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ABSTRACT
EXPLORING FUSED DEPOSITION MODELING (FDM) THREE-DIMENSIONAL
PRINTING TABLET DESIGN OPTIONS FOR PHARMACEUTICAL DOSAGE
FORMS

by
Guluzar Gorkem Buyukgoz

This dissertation examines the use of Fused Deposition Modeling (FDM) based
three-dimensional (3D) printing approach for developing patient-specific dosage
forms and addressing related technical challenges in such drug delivery systems.
The first main objective is to explore pharmaceutical tablet design options using
novel FDM 3D printing technology as the drug delivery platform such that drug
form and tablet properties are tailored by considering patient age-specific
formulations and dissolution control. Of the five different design options, two
proposed options meet the main objective of providing similar drug release,
whereas the popular option of fixed drug concentration but differing tablet size
could not. These two options are, (1) varying drug-concentration feed materials at
fixed tablet size, and (2) fixed-sized duo-tablet with internal varying size placebo
regions. The tablet surface area to volume (SA/V) ratio is identified as the
controlling factor for drug release, while Hydroxymethyl cellulose (HPC) as the
matrix yields near zero-order release. For the duo-tablet design, placebo shell
thickness governs long lag times. Next, miniature tablets containing very low drug
concentration (1 wt%) are manufactured via FDM 3D printing for targeting the
pediatric patient population, who have difficulty in swallowing large tablets, while
the dosage is dictated by their body weight/age. It is demonstrated that the use of

multi-unit mini-tablets, allows flexible dose titration, leads to similar release profiles



for varying drug doses, could serve the purpose of micro-dosed therapy, and
minimize the difficulties in swallowing. As a unique new contribution, the feed
materials containing the drug in largely crystalline form are produced via hot-melt
extrusion (HME) at relatively low processing temperatures. This approach is
intended to reduce the adverse effects of recrystallization of the amorphous drug,
including uncontrolled drug crystal growth. In addition, this approach is shown to
better maintain adequate filament mechanical properties, which is crucial for their
printability. In addition, this technique, called fusion-assisted amorphous solid
dispersion (ASD) conversion during printing is shown to be a one-step printing
process alternative to the conventional HME-compounded ASDs for solubility
enhancement of poorly water-soluble drugs. By avoiding the use of HME for
preparing the amorphous filaments, this approach also minimizes the confounding
effects arising from drug recrystallization, being a common challenge for HME
compounded ASDs. Finally, process analytical technology (PAT) is implemented
for predicting drug concentration of the feed materials using chemometric methods
based solely on Raman spectroscopy. This is intended for addressing regulatory
concerns for point of care printed on-demand products without requiring testing of
the resulting product. In summary, this dissertation makes major advances in
several areas for developing patient-specific dosage forms and addressing related
technical challenges in such drug delivery systems, including addressing

regulatory issues typical for on-demand products.
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CHAPTER 1

INTRODUCTION

1.1 Background

Developing and implementing new, state of the art technologies to meet the
individual patient's need is one of the most important objectives in drug
development; hence it is an active area of pharmaceutical research. The main
areas of research in novel pharmaceutical designs are: (i) improving drug
administration, (ii) improving drug bioavailability, and more importantly,
(i) enhancing dosage flexibility. All of these are very important, and have a big
impact on patient compliance and adherence to required medications, which
ultimately dictate the success of any therapy. Further, because of the differing
needs of the patients, stemming from different reasons including their age, weight,
and genetic make-up, relying on a single dosage form is less than ideal and is the
motivation for the development of more flexible, on-demand dosage platforms
(Breitkreutz et al., 2007; Lopez et al., 2015). Towards that objective, there is an
increasing research activity towards developing vehicles for personalized medicine
for drug delivery, while addressing issues such as flexible dosing and increased
bioavailability, which are all generally lacking in the conventional dosages.

It is a known fact that traditional oral dosage forms (e.g., tablets and
capsules) cannot cater to on-demand production and fabrication of tailored dosage
forms, particularly when dose variations and drug combinations are required.

In addition, the large footprint of inherently complex manufacturing processes



including milling, sieving, compressing, and coating limits the level of agility and
flexibility in dosing (Alhnan et al., 2016). The conventional approach is also not
very suitable for achieving enhanced bioavailability through producing complex
dosage geometries (Li et al., 2017b; Sadia et al., 2018a; Zhang et al., 2017a).

Fortunately, the emerging field of three-dimensional (3D) printing
technology, in particular through Fused Deposition Modeling (FDM), is capable of
the increased flexibility of manufacturing along with achieving drug product shape
complexity by digital control over the arrangement of printed matter that includes
drug (Norman et al., 2017). Consequently, creating advanced geometries to
manipulate drug release behavior with an adjustable surface area/volume ratio of
the final product (Alhnan et al., 2016; Norman et al., 2017; Sadia et al., 2018a),
and accurately controlling the spatial distribution of active pharmaceutical
ingredients (APIs) within the product, hence allowing for rapid fabrication of
combination drugs along with a tailored dosage form are some of these
advantages of 3D printing technology (Khaled et al., 2015a, 2015b; Norman et al.,
2017). Further, the recent approval by the U.S. Food and Drug Administration
(FDA) for the first 3D printed medication (Zipdose®, 2015), has also triggered
growing interest in 3D printing technology (Alhnan et al., 2016; Goyanes et al.,
2017).

It is useful to mention that besides FDM technique, (Goyanes et al., 2015d;
Long et al., 2017; Melocchi et al.,, 2015; Pietrzak et al., 2015) 3D printing
technologies in oral dosage forms include several other techniques; mainly i.e.,

semi-solid extrusion (EXT) printing (Khaled et al., 2014; Khaled et al., 2015a,



2015b; Rattanakit et al., 2012) and powder bed (PB) printing (Rowe et al., 2000;
Yu et al., 2009). Although these technologies have their strengths and
weaknesses, FDM printing is considered highly promising for developing and
producing 3D printed industrial oral dosage forms (Goyanes et al., 2015b;
Goyanes et al., 2016). This is largely due to FDM not requiring lengthy post-printing
processes such as drying or powder removal. Another advantage of FDM printing
is that it makes use of solid feed materials which have better shelf-life than the
liquids and pastes used in PB and EXT printing. This means that there is less
waste due to expired feed at the factory level. In FDM technique, a polymer
filament is fed through a heated nozzle and deposited on a build plate layer-by-
layer (Goyanes et al., 2014; Melocchi et al., 2015). The thermoplastic polymers
used to create the filaments must be heated to a temperature above the polymer
glass transition temperature (Tg) before the printing process can start (Melocchi et
al., 2015; Okwuosa et al., 2016). This requirement of elevated temperatures during
the process limits the use of this technique for heat-sensitive compounds (Alhnan
et al., 2016).

Recent literature in FDM 3D printing has focused on, but is not limited to,
two main categories: (i) improvements in flexible dosage dispensing and,
(i) enhancement of bioavailability. The most prevalent approaches to achieve
desired drug therapy through FDM 3D printing involve manipulating the tablet
sizes, structure, or shape (Goyanes et al., 2015c; Goyanes et al., 2015d; Pietrzak
et al.,, 2015; Sadia et al., 2018a; Skowyra et al., 2015; Solanki et al., 2018b).

However, scrutiny of the results also reveals that it is not easy to produce



prescribed dosages by manipulating tablet properties while keeping the
percentage drug release profiles similar. Regarding controlling drug dissolution,
creating advanced geometries (Goyanes et al., 2015c) and solid dispersions
(Solanki et al., 2018b) are the main techniques. Recent reports have shown the
potential for embedding a drug in amorphous form into 3D printed structures
(Solanki et al., 2018b; Wei et al., 2020). However, that approach requires sufficient
drug-polymer miscibility, suitable polymer type, and has drug to polymer ratio
limitations (Solanki et al., 2018b). In addition, if these criteria are not adequately
addressed, recrystallization of the drug can occur within the matrix during storage
and throughout the dissolution, adversely impacting the product performance
(Gupta et al., 2004). Therefore, it is important to investigate expanded design
options for novel FDM 3D printing drug delivery platform, to improve both the

bioavailability and flexibility of dosing.

1.2 Objectives
In response to the aforementioned challenges and issues, the major objective of
this dissertation is to explore pharmaceutical tablet design options for the novel
drug delivery platform, FDM 3D printing, such that drug form and tablet properties
are tailored by considering age-specific formulations and bioavailability
enhancement. First, achieving simultaneous tailoring of drug release and dose is
considered through manipulating the tablet size and structure of FDM 3D printed
tablets. Next, options for the dose titration, necessary for patient age and weight

specific dosages, via FDM 3D printed mini-sized tablets containing very low drug



concentration are examined. Subsequently, an innovative design option is
investigated towards enhancing the solubility of poorly water-soluble drugs. That
approach takes advantage of FDM 3D printing capability of producing transient
heat energy along with advanced geometries to produce fusion-assisted ASDs.
Finally, process analytical technology (PAT) to enhance manufacturability is
considered. Towards that goal, chemometric models are developed for predicting
the printed tablet drug concentration at the point of care through Raman
spectroscopy of the feed materials, for addressing regulatory concerns related to

on-demand products.

1.3 Outline
This dissertation has been organized into six chapters. Chapter 1 discusses
relevant background concepts and literature, followed by the objective and outline
of the dissertation. Chapter 2 investigates the tablet design options for FDM 3D
printing for simultaneous tailoring of drug release and dose. Chapter 3 examines
the manufacturing of low-dosed mini-tablets via FDM 3D printing, by targeting
patient age-specific dose titration. Chapter 4 presents the 3D printed tablets loaded
with fusion-assisted amorphous solid dispersions (ASDs) to enhance the solubility
of poorly water-soluble drugs. Chapter 5 implements the process analytical
technology (PAT) using Raman spectroscopy for determining the drug
concentration from feed materials of FDM 3D printing. Chapter 6 provides an
overall summary and conclusions of the dissertation, and offers a direction for

future studies.



