dagens metoder for att an-
passa kommersiella lakemedel saknar en valideringsprocess. Dérfor analysera-
des en valideringsmetod i den andra studien (Papper II). Eftersom SSE visade
sig vara effektiv for att producera exakta lakemedel, anvindes dessa for bildan-
alys med hjélp av en maskininlarningsmodell (MLM). Detta mojliggjorde en
icke-destruktiv analys av ldkemedlen. Studien visade att MLM effektivt kunde
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identifiera och kategorisera skillnader mellan ldkemedel, vilket pekar pa att
bildanalys med MLM kan bli ett vardefullt verktyg for att validera anpassade
lakemedel.

SLS kréver ddremot ytterligare undersdkningar innan den kan implemen-
teras storskaligt. I den tredje studien (Papper III) undersoktes hur formen pa
lakemedel skapade med SLS péverkar deras egenskaper. Formen och for-
hallandet mellan yta och volym visade sig ha stor betydelse for frisittningen
av den aktiva substansen. Detta dr sérskilt viktigt for patienter som behover
en specifik frisittning av likemedel. Studien visade ockséd att massan och
volymen hos de 3D-printade likemedlen varierade beroende pa form och for-
héllande mellan yta och volym, vilket understryker vikten av att inkludera ge-
ometriska faktorer i designen av ldkemedel for SLS.

I den fjarde studien (Papper IV) undersoktes polymererna som anvinds vid
SLS. Resultaten visade att olika polymerer och skrivinstillningar paverkar 1-
kemedlens kvalitet i hog grad. Generellt géllde att langsammare utskriftshas-
tighet och hogre temperaturer (inom ett acceptabelt intervall) ledde till 13-
kemedel som béttre uppfyllde riktlinjerna i Europeiska farmakopén.

Aven om 3D-skrivning fortfarande 4r under utveckling som 1dsning for att
skapa ldkemedel till patientgrupper med specifika dosbehov, visar tekniken
stor potential. SSE kan tillgodose patienters behov av skrdddarsydd medicine-
ring pé sjukhus och apotek, medan SLS kan producera ett bredare utbud av
lakemedel och doser i storre skala. Med 3D-skrivning kan framtiden erbjuda
béttre medicinsk véard for barn, multisjuka och de som behdver nedtrappning
vid utsdttning av ldkemedel. Mgjligheten for alla att enkelt fa ut en korrekt
doserad medicin dr inom réckhall.
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