CHAPTER 2

TABLET DESIGN OPTIONS

2.1 Introduction
The need for patient-specific drug dosage development has been well recognized,
in particular for pediatric and geriatric populations that differ from a ‘standard
patient’ in many aspects (Breitkreutz et al., 2007; Kearns et al., 2003; Liu et al.,
2014). The differing needs, stemming from individual’s age, gender, lifestyle,
metabolic capacity, co-morbidity as well as therapeutic response to the
medications (Breitkreutz et al., 2007; Sandler et al., 2016), may impact the efficacy
of the dosage due to either the amount of delivered drug being insufficient or too
much. Ideally, the drug formulations and dosages should meet the patient’s
individual needs. The emerging technique of Fused Deposition Modeling (FDM)
based 3D printing may address this need because it is capable of manufacturing
patient-tailored dosage forms by digital control over the arrangement of printed
matter (Norman et al., 2017). Recent work shows incorporation of different polymer
types into formulation of filaments, used as the feed materials, usually produced
via hot-melt extrusion (Melocchi et al., 2016; Solanki et al., 2018b; Zhang et al.,
2017a). These papers demonstrate that the drug amount and its release rate may
be tailored by exploiting differing polymer properties and by designing different
formulations. The FDM printing also requires suitable mechanical properties for
the feed materials (Zhang et al., 2017a), imposing an additional burden on

adjusting the formulations to also assure printability. Thus, the success of this



approach becomes dependent on several factors such as thermal properties of the
material used, miscibility/solubility between drug and polymer, mechanical
properties of the feed materials, and 3D printing process parameters (llyés et al.,
2019b; Wei et al., 2020). These potentially confounding factors could inherently
limit the manufacturing flexibility of 3D printing, hence preventing its widespread
use for manufacturing personalized dosages. The most prevalent approaches to
achieve desired dosage and its release through FDM 3D printing involve
manipulating the tablet sizes, structure, or shapes while utilizing the feedstock
having fixed drug concentration (Goyanes et al., 2015c; Goyanes et al., 2015d;
Skowyra et al., 2015; Solanki et al., 2018b). For example, Goyanes et al. (2015c)
fabricated 3D printed forms having several geometries including cube, pyramid,
cylinder, sphere, and torus by using polyvinyl alcohol (PVA) filament with 3.78 wt%
drug concentration. They varied printed tablet dimensions to keep either (i) surface
area constant, (ii) surface area to volume ratio constant (SA/V), or, (iii) the weight
constant, for each shape. Their main conclusion was that the drug release showed
little dependence on the surface area but more on either the SA/V or surface area
to tablet mass ratio, which is expected from matrix erosion phenomena. However,
they did not analyze the dissolution profiles using known drug release kinetic
models. Another popular option to achieve dosages with varying drug amounts is
to print tablets with increasing sizes/volumes. (Pietrzak et al., 2015; Skowyra et
al., 2015). For instance, Skowyra et al. obtained the desired drug amounts through
varying tablet volumes, where the smaller tablets containing lower drug amounts

had faster drug release (Skowyra et al., 2015). In an interesting work, Sadia et al.



created 3D printed tablets, which were either solid or had channels within (Sadia
et al., 2018a). The channels led to increased SA/V ratio as well as increased
dissolution media perforation through the structure. Analysis of their dissolution
testing results reveals that the dissolution from various tablets was a strong
function of the SA/V ratio (Sadia et al., 2018a). In their well-planned study, the
surface area was increased through internal channels or holes. Hence the
importance of reducing the channel resistance to the flow of the dissolution media
was also identified.

Papers such as these shed light on the dissolution behavior of printed
tablets with several designs, sizes, and shapes. However, scrutiny of the results
also reveals that it is not easy to produce patient-specific dosages with differing
drug amounts while keeping the percentage drug release profile similar. This is
due to the fact that the FDM-based 3D printed tablets inherently require relatively
large amounts of matrix-forming polymers resulting in erosion-based dissolution
that largely depends on the tablet SA/V ratio. Since that is likely to be the case for
most 3D printed tablets, it is important to examine how tablets with fixed shape
and size can provide similar dissolution behavior while having differing drug doses.
Consequently, the main focus of this paper is to examine several design options
and analyze the corresponding drug release profiles using appropriate models to
determine the prevailing drug release mechanism. The underlying goal is to
identify the options that allow designing tablets with desirable drug release while

varying their drug dose that could help with patient-specific oral drug delivery.



Since the drug release is largely controlled by the tablet SA/V ratio, keeping
it constant while varying the tablet drug amount using filaments containing different
drug concentrations may be a logical choice to meet the main objective of this
work. A shortcoming of this approach is the need for producing printable filaments
in varying drug concentrations, e.g., 5-30 wt%, posing challenges due to varying
filament mechanical properties. Another choice of tablet design that is worth
studying is to use a placebo filament in conjunction with a fixed drug-concentration
filament to create a fixed size tablet that has patterned regions within the tablet
containing drug, also called drug reservoirs (Li et al., 2017b; Siepmann et al.,
2012). The latter option may allow greater flexibility, whereas ultimately both of the
proposed approaches could be combined for producing tablets with varying
patterns of drug-containing and placebo regions to cover a wide range of drug
concentrations while achieving nearly similar drug release profiles. As an
interesting variation, 3D printing may be used to create duo-tablets, where either
the drug-containing zone is internally formed as a core of the tablet or it is formed
peripherally so that the placebo portion is the core. Such approaches are
considered in this work, along with quantitative analysis of resulting dissolution
profiles using mathematical models including Korsmeyer-Peppas and zero-order
(Korsmeyer et al., 1983; Peppas et al., 1989). The focus of this paper is to examine
the impact of the tablet design options on drug release from 3D printed tablets.
The drug material and processing protocols are selected to avoid added
complications and confounding effects arising from drug-polymer interactions

during the feed-material preparation using hot-melt extrusion (HME), which



typically produces amorphous solid dispersions (ASDs) (Hancock et al., 1997; Li
etal., 2018; Thommes et al., 2011; Wei et al., 2020). HME-based products require
considerations of the individual drug and polymer properties as well as their
interactions such as drug-polymer miscibility, melt rheology, degradation, and
long-term stability, which are all greatly impacted by drug type, polymer type, drug
weight percentage, and extrusion temperature (Solanki et al., 2018a; Solanki et
al.,, 2019a; Solanki et al., 2019b; Wei et al.,, 2020). On one hand, improved
miscibility and lower viscosity at higher processing temperature reduces the load
on the equipment and could help mixing. On the other hand, a higher temperature
could lead to polymer and drug degradation and it could adversely affect filament
quality necessary for FDM 3D printing (Aho et al., 2017; Censi et al., 2018;
Govender et al., 2020; Kempin et al., 2017; Solanki et al., 2018a; Yang et al.,
2016). Moreover, the resulting ASDs have inherent stability problems due to the
tendency for the amorphous forms to recrystallize in time that may influence the
performance of the products such as drug dissolution behavior. For circumventing
such problems associated with forming and maintaining ASDs, and the need for
higher processing temperatures, it may be better to maintain the drug in its
crystalline form (Hilsmann et al., 2000; Thommes et al., 2011). For example, when
using a constant printing temperature for producing tablets with different drugs,
either amorphous or crystalline forms appeared in the final products hence the
effects from the physical form of the drug were confounded (Goyanes et al., 2015d;
Sadia et al., 2016). Therefore, it is better to avoid formation of ASDs to meet the

main objective of this work and select the model drug and polymer in a manner
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that facilitates maintaining the drug in crystalline form. That requires the drug to
have a sufficiently high melting point and minimal miscibility with the polymer at
the HME and FDM processing temperatures. Another major advantage of keeping
the drug in crystalline form is the reduced possibility of adverse effects on filament
printability due to reduced processing temperature. Because this approach does
not produce ASDs, it is useful for 3D printing of all Biopharmaceutics Classification
System (BCS) class compounds that meet the melting point and miscibility
requirements. As an example, theophylline, a BCS class | compound, that meets
such requirements, was used to tailor dosage form via FDM 3D printing (Pietrzak
et al., 2015).
Based on these considerations, model BCS class Il drug, griseofulvin (GF)
Is used along with hydroxypropyl cellulose (HPC) as the matrix-forming polymer.
GF and HPC are thermally stable at higher processing temperatures (Goyanes et
al., 2019; Rahman et al., 2020c) and allow flexibility with setting the printing
temperatures. Further, GF and HPC are poorly miscible and unlikely to form
amorphous structure (Li et al., 2017a). A twin-screw extruder is used to prepare
the required drug-loaded filaments at 5-30 wt% concentrations, subsequently
used for FDM-based 3D printing of the options described below.
A. Using fixed drug-concentration filaments, varying tablet sizes at fixed

geometry with varying drug amounts. This common approach (Pietrzak et
al., 2015; Skowyra et al., 2015) also serves as the control design.

B. Using varying drug-concentration filaments, varying tablet sizes at fixed
geometry with constant total drug amount. This option is another control that
may allow for evaluating the impact of matrix and varying surface area for
the same mass of drug in each tablet.
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C. Using varying drug-concentration filaments, fixed tablet sizes at fixed
geometry for varying drug amounts in each tablet. This option allows for
maintaining a constant SA/V ratio, which is considered to be the main driver
for dissolution. This option allows testing the hypothesis that since the
dissolution rate is expected to be driven by matrix relaxation/erosion due to
properties of the polymer, HPC, all dissolution profiles should be statistically
similar.

D. Using fixed drug-concentration filaments, keeping tablet sizes and
geometry (cylinder) fixed but patterning the tablet allowing for varying total
tablet drug amounts by creating different sized internal drug reservoirs and
peripherally printed placebo regions.

E. Similar to option D, but varying total tablet drug amounts by creating
different sized internal placebo regions and peripherally printing drug-rich
regions. It hypothesized that the dissolution profiles exhibit statistically
similar release since the presence of important variables (i.e., varying
surface area to volume ratio & drug concentration) in previous cases will be
eliminated.

2.2 Materials and methods

2.2.1 Materials

Griseofulvin (GF; Letco Medical, Decatur, AL, USA) was selected as a model
Biopharmaceutics Classification System (BCS) class Il drug. GF is a crystalline
drug with a melting point of 220 °C. Pharmaceutical grade hydrophilic silica (M5P,
Cabot Corporation, MA, USA) with a primary particle size of 16 nm was used for
the surface modification of milled GF particles. Hydroxypropy! cellulose (HPC, SL
grade, Nisso America Inc., New York, NY) is a semi-crystalline polymer with largely
amorphous domains (Picker-Freyer et al., 2007; Rahman et al., 2020c; Sarode et
al.,, 2013a). HPC has been used as a printing polymer for fused deposition
modeling (FDM) due to its ability to produce filaments with appropriate mechanical

properties for 3D printing (Oblom et al., 2019; Pietrzak et al., 2015; Zhang et al.,
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2017a). In addition, it enhances the wettability of hydrophobic GF particles (Li et
al., 2017a). Polylactic acid (PLA) was purchased as an extruded filament (g: 1.75
mm, print temperature: 190—220 °C, Flashforge Corp., China). PLA was used only
for printing a marker to better monitor the morphological changes of the printed
tablets under the dissolution medium. Sodium dodecyl sulfate (SDS)

(Sigma-Aldrich, Saint Louis, MO, USA) was used as a solvent

2.2.2 Preparation methods

2.2.2.1 Preparation of milled and surface modified GF particles. Dry

milling of GF particles was performed by following previously established works
with continuous milling in a fluid energy milling (FEM; qualification model,
Sturtevant Inc., Hanover, MA, USA) (Davé et al., 2011; Han et al., 2011). Powder
feeding was controlled by a volumetric feeder (Model 102M, Schenck Accurate,
WI, USA) at a rate of 1 g/min. A constant feeding pressure of 65 psi and constant
grinding pressure of 60 psi were maintained. Surface modification of the milled
particles was conducted using a high-intensity vibrational mixer (LabRAM,
Resodyn Acoustic Mixers, Inc., Butte, MT, USA). The milled GF particles (99 g)
and silica (1 g) were added to a plastic cylindrical jar and were mixed by LabRAM
at a frequency of 61 Hz with an acceleration of 75 G for 5 min; these particles were
referred to as MC-GF. The additional dry coating step was carried out to help with
the feeding of drug and polymer powder mixture through gravity-driven screw
feeder, found to be necessary for two higher drug concentration cases. Another
reason was for the potential of coated GF particles to help ensure a very good

distribution of GF particles within the polymeric matrix (Zhang et al., 2018).
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2.2.2.2 Preparation of feed materials (filaments) of FDM 3D printer.  The
formulations to be extruded and their processing temperature are shown in Table
2.1. The polymer HPC-SL and MC-GF, in correct proportions to achieve the
required drug concentrations, were mixed using LabRAM at a frequency of 61 Hz
with an acceleration of 75 G for 5 min. Hot-melt extrusion was performed with an
11 mm diameter co-rotating twin-screw extruder (Thermo Fisher Scientific Inc.,
MA, USA). A round-shaped die having a 2 mm hole was used. The powder blends
in Table 2.1 were fed into the extruder via a volumetric feeder (Model 102M,
Schenck Accurate, WI, USA) at a feed rate of 0.6—0.7 g/min. The screw speed was
kept at 30 rpm for all the formulations. To maintain the crystalline form of GF
particles, the minimum extrusion temperatures, see Table 2.1, were defined as the
temperatures at which the torque and pressure values would not create a problem
throughout the processing. In the case of a drug having a higher softening value
than that of a polymer, increased drug amount in the formulation requires higher
energy input to soften the material. Thus, the extrusion temperature for the

formulation having 30 wt% drug concentration was increased to 145 °C.

Table 2.1 Composition of Powder Blends and Their Processing Temperature

Run Drug Wt%  Wt% HME Extrusion FDM Printing
# sample MC-GF HPC Temperature (°C) Temperature (°C)
1 MC-GF 5 95 140 170
2 MC-GF 15 85 140 170
3 MC-GF 25 75 140 170
4 MC-GF 30 70 145 170
5 N/A - 100 140 170
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2.2.2.3 Design and printing of cylindrical tablets. It was aimed to study
the five cases discussed in the introduction: Case A with varying tablet sizes
printed using 15 wt% drug-concentration filament; case B with varying tablet size
but total drug amount kept the same printed using varying drug-concentration (5—
30 wt%) filaments; case C with fixed tablet size printed using varying drug-
concentration (5-30 wt%) filaments; case D duo-tablets with varying drug amount
by having different sized internal drug reservoir printed using 15 wt% drug-
concentration filament while peripherally printing placebo shell; and, case E,
reverse of case D where drug-rich regions are the shells. The details of the tablet
dimensions and drug concentrations for each case are listed in Table 2.2. The drug
release profiles for printed tablets of all five cases were examined. The aspect ratio
was maintained similar (g/H: 2.56 = 0.08), and the cylindrical shape as the tablet
geometry was used in all the cases. The tablets were designed using Autodesk®
Fusion 360 Ultimate (Autodesk 3D design software). The design was recorded as
an STL file and was converted to an X3G file using FlashPrint software (Version
3.18.0; Jinhua, China) as the slicer. The tablets were printed using FDM 3D printer
(Flashforge®, Creator Pro 3D, 2016, China). The opening of the printer nozzle is
0.4 mm. In all of the cases, the following operating parameters were used; the
printing temperature 170 °C; printing speed, 35 mm/s; nozzle traveling speed, 80
mm/s; layer height, 0.10 mm; and the bed temperature 30 °C. For case D and case
E, the layer height of 0.2 mm was used to decrease the complexity of the printing
process, where the printing process requires less amount of time with increased

layer height. The 100% infill percentage was used for all of the printed
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formulations. The cooling fans are controlled automatically. The general guideline
of the operating temperatures was previously reported; the processing
temperature of polymers in HME should be higher than the polymer glass transition
temperature, Tg (Gupta et al., 2016; Solanki et al., 2018b). While HME imposes
such limitations, FDM printing process itself requires a much higher processing
temperature than that of HME due to low shear in FDM printing (Pietrzak et al.,
2015). The printing temperature was selected below the melting temperature of
GF (Tm: 220 °C) to keep GF as its crystalline state and above the Tg4 of polymer

HPC.

2.2.3 Characterization methods

2.2.3.1 Mechanical Properties. The mechanical properties of the filaments
were tested to determine the printability of the filaments via a Texture Analyzer
with a maximum force of 1 kN (3-point bender tester, Instron, Norwood, MA).
Modulus of elasticity (ME) was calculated from the slope of the initial linear
segment, of the stress-strain plot while tensile strength (TS) was calculated using

Equation (2.1) (Callister, 2007).

— Frl (2.1)

Here, the flexural strength (oy,) is defined for a sample having a circular
cross-section, where F is the load at fracture, L is the distance between support

points and R is the radius of the sample. To conduct the test, 5-6 extruded
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filaments were randomly selected and cut into 1 cm segments. The gap on the
probe was set up as 4 mm. Later, each filament was positioned on the sample
holder, and the force was applied at a constant speed at 0.5 mm/min until the
breaking point. The average values and standard deviation of TS and ME were

computed over the 5-6 samples.

2.2.3.2 Solid-state characterization.  To determine the crystallinity of the
drug in the filaments and printed tablets, the formulation of 25 wt% drug
concentration was examined via X-ray diffraction. Dry MC-GF particles, the
physical mixture of the formulation, the extruded filament, and the 3D printed disk
(model dimensions: @: 15.5 mm x H: 1.7 mm) were tested. The printing parameters
were kept the same as the printing parameters of 3D printed tablets. The reason
for printing of a bigger size tablet (disk) was to fit the printed product on an XRD
sample holder. The samples were scanned for 20 angle in the range 5-35° (0.01°
step) using PANanalytical (Westborough, MA, USA).

2.2.3.3 Thermo-gravimetric analysis (TGA). To assess the extent of
thermal degradation and measure the moisture content of various GF-HPC
samples, thermo-gravimetric analysis was performed using a TGA/DSC1/SF
STARe system (Mettler Toledo Inc., OH, USA). The filaments and printed tablets
containing 5 and 30 wt% drug concentrations, as well as as-received GF powder
and HPC powder were examined. Each sample was placed in a standard ceramic
crucible, heated from 25 °C to 250 °C at a rate of 10 °C/min, and cooled back to
25 °C under nitrogen flow. Varying moisture content could induce pseudo-

crosslinking within the matrix (Zaldivar et al., 2018) or alter water uptake during
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dissolution. Thus, the moisture content could eventually affect mechanical
performance (Oblom et al., 2019; Zaldivar et al., 2018) and bioavailability of the
product (Chowhan, 1980). Since HPC has a high affinity to water molecules and it
was prepared at varying concentrations, the moisture contents of the filaments, as
well as 3D printed tablets, were also analyzed through their moisture profile at 100

°C, which allowed the determination of bound water (Tidau et al., 2019).

2.2.3.4 Determination of drug content of printed tablets. The printed
tablets were tested from each formulation set. The thickness, diameter, and weight
of the tablets were recorded to evaluate the variations among tablet samples. The
thickness and diameter of the printed tablets were measured using a digital caliper.
The printed tablets containing 5-30 wt% MC-GF were dissolved in 7.2 mg/ml SDS
solution with continuous stirring for a minimum of 5h. A Thermo Scientific Evolution
300 UV-vis spectrophotometer (Thermo Fisher Scientific Inc., MA) was used to
measure the UV absorbance at a wavelength of 297 nm. The average drug

amounts were calculated for minimum of 3 samples from each set.

2.2.3.5 In-vitro drug dissolution. A flow-through cell dissolution apparatus
(USP IV, Sotax, Switzerland) with cells of 22.6 mm diameter and 0.2 ym Pall HT
Tuffryn membrane disc filters were used for printed tablets (Skowyra et al., 2015).
For cases A—-C, 4—6 samples from each set were tested. Due to the complexity of
printing duo-tablets, 3-5 samples were tested for cases D and E. Additional glass
microfiber filters (Whatman GF/D and, Whatman GF/F) were used for the tablets
in case D and case E. Additional filters help to prevent clogging the cells due to

the large amount of polymer within the cells. The samples from each formulation
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were positioned in the cells having 5 g of glass beads. Deionized water (DI) was
selected as a dissolution medium in order to obtain good discrimination between
GF formulations (Bhakay et al., 2014; Li et al., 2017a), and DI was circulated for
the printed tablets maintaining the sink conditions. The flow rate was 16 ml/min
with a constant temperature of 37 + 0.5 °C. The average percentage of the
dissolved drug was plotted as a function of time.

2.2.3.6 Dissolution kinetics of printed tablets and statistical analysis. To
gain insight into the dissolution kinetics of printed tablets, the classical models that
consider various transport mechanisms were utilized. In all cases, the models were
fitted for about the first 60% of fractional release curves, the sink condition was
maintained, and the cylindrical shape was kept as the tablet geometry. The tablets
were designed by several variables, which may modulate the dissolution profiles.
For example, varying surface area to volume ratio of tablet designs (i.e., case A,
case B) may adjust the diffusion path length, while changing total drug amount for
each tablet (i.e., all cases except case B) or drug concentration within the
polymeric matrix (i.e., case B, case C) may change the matrix behavior in release
transport. It was expected to see the impact of these variables on dissolution
kinetics by fitting the following models. Briefly, Korsmeyer-Peppas model defines
the release transport by considering Fickian diffusion, polymer relaxation/erosion.
Since 3D printed tablets have inherently dense structures, where
swellable/erodible polymer properties could be more pronounced, zero-order
equation was considered, as one would expect polymer relaxation/erosion based

release kinetics from the dense structures.
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The Korsmeyer-Peppas model: This model, depicted in Equation (2.2), is a
simple approach for describing the controlled drug release behavior from polymeric

matrices (Ford et al., 1991; Korsmeyer et al., 1983).

F=kxtn (2.2)

Here, F is the percentage of the drug dissolved at time t, k is the kinetic constant
intended to capture structural and geometric characteristics of the tablet, and, n is
the release exponent indicative of release mechanism (Ford et al., 1991; Langer
et al., 1981; Peppas et al., 2014). The exponent represents Fickian diffusion for
n = 0.45, Case Il transport with n = 0.89 and, anomalous transport with
0.45 < n < 0.89 for cylindrical geometries (Ritger et al., 1987). Basically, several
phenomena may appear by swellable/erodible polymers upon water uptake
including water diffusion, polymer swelling, drug diffusion, and polymer erosion
(Siepmann et al., 2000). Fickian diffusion refers to molecular diffusion of the drug
presence of chemical gradient while zero-order means that release transport links
with stresses and state-transitions in swellable polymers (Peppas et al., 1989).
Anomalous transport simultaneously accounts for both drug diffusion and polymer
relaxation/erosion (Sujja-Areevath et al., 1998).

The zero-order model: Equation (2.3) describes the constant drug release
rate with time, where ko is the release constant (Mendyk et al., 2013; Paix&o et al.,
2017). This model is mostly applied to the matrix systems with poorly soluble

drugs.
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For the tablet design of case D, drug release profiles are expected to have
lag-times. Therefore, Korsmeyer-Peppas and zero-order models are not directly
applicable without accounting for the lag-time. The lag-time estimates were found
by first fitting a straight line to the dissolution profile data between 20% and 80%
drug release. The slope of the fitted line provided the drug release rate constant
for each constant, assuming the linear approximation was valid. The goodness of
fit was tested based on examination of the R? values. The slope value was used
to calculate the intercept on the time axis, which was taken as a fair estimate of
the lag-time. This approach is similar to the previously reported procedure
(Kao et al., 1997).

The f2 bootstrap method, which can better handle dissolution data
variability, was applied to various drug release profiles within the groups of cases
A, C, and E, as per previously reported protocols (Mendyk et al., 2013; Paix&o et

al., 2017) (see Section A.1 of Appendix A for the details).

2.2.3.7 Visualization of Swelling/Eroding for Wetted Tablets. The swelling
and eroding behaviors undergone by the tablets with 5 and 30 wt% drug were
visualized via capturing digital photographs. The tablets represented the cases C1
and C4, respectively; however, the larger size tablets (model dimensions: @: 6.6
mm, H: 2.7 mm) were printed for better delineation. A flat disk was printed using
PLA filament. The circles on the disk and thickness of the disk served as a marker

to observe the changes in the tablet size in the axial and radial direction,
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respectively (Sujja-Areevath et al., 1998). The calculations of changes in the tablet
size are in Appendix A (Equations Al and A2). The positioned tablet on the disk
was placed into a glass beaker. Thereafter, the beaker was filled with 500 ml DI
maintained at room temperature. The digital photographs of the tablets were taken
at successive time intervals. The aqueous medium was kept unstirred to prevent

the tablet from floating around.

2.3 Results and discussion

2.3.1 Mechanical properties of filaments

The tensile strength (TS) and modulus of elasticity (ME), of the filaments at varying
drug concentrations ranging 0-30 wt% were obtained from stress-strain curves
using the texture analyzer. Although there are no established standards for these
properties to assure printability, it has been suggested that a printable filament
should possess simultaneously high breaking stress, high stiffness, and long
breaking distance (Zhang et al., 2017a). The mechanical properties of the
filaments, Figure 2.1, were found satisfactory in terms of filament printability.
Filaments containing MC-GF particles from 5 to 25 wt% exhibited similar tensile
strength (TS: 56.0-63.8 MPa) and modulus of elasticity (ME: 316.8—358.5 MPa).
The placebo filament had similar TS as those with 5-25 wt% drug; whereas, its
modulus of elasticity (ME: 241.4 MPa) was lower and increased in the presence of
drug patrticles. Since ME is directly obtained from the slope of the initial linear
portion of stress-strain curves, lower ME indicates higher elastic strain, and thus

lower material stiffness (Callister, 2007). On a macroscopic scale, the magnitude
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of ME is an expression of resistance to separation of adjacent atoms, related to
interatomic bonding forces (Callister, 2007). Therefore, the increased stiffness of
the filaments with 5-25 wt% could be an indication of the polymer network being
disrupted by the drug particles. A similar impact due to incorporation of the API
particles on mechanical properties has been previously reported, where the drug-

loaded filaments generally exhibited a higher stiffness (Verstraete et al., 2018).
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Figure 2.1 Mechanical properties of the feed materials (flaments) with varying
drug concentrations, ranging 0—30 wt%.

It was previously reported that TS was not mainly dependent on drug
content in the formulation but on additives (Laukamp et al., 2014). In contrast,
TS & ME of the filament containing 30 wt% drug remarkably decreased to 29.4
and 170.4 MPa, respectively. This may suggest that the decreased polymer

amount in the matrix may not provide sufficient polymer networks around the drug
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particles for printing. This is in line with the previous finding of reduced integrity of
the polymer film matrix containing GF concentration above ~40 wt%
(Krull et al., 2017). The decreased values of mechanical properties indicated that
more than 30 wt% drug concentration might not be favorable in terms of printability;
yet, all the filaments could be used successfully in the FDM printer to prepare the

tablets.

2.3.2 Characterization of FDM 3D printed tablets

2.3.2.1 FDM 3D printing and structure of printed tablets. Tablets of all the
designs shown in Figure 2.2a were successfully printed using an FDM 3D printer,
see Figure 2.2b for their digital images. The dimensions of printed tablets are
presented in Table 2.2. It is noted that in an effort to fix the aspect ratios for all
designs and other printing constraints, it was not possible to either attain exactly
the same drug amount for case B or varying the drug amounts for cases A, C, D,

and E in the same ratios.
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Figure 2.2 (a) Graphical depiction of the tablet design options. (b) Digital images
of FDM 3D printed tablets for cases A through E.

In general, the colors of the printed tablets varied largely depending on the

drug concentration and not because of any thermal degradation. As drug
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concentration increased, the tablet color became lighter, as the tablet became
more opaque. There were no black or dark brown colors present, which the
occurrence of those would imply thermal degradation (Zhang et al., 2017a).
Overall, the color changes are not expected to have any direct impact on
subsequent assessments. The relative standard deviations (RSDs) in drug
amounts, Table 2.2, for all the cases with the exception of case D were less than
6% indicating acceptable uniformity in drug content. The high RSDs for the cases
D1 and D2 could be attributed to the printing constraints, where dispensing
imprecision was evident during printing of internal drug-rich regions, particularly

for the tablets with smaller sizes (Govender et al., 2020).
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Table 2.2 Dimensions of 3D Printed Tablets for Various Designs, and Drug
Concentration (DC) of the Filament Used

Drug
Filament DC Tablet size SAN
Case amount RSD%
(Wt.%) (mm x mm) (mm-?)
(mg)
Al 15% 3.3x1.2 2.9 1.69 2.1
A2 15% 40x1.6 2.3 3.12 35
A3 15% 5.1x2.0 1.8 7.08 0.9
A4 15% 6.3x2.5 14 13.65 1.0
Bl 5% 6.9x2.8 1.3 6.66 2.1
B2 15% 5.1x 2.0 1.8 7.08 0.9
B3 25% 43x1.7 2.1 7.07 4.4
B4 30% 38x15 2.4 6.71 2.1
C1 5% 39x15 2.4 1.24 59
C2 15% 40x1.6 2.3 3.12 35
C3 25% 40x15 2.3 5.49 3.2
C4 30% 40x1.6 2.3 6.92 1.2
3byl
D1 15% o 1.2 0.93 17.4
within 7.4 x 3.0
4byl
D2 15% o 1.2 1.97 129
within 7.5 x 2.9
5by1l
D3 15% o 1.3 3.55 5.31
within 7.4 x 2.8
El 15% 59x2.2 1.6 10.26 0.3
2.6 by 1 within
E2 15% 1.6 9.38 1.9
58x2.3
3.6 by 1 within
E3 15% 1.6 8.50 2.9
58x2.3
4.6 by 1 within
E4 15% 1.6 7.02 0.7
58x2.2

27



2.3.2.2 Crystallinity. The XRD analysis was conducted to show the
crystalline state of the drug in filaments and 3D printed tablets after the thermal
processing in HME and FDM, respectively. The results are presented in Figure 2.3.
The polymer HPC did not show any peaks apart from the amorphous halo
diffraction pattern. The characteristic peaks of GF powder (Li et al., 2017a) were
observed at the main diffraction angles (26) 10.0°-35.0°, indicating the crystalline
structure of the particles. Similarly, the physical mixture, the filament, and the 3D
printed disk followed the same characteristic peaks. This outcome suggested that
the crystalline structure of GF was maintained after both HME and 3D printing
processing. This is expected because both the processing and printing
temperatures were well below the melting point of GF, and sufficiently low to allow

any dissolving of GF particles in the polymer matrix.

Griseofulvin

3D Disk
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M HPC
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20 (degree)

Intensity (a.u.)

Figure 2.3 XRD patterns of pure GF, dry HPC along with physical mixture (PM),
filament, and representing the printed tablets, a 3D printed disk loaded with 25 wt%
drug.
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2.3.2.3 Thermo-gravimetric analysis of filaments and printed tablets. The
results for the thermo-gravimetric analysis (TGA), Figure 2.4, indicate that all the
tested filaments and printed tablets have Ilow moisture contents at
100 °C. The highest weight loss at 100 °C, which indicates the amount of free or
bound water, was just under 1.6%. At temperature corresponding to the HME
processing temperature, the filament weight loss remained less than about ~1.8%
(see Figure 2.4). Since the weight loss for either GF or HPC powders was much
lower at higher temperatures, the weight loss from the filaments and tablets could
be attributed to the free or bound water (Ahmad et al., 2011; Tidau et al., 2019)
rather than thermal degradation. This is also in line with (Goyanes et al., 2019),
where HPC was found stable up to 250 °C with less than 3% weight loss. At the
higher 3D printing temperature, the weight loss for the 3D printed tablets was in
the range 0.3-0.4%, and less than that of filaments, likely due to the loss of water
during thermal processing for 3D printing at 170 °C. Overall, these results indicate
lack of thermal degradation (Goyanes et al., 2015b; Goyanes et al., 2015d) for
both filaments and printed tablets and it is unlikely that the moisture amounts would
have a substantial impact on the mechanical properties of the filaments or their
dissolution behavior. It has been reported that storage conditions may have an
impact on the mechanical properties of filaments (Tan et al., 2020), investigation

of which could be considered for future studies.
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Figure 2.4 TGA thermograms for dry GF, HPC powder, as well as filaments and
printed tablets at 5 and 30 wt% GF concentrations.

2.3.2.4 Drug release and dissolution kinetics.  Dissolution profiles for
each case are presented in Figure 2.5, the time required to dissolve 50% and 75%
drug amount is presented in Table 2.3, and the dissolution kinetics constants for
four different cases are presented in Table 2.4. In addition, visualization of swelling
and erosion is presented in the next section. The analysis of the release kinetics
would allow determination of which phenomena, such as Fickian transport,
anomalous transport, or polymer erosion/relaxational, are prevalent during drug

dissolution for better understanding the key features of various tablet designs.
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Figure 2.5 Dissolution profiles of 3D printed tablets for; (a) case A, (b) case B,
(c) case C, (d) case D, and, (e) case E. For cases B and C, varying drug
concentration (DC) filaments are used for each sub-case.
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Table 2.3 The Time Required To Dissolve the Drug at the Percentage of 50 and
75

t50% t75%
Case (min) (min)
Al 105+14 211+78
A2 136+33 232+49
A3 162+26 311439
A4 315456 588+90
B1 438+147 667 +49
B2 162+26 311439
B3 138+23 236.7+39
B4 99+23 171+44
c1 100427 179.2+45
C2 136+33 232+49
C3 128+26 281+93
C4 146429 396.7+184
D1 721+28 781+43
D2 610+29 698+19
D3 520+34 621+31
E1l 223+31 379435
E2 209+14 380+47
E3 173+6 308+8
E4 141+3 261+6
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Table 2.4 Fitting Parameters of the Fitting Dissolution Curves from the 3D Printed
Tablets with Varying Tablet Designs

Korsmeyer-Peppas Zero-order
e « n R?2 o R?
(%/min™M) (%/min)
Al 1.52 0.76 0.992 0.55 0.934
A2 0.67 0.88 0.996 0.39 0.985
A3 0.89 0.79 0.992 0.31 0.956
A4 0.40 0.84 0.997 0.16 0.985
Bl 0.26 0.86 0.982 0.11 0.973
B2 0.89 0.79 0.992 0.31 0.956
B3 0.79 0.85 0.995 0.39 0.975
B4 0.89 0.89 0.992 0.56 0.983
C1 1.10 0.84 0.996 0.56 0.974
C2 0.67 0.88 0.996 0.39 0.985
C3 1.02 0.80 0.990 0.40 0.954
C4 0.88 0.81 0.990 0.36 0.962
El 0.51 0.85 0.998 0.23 0.985
E2 0.50 0.86 0.997 0.24 0.986
E3 0.72 0.82 0.998 0.30 0.975
E4 0.80 0.84 0.995 0.37 0.973
Case A

The dissolution profiles for this case, considered as the control design being
the most common approach to tailor the drug amount (Pietrzak et al., 2015;
Skowyra et al., 2015), are presented in Figure 2.5a. As the tablet size increased,
the percentage drug release rate decreased, and the release profiles became
statistically different from each other (see Table A.1, Appendix A) as per the
bootstrap f2 similarity test (Mendyk et al., 2013; Paixao et al., 2017). The rate of
percentage drug release appeared to be well correlated with the surface area to

volume ratio (SA/V) of the printed tablet, see Tables 2.2 and 2.3. As tablet size
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increased, SA/V value decreased, and the release times got longer. Specifically,
the release times tsox and trsy% in Table 2.3 were proportional to SA/V. These
results are in line with the trend of faster percentage drug release rate for higher
SA/V of 3D printed tablets (Pietrzak et al., 2015; Skowyra et al., 2015). The trends
with respect to SA/V are similar even when previous studies utilized water-soluble
drugs (BCS Class |) (Pietrzak et al., 2015; Skowyra et al., 2015; Tidau et al., 2019),
whereas the current results are for the poorly water-soluble drug (BCS Class II).
That suggested that the drug release is predominantly controlled by the polymeric
matrix.

The drug release rates were analyzed through Korsmeyer-Peppas model.
The exponent n in Korsmeyer-Peppas model, Equation (2.2), was found to be in
the range 0.76-0.88, Table 2.4. Therefore, it appears that the system showed
combined drug diffusion and polymer relaxation mechanisms (anomalous
transport). The fact that the n values are close to the zero-order limit (0.89), it is
likely that the drug release was almost zero-order (Case Il transport). High R?
(0.934-0.985) values for the zero-order model, Table 2.4, confirmed this
assessment. The release rate constants (ko) from zero-order model exhibited a
decreasing trend with decreasing tablet SA/V values. Case Il transport describes
that the diffusion contribution is faster than the relaxation contribution, suggesting
that the release rate is limited by the relaxation process (Baggi et al., 2016).
Generally, the swelling causes an increase in size while tablet decreases in size
by erosion (Siepmann et al., 2013). The higher the swelling the longer the drug

diffusion path length and the slower the release rate (Sujja-Areevath et al., 1998).
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Therefore, increases in tablet size could negatively contribute to drug diffusion
from the swellable polymeric matrix. Siepmann et al. (Siepmann et al., 2012)
observed a similar decrease in drug release rate with increasing tablet height,
referring to increasing diffusion path length with decreasing relative surface area.

The drug release kinetics may be affected by the properties of HPC, which
has been identified as a polymer that undergoes swelling as well as erosion
(Borujeni et al., 2020; Gazzaniga et al., 2011; Macchi et al., 2015). Hence, the
release of poorly water-soluble drugs would be controlled by polymer relaxation
and erosion (Borujeni et al., 2020; Ford et al., 1985). Drug release is also affected
by inherently dense structure of FDM 3D printed tablets (Borujeni et al., 2020;
Zhang et al.,, 2017a), leading to slower water imbibition and ultimately higher
potential for zero-order release. This is in line with previous observations where
denser tablets achieved zero-order release (Zhang et al., 2017b). Thus, the
combination of HPC being a swelling/erodible polymer, the drug having poor water
solubility, and inherently dense tablets, may explain the resulting drug transport
controlled by polymer relaxation. Since the release is strongly affected by SA/V
values, the effect of polymer and highly dense tablets may be the dominating
factors, which was also the case for a water-soluble drug (Pietrzak et al., 2015;
Skowyra et al., 2015).

Case B

Case B allowed for examining the impact of tablet surface area and volume
ratios without changing the total drug amount (6.9 + 0.2 mg) in each tablet. The

drug release profiles are presented in Figure 2.5b. These had similar trends as
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case A in the sense that increased tablet size, which means decreased SA/V ratio,
resulted in decreased drug release rate. However, the effect of slowing down the
drug release rate was stronger for the largest tablet that contained the same
amount of the drug as the smaller tablets. Overall, this case demonstrated that the
SA/V ratio of the tablet dominates the drug release rate, which was largely
independent of the total drug amount. This case reinforced that the release is
dominated by the polymer and dense tablet structure, resulting in a near zero-order
release with high R? values shown in Table 2.4. The table also presents release
constant ko values, which exhibited a strongly linear trend with increasing SA/V
ratio of the tablets.

Case C

Case C was intended to support the hypothesis that by using different drug-
concentration filaments, nearly similar drug release profiles would be attained even
when the drug dose is varied, while the tablet size and SA/V ratios were held
constant. Drug release profiles, presented in Figure 2.5c, were similar except that
case C1 (5 wt%) had a slightly faster release rate attributed to lower drug
concentration and amount. The bootstrap f2 similarity test (Mendyk et al., 2013;
Paixao et al., 2017) confirmed this observation, see Table A.1, Appendix A.

For compressed tablets, varying the drug concentration could cause
substantial changes in drug release profile, e.g., increased drug amount within
polymeric matrix increased the release rate significantly (Siepmann et al., 2002;
Xu et al., 1995). In contrast, for the release profiles of case C, the differences were

not significant even when there was a wide range of drug concentration, 15-30
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wt%. This is most likely since FDM 3D printed tablets have an inherently dense
matrix (Borujeni et al., 2020; Yang et al., 2018; Zhang et al., 2017a), and solidified
HPC offers prolonged-release (Chai et al., 2017; Loreti et al., 2014). Thus, the
dense matrix of 3D printed tablets negates the expected difference in drug release
rate when drug concentration is changed (Goyanes et al., 2015a; Zhang et al.,
2017b). Even a minor exception where the printed tablet containing the lowest drug
concentration (16 wt.%) dissolved more slowly, the range of drug concentration
was limited (~8 wt.%) (Yang et al., 2018).

The release profiles were fitted to Korsmeyer-Peppas model for which the
exponent n was in the range 0.80-0.88, Table 2.4, indicating nearly zero-order
(Case Il transport) release. As per zero-order model, as expected, the lowest drug
concentration case, C1 (5 wt%) exhibited the highest kO value of 0.56. However,
C2, C3, and C4 had lower and comparable ko values, with C4 being the lowest.
Based on these release constants, C1 was different from C2-C4, which also
supports the bootstrap f2 similarity test results (Table A.1, Appendix A). Since the
SA/V ratio was kept constant, the different behavior of C1 is likely due to its
different polymer network properties which affect water penetration (Siepmann et
al., 2000). Further, as the drug concentration increases, the hydrophobic nature of
the drug impacts the polymer network resulting in slower drug diffusion. If the drug
diffusion outwards is slower than the imbibition of water, the swelling mechanism
would have a more pronounced effect on the drug release (Sujja-Areevath et al.,
1998). That was evident through the visualization of wetted tablets for cases C1

and C4, discussed in the next section. Thus for drug concentrations at or above a
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certain limit, which for GF could be 15 wt%, the effect of slowing down of the drug
release may remain constant, in line with previous observations (Yang et al.,
2018). Therefore, the GF concentration within the range 15-30 wt% may help
achieve similar release profiles while varying the tablet drug concentration, offering
a pragmatic pathway to design personalized dosages using filaments with varying
drug concentrations.

Case D

Case D design was expected to allow testing the effect of shell thickness
and interior tablet size in reservoir systems on drug release. Due to the printing
resolution limitations and for the sake of maintaining the sink conditions, only three
duo-tablet configurations were printed, presented in Figure 2.2a and, Table 2.2.
The drug release profiles for the cases D1, D2, and D3 are presented in Figure.
6d. The most prominent feature of this design was the presence of lag times. As
per the procedure discussed before (Kao et al., 1997), the slope and time axis
intercept were estimated to obtain the lag times and the release rate constants, as
shown in Table 2.5. Here, very high R? values confirm the goodness of linear fit,
which was also visually verified in the plot of the data from 20% through 80% drug
release. The lag times proportionally increased with the shell thickness and
exhibited a linear correlation with a high R? value of 0.9996 with the theoretical
radial shell thickness (plot not shown for the sake of brevity). It is noted that the
axial shell thickness was invariant for these cases. These rather long lag times
were likely due to the swelling nature of HPC. It led to significantly higher delay

times for slightly lower thickness values, as compared to the lag time of 85 min for
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a shell thickness of 2.25 mm when polyvinyl alcohol was the polymer
(Lietal., 2017b). The slopes for the linear drug release portion are the release rate
constants of the respective drug release profiles, and increased SA/V ratio values
of the interior tablets resulted in increased slope values, hence the higher drug
release rates. Even with significantly long lag periods, the release rates of the inner
drug-loaded tablets followed a similar trend as before where higher SA/V ratios led
to faster drug release.

Table 2.5 Time Axis Intercept, Slopes of Constant Rate Release Portion and

Corresponding R? Values for the Cases D1, D2, D3 along with Their Theoretical
Radial Shell Thickness Values

Shell
Case Intercept (min)  Slope (%/min) R? Thickness
(mm)
D1 566.5 0.3496 0.988 2.0
D2 433.1 0.2805 0.994 15
D3 305.8 0.2350 0.999 1.0

These results show how the shell thickness and interior tablet size along
with the polymer being used could be used to tailor the drug release profiles and
add value to a growing body of literature in reservoir systems, where the studies
on reservoir printed tablets are scant (Goyanes et al., 2015d; Okwuosa et al.,
2017). Unfortunately, this design was found to be unsuitable for providing nearly
similar release profiles while varying the drug dose. Instead, it would be suitable
for adjusting the release lag times while attaining a drug release rate that is

dependent on the SA/V ratio of the interior tablet.
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Case E

This case, similar to case D except that drug-rich regions were printed
peripherally instead of internally, is useful for testing the hypothesis that similar
drug release profiles would be attained even with varying drug dose. The drug
release profiles, Figure 2.5e, confirmed they were similar although E4 was slightly
faster, attributed to the much decreased drug-rich shell thickness. However,
according to the bootstrap f2 similarity test (Mendyk et al., 2013; Paixao et al.,
2017), the other three cases, E1, E2, and E3, were statistically the same, Table
A.1, Appendix A. These results proved the hypothesis that similar drug release
profiles can be attained with constant tablet size with constant initial, external SA/V
ratio values while varying the drug amounts. Case E4, although an exception, was
an artifact of the design constraint leading to the smallest shell thickness of 0.3
mm, as compared to E1 through E3 of 2.6, 1.3, and 0.8 mm, respectively.
Interestingly, when the dissolution was plotted as the amount of drug dissolved, alll
four cases were nearly identical for the first 240 minutes (plot not shown for the
sake of brevity). Regardless, for limited thickness (0.3 mm) of drug-rich material
for E4, polymer swelling and consequent retardation of drug release would not be
prominent (Sujja-Areevath et al., 1998). This is in line with the faster percentage
of drug release rate for the thinner outside shell thickness (0.4 mm) (Zhang et al.,
2017Db), although those tablets did not have a placebo inner core.

The fitted drug release profiles indicated almost zero-order transport with
the n values of 0.82—-0.86. The higher ko value (0.37) of case E4 was in line with

its faster drug release seen in Figure 2.5e. The cases E1 and E2 had similar ko
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values of 0.23 and 0.24, respectively, in line with the bootstrap f2 similarity test
(Table A.1, Appendix A). Overall, it would be necessary to design tablets by
avoiding very thin drug-rich shells for obtaining similar drug release rates, and case
E appears to be the best suited for achieving similar drug release profiles while
achieving different drug doses without the need to use filaments with varying drug
concentrations as in case C.

Incomplete release profiles were observed for the sub-cases of case A—C
and E, attributed to the use of DI water as the dissolution medium and the structure
of 3D printed tablets, which are inherently dense and require a longer time for
complete drug release. Several other studies have reported similar results for
FDM-based 3D tablets (Goyanes et al., 2015a; llyés et al., 2019a; Zhang et al.,
2017a). Further, the importance of the dissolution method has been emphasized
to demonstrate that inconsistencies in the agitation and the exposure of the
dissolution buffer experienced by the tablets gave rise to incomplete drug release
in a given time period (llyés et al., 2019a; Smirnova et al., 2004). To further add to
these factors, the tablets having higher drug concentrations tend to dissolve slowly,
most likely stemming from increased hydrophobicity by GF, possibly requiring
additional dissolution time (Jambhrunkar et al., 2014). For the dissolution profiles
of case D, the drug dissolved at 24h was considered as the total drug amount in

those tablets due to the high RSDs in their drug contents, Table 2.2.

2.3.2.5 Visualization of swelling/eroding for wetted tablets. In order to
visualize the aforementioned swelling and eroding mechanism based on varying

drug concentrations, the digital images of the wetted tablets from case C were
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captured. Cases C1 (5 wt%) and C4 (30 wt%) were visualized since their drug
release profiles were significantly different from each other (Table A.1, Appendix
A). Besides, these two values covered the range of the examined drug
concentrations. The digital images in Figure 2.6 qualitatively indicate swelling and
erosion and, Table A.2, Appendix A, quantitatively assesses swelling and eroding
phenomena. For both cases, the swelling and eroding mechanisms in the radial
direction were much smaller, estimated to be less than 10%, implying a lesser
impact on release kinetics for these formulations containing HPC and hydrophobic
GF. This corroborates previous observations of only small contractions (llyés et

al., 2019a).
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Figure 2.6 Digital photographs of the top and side views of the printed tablets
printed at 5 and 30 wt.% drug concentrations with a constant SA/V ratio,
representative of the designs C1 and C4, respectively.

For case C1, the maximum swelling of 17.48% in the axial direction was
observed when the tablets were exposed to DI water after 7h. However, as an
important outcome for case C1, erosion (-33.12%) was much higher than that of
swelling. The eroded tablet layers indicate that the tablet size gets smaller, which

leads to the SA/V ratio getting larger. The resistance to water penetration inwards,
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caused by swelling, would also be expected to decrease due to erosion. Therefore,
higher available SA/V for drug release due to the higher extent of erosion could be
the reason for the resulting faster drug release rate in case C1.

For case C4 printed using the highest drug concentration of 30 wt.%,
swelling of 112% within 7h in the axial direction was considerably greater than that
for case C1 (also see Figure 2.6). Further, the eroding mechanism was seen to be
less prevalent. Such outcomes suggest that outward drug diffusion was slower
than the imbibition of water (Sujja-Areevath et al., 1998), likely due to the higher
concentration of GF, which is very hydrophobic. Higher amounts of the poorly
soluble drug resulted in slower water penetration, implying slower polymer
relaxation and retarded erosion due to the altered polymer network properties
(Siepmann et al., 2000). These observations are in line with the release kinetics of

case C4 having the smallest ko and slower drug release rate than for case C1.

2.4  Conclusion
For dense solid tablets printed via the FDM method, tablet SA/V ratio was shown
to be the main driver for the drug release rate, which was also near zero-order in
most cases due to the use of HPC that provides swellable and erodible matrix.
Thus, to assure the same release rate while varying the drug dose, the tablet
designs had to have the same SA/V ratio. Two options could meet that
requirement, being case C, which required using filaments with different drug
concentrations, and case E, which offered the ability to use a combination of single

drug-concentration filament and a placebo filament. These options may offer the
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required flexibility in producing tablets having a desirable amount of drug for the
purpose of personalized medicine, without significantly altering the drug release
profiles. Amongst other tablet designs, the standard option, case A, was the
simplest way to achieve a desirable dose. However, owing to their different SA/V
ratios, the drug release profiles from those tablets would be different since higher
dose tablets having higher SA/V ratios take longer time to attain full drug release.
Case B was the control option to test the impact of SA/V ratios with the same total
drug amount in each tablet, unlike case A. The dissolution profiles of case B
indicated that the impact of SA/V ratio on the dissolution rate was largely
independent of the total drug amount. The outcomes from case D indicated that it
is an attractive approach to achieve desired lag times by adjusting the placebo

shell-thickness.
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CHAPTER 3
DOSE TITRATION VIA THREE-DIMENSIONAL PRINTED MINI-TABLETS

3.1 Introduction
Many pediatric formulations require manipulation (Breitkreutz et al., 2007; Ernest
etal., 2012; Ranmal et al., 2016; Richey et al., 2017; Salunke et al., 2016; Strickley,
2019) for either administering the prescribed dose per age/body weight or
minimizing the swallowing issue. Splitting a large tablet into small pieces (Cohen,
2002; Fawell et al., 1999; McDeuvitt et al., 1998; Quinzler et al., 2006; Teng et al.,
2002) is the most prevalent and simplest practice for manipulating the dosage.
However, the respective fragments formed may not meet the intended dose owing
to the possible variation in weight and content uniformity (Boggie et al., 2004;
McDeuvitt et al., 1998; Shah et al., 2010; Teng et al., 2002; van Riet-Nales et al.,
2014). That may also lead to an uncontrollable effect on drug metabolism (FDA,
2013; Shah et al.,, 2010). Such inconsistencies in drugs having a narrow
therapeutic index could prove detrimental for patients who are at risk for
administering under or excessive dosage (Collier et al., 2011; Shah et al., 2010).
Alternatively, liquid dosage forms could be appropriate for pediatric patients.
However, stability issues or the struggles arising from adhering to the dosing
instructions and inadvertent negligence of caregiver may adversely affect the dose
accuracy (Brown et al., 2004; Mitra et al., 2020; Preis, 2015; Rood et al., 2014;
Wening et al., 2011). Clearly, relying on a single dosage form is less than ideal for
age-specific formulations (Ranmal et al., 2016; Salunke et al., 2016) and is the

motivation for developing patient-tailored medicines.
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Mini-tablets have enormous potential as age-specific drug therapy
(Aleksovski et al., 2015; Klingmann, 2017; Mitra et al., 2017; Mitra et al., 2020;
Strickley, 2019; Thomson et al., 2009). Their size generally defined in diameter of
3-5 mm (Goh et al., 2017; Lennartz et al., 1998; Palekar et al., 2019; Sujja-
Areevath et al., 1998; Teran et al., 2016) offers high level of patient compliance,
which could mitigate swallowing issues, and promotes administering of single or
composite (multi-unit) tablet (Aleksovski et al., 2015; Bayan et al., 2021; Klingmann
et al., 2015; Lennartz et al., 1998; Mitra et al., 2020). Particularly, multi-unit mini-
tablets loaded with low drug concentration enable high flexibility for manipulating
low-dose therapy (Mitra et al., 2020). Moreover, the size benefit overcomes the
excipient burden (Mitra et al., 2020) for the formulations containing a large amount
of excipient yet low drug concentration. Besides, mini-tablets retain the benefit of
intact tablets, which means they are less sensitive to the external factors unlike
liquid forms, and hold the advantage of dose accuracy over fragmented tablets
(Aleksovski et al., 2015; Preis, 2015; Shah et al., 2010). That would potentially
prevent the failure in attaining therapeutic concentration associated with
subdividing adult tablets. Therefore, examining these distinct advantages of mini-
tablets to provide dose flexibility for age-specific patients will be the focus of this
study.

Traditionally, the manufacturing steps of mini-tablets are similar to that of
standard size tablets, which involve mixing followed by compression using
conventional tablet presses equipped with multiple punches (Gaber et al., 2015;

Priyanka et al., 2018). However, ensuring uniformity and consistency in such
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small-sized products naturally requires further effort in the formulation preparation
and processing such as an upper limit particle size to avoid clogging of the die
opening (Zhao et al., 2018), excellent flow properties to meet the consistency in
die fill (Chen et al., 2020; Gaber et al., 2015; Priyanka et al., 2018), strict control
of the tablet tool alignment against the high die-wall friction (Lennartz et al., 1998;
Priyanka et al., 2018). In response to the challenges associated with the traditional
manufacturing of mini-tablets, fused deposition modeling (FDM) 3D printing shows
promise owing to its intrinsic advantages. The most prominent advantage is the
starting material used, which is thermoplastic solid filament (Melocchi et al., 2016;
Wang et al., 2018; Wei et al., 2020; Zhang et al., 2017a) rather than a powder
blend. That may tackle some, but not all, the challenges in traditional
manufacturing associated with die fill, equipment changeover, and particle size
limit. Seemingly, the manufacturing of filaments through hot-melt extrusion (HME)
adds an additional step to the production line. However, intense mixing through
the processing potentially offers enhanced content uniformity (Maniruzzaman et
al., 2012; Pawar et al., 2017; Sadia et al., 2018b). Bridging the HME process with
3D printing highly likely promotes dosing reliability. Indeed, several examples
reporting 3D printed final products being contently uniform corroborate these
observations (Okwuosa et al., 2016; Pietrzak et al., 2015; Scoutaris et al., 2018;
Solanki et al., 2018b). In addition to that, regardless of the complexity and size of
the given device, the 3D design of the intended dose is precisely deposited with
successive layers of thermoplastic filaments (Goyanes et al., 2015c; Pietrzak et

al., 2015). That digitally controls the prescribed dose with high precision.
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Due to its potential for flexible dosing, FDM 3D printing platform is actively
researched for dose titration (Arafat et al., 2018a; Rycerz et al., 2019; Sadia et al.,
2016), child-appealing designs (Scoutaris et al., 2018), and low-dose formulations
l.e., <5.0 mg (Sadia et al., 2016; Skowyra et al., 2015). Although, these options
could ultimately extend the availability of precise, effective, and safe formulation
for pediatric patients, interestingly, mini-sized tablets, which are significantly
smaller than the regular tablets, have yet to be addressed in those reports. In the
limited examples of FDM 3D printed mini-tablets, the required size was obtained
as one of the consequences of size configuration (Tagami et al., 2017). However,
the products did not serve the purpose of dose titration, which is one of the primary
reasons for manufacturing the mini-tablets. This renders the need for 3D printed
mini-tablets capable of delivering the intended varying doses for pediatric patients.

The primary objective of this study is to fabricate 3D printed mini-sized
tablets with a set diameter of 3.0 mm containing low drug concentration, which
may allow sensitive dose titration, for administering the prescribed dose with single
or multi-units. Having said that, a preliminary understanding of layer resolution is
sought since the structural variability in 3D printed objects could influence the
tablet characteristic (llyés et al., 2019a; Sadia et al., 2018a; Zhang et al., 2017b).
Later, achieving similar drug release profiles from multi-unit tablets used for dose
titration, in which the total drug amount varies as per tablet count, is deemed
important for reliable flexible dosing. As previously reported, the incorporation of
hydroxypropyl cellulose (HPC) polymer into the formulation could advance

achieving similar release profiles for varying drug concentrations, where the drug
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Is poorly water-soluble and the tablet surface area to volume ratio (SA/V) is kept
constant (Buyukgoz et al., 2020). Moreover, HPC has been widely used in FDM
3D printing owing to its printability (Chai et al., 2017; Oblom et al., 2019). Thus, it
may be a logical choice to incorporate HPC into the formulation along with a poorly
soluble drug to assure reliable dissolution profiles from titrated doses. Although
higher drug concentrations somewhat limit the flexibility in dose titration, it could
alleviate the excipient burden. Thus, higher drug concentrations loaded mini-
tablets are also examined. Finally, to gain insight into the robustness of the 3D
printed mini dosage forms printed multi-unit tablets and split tablets are compared,
where both contain similar target doses. Toward this end, HPC polymer and a
model BSC class Il drug, griseofulvin, are selected as the main components of the
formulation. The design options described below are examined.

A. Single and multi-unit mini-tabletsi.e., 1, 5, 10, 15, 20 count(s) to test content

uniformity of the tablets with low-dose, 1 wt%, and to evaluate the
corresponding dissolution profiles in the sense of similarity.

B. Varying resolutions of tablet layers i.e., 0.1, 0.15, 0.2, 0.25, and 0.3 to gain
a preliminary understanding of layer resolution into the tablet characteristic.

C. Split tablets i.e., full, half, and quart size, to compare with the multi-units
mini-sized tablets employing content uniformity and dissolution tests.

D. Single unit mini-tablets loaded with 10 and 20 wt% drug concentration to
mitigate excipient burden.

3.2 Materials and methods

3.2.1 Materials
As-received griseofulvin (GF) (Letco Medical, Decatur, AL, USA) with a primary

particle size of 11 pm was selected as a model Biopharmaceutics Classification
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System (BCS) class Il drug. Hydroxypropyl cellulose (HPC, SL grade) was donated
by Nisso America Inc. (New York, NY). It has been widely used as a printing
polymer of FDM 3D printing since it offers mechanical resilience for the filaments
to be printed (Borujeni et al., 2020; Oblom et al., 2019; Pietrzak et al., 2015; Zhang
et al., 2017a). The fact that HPC has been identified swellable/erodible polymer
may control the release of poorly water-soluble drugs (Borujeni et al., 2020; Ford
et al., 1985; Gazzaniga et al., 2011; Macchi et al., 2015). This may mitigate the
variations stemming from intrinsic tablet properties to a certain extent and facilitate
achieving similar release profiles from multi-unit mini tablets. Kollicoat® Protect
(KP) was donated by BASF (Tarrytown, NY, USA). KP composes of polyvinyl
alcohol-polyethylene glycol graft copolymer, polyvinyl alcohol, and fumed silica. It
is a readily soluble polymer in water and is known to improve protection against
moisture (Kolter et al., 2012). Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, Saint

Louis, MO, USA) was used as a solvent.

3.2.2 Preparation methods

3.2.2.1 Manufacturing of filaments. Table 3.1 presents the composition of
the powder blends used for manufacturing the filaments. To mix the powder
blends, a high-intensity vibrational mixer (LabRAM, Resodyn Acoustic Mixers, Inc.,
Butte, MT, USA) was used at a frequency of 61 Hz with an acceleration of 75 G
for 5 min. The powder blend was extruded through an 11 mm diameter co-rotating
twin-screw extruder (Thermo Fisher Scientific Inc., MA, USA) with the processing
temperatures and screw speed presented in Table 3.1. A round-shaped die with a

2 mm opening was used to extrude the molten blend. The processing temperature
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was optimized, where the instrument-safety and filament quality were

simultaneously considered.

Table 3.1 Composition of the Formulations

Protgﬂsiin HME Screw
Run # Formulation g Speed
Temperature (rom)
(°C)
1 wt% GF + 84 wt% HPC +
F1 15 Wi% KP 150 40
10 wt% GF + 75 wt% HPC
F10 + 15 KP 150 40
0 + 0,
F20 20 wt% GF + 65 wt% HPC 155 40

+ 15 wt% KP

3.2.2.2 Printing via FDM. The impact of the structural variability on the tablet
characteristic has been widely reported for regular size 3D printed tablets (llyés et
al., 2019a; Sadia et al., 2018a; Zhang et al., 2017b). In this study, varying layer
resolutions are examined for mini-tablets to gain a preliminary understanding. The
resolution of mini-tablet layers (llyés et al., 2019a) was adjusted by keeping the
height of the final product constant while altering the thickness of each layer and
the total number of layers. The details of the designs for a single-unit mini-tablet
are presented in Table 3.2. It is hypothesized that varying resolution could affect
the mechanical strength and available surface area of the tablet, which may
eventually influence the drug release profile. In addition, layer resolution could
affect the printing quality, in turn, the weight of the finished product. This was

evaluated with the content uniformity test.
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Table 3.2 Mini-tablet Design with Varying Layer Resolution along with the
Corresponding Number of Tablet Layers

: Layer Resolution Total Number of Tablet
Formulation
(mm) Layers

F1 0.10 20

F1 0.15 13

F1 0.20 10

F1 0.25 8

F1 0.30 7
F10 0.20 10
F20 0.20 10

Apart from layer height (resolution), the intended dose was printed via
varying design options such as mini-tablets containing varying drug
concentrations, split tablets, and multi-unit mini-tablets. The tablets printed with the
filament containing 1 wt% drug concentration were used for micro-dosing, which
means the dose was titrated with small increments, i.e., <1.0 mg. The tablets
containing higher drug concentrations served the purpose of reducing excipient
burden while printed subdivided tablets were examined to compare multi-unit
tablets containing similar drug amounts. The details of tablet properties,
dimensions, and count(s) are shown in Table 3.3. All the tablet designs were
created using Autodesk® Fusion 360 Ultimate (Autodesk 3D design software) and
recorded as an STL file. The designs were sliced using FlashPrint software
(Version 3.18.0; Jinhua, China) and printed with FDM 3D printer (Flashforge®,
Creator Pro 3D, 2016, China). The printer nozzle having a 4 mm opening was
used. For all the print designs, the printing temperature of 180 °C, the print speed

of 35 mm/s, the traveling speed of 80 mm/s, and 100% infill were applied. The
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temperature used met the general guideline of the printing temperature that FDM
processing requires a higher processing temperature than that of HME owing to

lacking high shear (Pietrzak et al., 2015)

Table 3.3 Tablet Size and Number of Units of the Printed Tablets

*Theoretical Tablet size

Run Formulation Diameter Height Num_ber of
unit (s)
(mm) (mm)
M1 3 2 1
M2 3 2 5
M3 F1 3 2 10
M4 3 2 15
M5 3 2 20
M6 F10 3 2 1
M7 F20 3 2 1
F1 13 2.2 1
H1 F1 6.5 2.2 1
Q1 3.3 2.2 1

*All the tablets were printed with 0.2 mm layer resolution. M: mini-tablet, F: Full-size H: Half-size
Q: Quart-size tablet.

3.2.3 Characterization methods

3.2.3.1 Thermo-gravimetric analysis. To examine any thermal degradation
event stemming from thermal processing in FDM 3D printing, HPC, KP, and as-
received GF powders, physical mixtures (PM), and the printed tablets were tested
by thermo-gravimetric analysis (TGA) (TGA/DSC1/SF STARe system, Mettler
Toledo Inc., OH, USA). In a standard ceramic crucible, the samples were heated
from 25 to 240 °C at a rate of 10 °C/min and cooled back to 25 °C under a nitrogen

flow.
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3.2.3.2 Solid-state characterization.  X-ray diffraction was performed to
analyze the solid-state of GF after the processing of FDM 3D printing. To fit the
printed tablets on an XRD sample holder, the tablets were reprinted following the
method in (Buyukgoz et al., 2020). Diffraction patterns were acquired for the
samples using PANalytical (Westborough, MA, USA), scanning for 2 theta angle

within the range of 5-30° (0.01° step).

3.2.3.3 Scanning electron microscopy (SEM). A scanning electron
microscopy (JSM-7900F, JEOL Ltd, MA, USA) was performed to illustrate the
resolutions of individual layers for the printed mini-tablets. The half-cut mini-tablets
were perpendicularly placed on an aluminum stub using carbon tape and coated
with golden via a sputter coater (Q150T 16017, Quorum Technologies Ltd,

Laughton, East Sussex, England).

3.2.3.4 Mechanical properties. Due to the inherent high mechanical strength
of FDM 3D printed objects, determining the influence of design on the mechanical
properties is not easy (Borujeni et al., 2020; Nukala et al., 2019). In addition, cracks
may occur at multiple locations of the printed structure, which is also fundamentally
different than the compressed tablets (Arafat et al., 2018b). That may misguide
determining the maximum load. In our example, the tested objects are cylindrical
mini-sized tablets constructed with horizontal layers, where the calculation errors
may arise from separating multilayers under the force applied. In addition, the size
itself may pose difficulties in testing. Considering these challenges and our ultimate
goal being to evaluate the impact of layer resolutions on mechanical resilience, a

simpler method has been developed by printing a rectangular solid shape (slab) at
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varying layer resolution. The slabs with the dimension of Length: 16 x Height: 1 x
Width: 2 mm were designed using Autodesk® Fusion 360 Ultimate (Autodesk 3D
design software). The procedures in Subsection 2.2.2.3 of Chapter 2 were followed
for printing the designs with varying layer resolutions (0.1-0.3 mm). Next, the
samples were tested using a 3-point bender tester (Instron, Norwood, MA), where
the external force is applied with a loading pin at one location. That may break the
layers alternately rather than simultaneously, which may allow determining the
difference in layer resolution. For testing, the samples were horizontally placed on
the probe having a 16 mm gap. The force was applied with a constant speed at
0.5 mm/min until the samples break. The influence of layer resolution was
evaluated by calculating the tensile strength (TS) for the slabs using Equation (3.1)

(Callister, 2007).

SFL 3.1
%s = 7pdz G-

Here, the flexural strength (ots) is defined for a sample having a rectangular
cross-section, where F is the load at fracture, L is the distance between support
points, b is the length and d is the thickness of the sample. The gap on the probe
was set up as 16 mm. Later, each sample was positioned on the sample holder,
and the force was applied at a constant speed at 0.5 mm/min until the breaking
point. The average values and standard deviation of TS were computed over the

3-4 samples.
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3.2.3.5 Content uniformity. The variations in tablet size, tablet weight, and
drug mass were measured from randomly collected printed mini-tablets. The
sample size for the single unit mini-tablets containing low drug concentration, 1.0
wt%, was n = 30 (FDA et al., 2014; Mitra et al., 2020). However, the sample size
was kept as n = 3 for the tablets containing higher drug concentrations, 10 and 20
wt%, and for the multi-unit (composite) tablets comprised of 5, 10, 15, and 20
counts per sample. Content uniformity in multi-unit mini tablets was assessed to
determine the critical number of mini-tablets having the acceptable dose variability.
The tablet weights and dimensions were recorded. Each sample was dissolved in
7.2 g/L SDS solution and stirred via magnetic bars overnight. The dissolved
samples were filtered with a 0.45 um nylon membrane-type syringe filter (Celltreat
scientific products, Pepperell, MA, USA), and analyzed for GF content and
uniformity at 297 nm UV absorbance wavelength using a Thermo Scientific
Evolution 300 UV-vis spectrophotometer (Thermo Fisher Scientific Inc., MA). The
acceptance criteria given in USP <905> (FDA et al., 2014) were also applied for

the assessment of content uniformity testing.

3.2.3.6 Dissolution.  The release behaviors of printed tablets in Tables 3.2 and
3.3 were examined. First, the impact of layer resolution on drug release behavior
of the single unit mini-tablets was assessed. Later, the proposed approach of
achieving similar drug release profiles from multi-unit tablets, where the total drug
amount varies as per tablet count(s), was examined with 1-20 unit(s) mini-tablets.
The resulting release profiles were also compared with single unit mini-tablets

containing higher drug concentrations as well as split tablets. To prevent any bias
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on the dissolution performance of the tablets arising from differences in their drug
content, the samples to be compared were designed such that they contain similar
drug amounts. For example, the total drug amount in 10 unit mini-tablets containing
1 wt% drug was attempted to be kept similar to the drug amount of a single mini-
tablet with 10 wt% drug or of a half-split large tablet containing 1 wt%. The
dissolution paddle apparatus (USP Il, Sotax, Switzerland) was used for testing the
release profiles of the individual and multi-unit mini tablets. The sinkers were used
for the multi-units to prevent the tablets from floating around. Deionized water (DI)
was used as a dissolution medium (Bhakay et al., 2014, Li et al., 2017a). The
samples were added to 500 ml dissolution medium, where the sink conditions were
maintained, at 37 °C with a paddle speed of 100 rpm. However, the paddle speed
was decreased down to 50 rpm to better discriminate the differences in drug
release arising from micron-level changes in layer resolution. Aliquots were
withdrawn at certain time intervals over 24h, filtered through a 0.45 pum nylon
membrane-type syringe filter (Celltreat scientific products, Pepperell, MA, USA).
The filtrate was analyzed for the average percentage of the dissolved GF at 297
nm UV absorbance wavelength using a Thermo Scientific Evolution 300 UV-vis
spectrophotometer (Thermo Fisher Scientific Inc., MA). The average percentage
of the dissolved drug was plotted as a function of time. Each test was replicated

minimum of three times.
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3.3 Results and discussion

3.3.1 Mini-tablet printing

The mini-sized tablets with cylindrical shapes were successfully printed via FDM
3D printer. Their small size allowed printing multiple tablets at a time. That
potentially improved the consistency between printed objects since the material
changeover and tablet collection were mitigated. The digital photographs of the
single mini-tablets at varying layer resolutions are presented in Figure 3.1. There
was no visual difference in the quality of printed layers based on layer resolutions

ranging 0.1-0.3 mm, except that the higher resolutions, exhibited tighter structure.
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Figure 3.1 Digital photographs of the printed mini-tablets at varying layer
resolutions; from left to right 0.1, 0.2, and 0.3 mm.

3.3.2 Thermo-gravimetric analysis
The outcomes of the thermo-gravimetric analysis (TGA) are presented in Figure

3.2. The highest weight loss was observed for KP powder, which was less than
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2.3% at 100 °C, which could be attributed to the free or bound water (Tidau et al.,
2019). Increasing the temperature up to 180 °C did not increase the weight loss
much (2.4%), indicating no thermal degradation at the printing temperature. The
weight loss for all other powder materials and 3D tablets was below that, which

indicates that they are thermally stable throughout the mini-tablet printing

processing.
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Figure 3.2 TGA thermograms for GF, HPC, and KP powders, physical mixtures
(PM), filaments, and printed tablets at 1 and 20 wt% drug concentrations.

3.3.3 X-ray diffraction (XRD)
To assess the crystalline state of GF after FDM 3D printing process, as-received
GF, HPC, and KP powders, the PMs, and the printed tablets were examined using

XRD. The XRD diffractograms were presented in Figure 3.3. The halo patterns for
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the polymers, indicating their amorphous nature, and the characteristic peaks of
GF (Rahman et al., 2019) were observed. The diffractogram of PM for 1 wt% GF
lacked characteristic peaks of GF and exhibited a halo pattern. This is most likely
the consequence of low drug concentrations being below the limit of detection for
determining GF crystallinity (Siddiqui et al., 2014). Further, the PMs with the drug
concentration of 10 and 20 wt% showed similar characteristic peaks that of GF.
Their lower intensity could be attributed to the surface coverage and dilution of GF
particles with polymers (Li et al., 2017a; Rahman et al., 2019). In the diffractograms
of printed tablets containing 20 and 10 wt% GF concentration, the disappearing
characteristic peaks of GF at 13.2° and 16.5° (Rahman et al., 2019) indicated
partial miscibility of GF with polymers after heat treatment by 3D printing. This is
in line with (Rahman et al., 2020c), where the partial miscibility for GF-HPC

formulation was reported.
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Figure 3.3 XRD diffractogram of GF powder, physical mixtures (PMs), and printed
tablets.
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3.3.4 Scanning electron microscopy (SEM)

The SEM images for the layer resolutions of the mini-tablets were demonstrated
in Figure 3.4. All the layer resolutions up to 250 um were found mostly uniform
between consecutive layers. The further decreases in layer resolution caused
inconsistencies in layer thicknesses. That suggested reduced reliability of the
design with 300 pum. Itis useful to note that this problem could be printer or software
related rather than the capability of the formulation to print a high-resolution object

since the performance of the printer used in this study was limited.

Figure 3.4 SEM images of the printed mini-tablets at varying layer resolutions.

3.3.5 Mechanical properties

The tensile strength (TS) of the printed slabs having varying layer resolutions were
obtained from stress-strain curves and the results are presented in Figure 3.5.
Decreasing the layer resolution from 0.1 to 0.3 mm proportionally decreased the

TS. Since the final height was constant for all the samples, the tablets with thicker
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layer configurations had fewer total layers, see Table 3.2. The increasing thickness
between the consecutive layers decreased the mechanical strength of the
structure with 0.3 being the lowest, which could be mainly driven by the resulting
fewer adherent layers. This is in line with (llyés et al., 2019a), reporting the
decreasing tablet hardness with decreasing layer resolution. Although our main
purpose was to understand the impact of layer resolution on mechanical strength,
itis useful to mention that there are no established standards for acceptable values
of the tablet mechanical properties to assure the tablet quality. However, 3D
printed solid structures are inherently strong, thus, conformance of mechanical
properties to handling and packing have been widely documented (Borujeni et al.,
2020; llyés et al., 2019a; Nukala et al., 2019; Sadia et al., 2018b). Therefore, it is
considered that the printed tablets only with a resolution of 0.3 mm may not have
appropriate mechanical properties.

As opposed to the influence of layer resolution, no significant difference in
mechanical properties was realized when the drug concentration varied. This is

expected since the difference between the drug concentrations was not significant.
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Figure 3.5 Mechanical properties of the mini-tablets at varying layer resolutions

and drug concentrations.

3.3.6 Content uniformity and morphological properties of mini-tablets

3.3.6.1 Individual mini-tablets with varying layer resolutions. For

individual mini-tablets, the variations in drug mass, tablet weight, and dimensions

are shown in Table 3.4. The weight and dimensions of the mini-tablets for each

resolution configuration had minor standard deviations. Although no discernible

trend in tablet properties was realized with respect to the layer resolution, the lower

resolutions had somewhat higher weight and dimensions. This could be linked with

the swelling properties of HPC (Borujeni et al., 2020; Gazzaniga et al., 2011,

Macchi et al., 2015). That implied that achieving the desired layer thickness using

a swellable material in the formulation is likely more controllable at higher
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resolutions. That also helps minimize the deviation from the target weight.
Nevertheless, these negligible variations pointed out the capability of FDM 3D
printing to produce any resolution in the range of 0.1-0.3 mm from HPC-based
formulations even for small-sized tablets. That may also corroborate that the
intrinsic advantages of FDM 3D printing could help minimize the challenges faced
in conventional techniques for mini-tablet manufacturing.

As per USP <905> L2 criteria (FDA et al., 2014), the acceptance value (AV)
for n = 30 units cannot exceed 25.0. According to that, all individual mini-tablets
had excellent content uniformity with AV< 7.9, and their label claim (LC) values

were within the acceptable range i.e., =25% of the target dose, see Table 3.4.

The enhanced content uniformity would not be surprising considering the fact that
an intense mixer of HME could potentially produce contently uniform products
(Maniruzzaman et al., 2012; Pawar et al., 2017; Sadia et al., 2018b). In addition to
that, the even-sized mini-tablets being the product of FDM 3D printing exhibited
closely similar weights, which further promotes the resulting uniformity in drug

content.
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Table 3.4 Drug Content and Uniformity

, , Drug
LR Tabletmass Diameter Thickness
(mm)  (mg) mm)  mm) TS W AV
(mg)
0.10 20.38+0.21 3.30+0.03 2.06+0.03 0.21+0.00 101.09+0.90 1.81
0.15 20.42+0.24 3.41+0.02 2.02+0.01 0.21+0.01 101.39+2.72 5.44
0.20 19.1840.32 3.38+0.05 1.97+0.03 0.19+0.01 99.67+3.92 7.83
0.25 20.15+0.30 3.51+0.03 2.01+0.02 0.20+0.00 99.62+0.93 1.85
0.30 21.03+0.34 3.55+0.07 2.16+0.05 0.21+0.00 99.33+0.83 1.67

LR: Layer resolution

3.3.6.2 Dose titration. All the tables aimed for use in dose titration were
printed at 0.2 mm resolution. The drug amount from a single mini-tablet enabled
titrate the dose with 0.19 mg escalations. Using 1-20 counts of mini-tablets
covered the dispensed dose in the range of 0.19-3.91 mg, see Table 3.5, for the
corresponding drug amounts per tablet count(s). To evaluate the robustness of the
dose titration, tablet count(s) versus drug amounts was plotted with the upper
confidence limit of 95%. In Figure 3.6, high accuracy with R? of 0.9996 was
achieved. Generally, the uniformity of the composite dosages is the parameter for
determining the minimum count(s) of mini-tablets for an acceptable dose variability
(Mitra et al., 2020). In our case, however, the single unit mini-tablets exhibited
excellent content uniformity. The linear trend achieved (R? of 0.9996) with

increasing tablet count(s) confirmed the reliability of a single unit mini-tablet. That

eliminated the need for minimum multi-dose for titrating the reliable dose.

66



Table 3.5 Dose Titration with Varying Tablet Counts and Drug Concentration (DC)

# of
DC Tablet mass Drug mass
Tablet LC% AV
(wt% _ (mg) (mg)
Unit
1 1 19.18+0.32 0.19+0.01 99.67+3.92 7.83
1 5 97.97+£1.95 1.04+0.03 105.96+0.84 0.44
1 10 191.53+1.12 1.93+0.01 100.79+0.22 1.78
1 15 279.77+3.84 2.85+0.06 101.97+0.66 2.39
1 20 379.13+2.15 3.91+0.02 103.17+0.36 6.49
1 1 312.23+11.11 2.93+0.07 93.92+1.04 6.67
1 0.5 201.97+2.73 1.95+0.02 96.73+0.50 2.77
1 0.25 104.63+0.73 1.00+0.00 95.92+0.08 2.75
10 1 20.03+0.39 1.95+0.04 97.25+0.52 2.30
20 1 19.6+0.32 3.76x0.06 96.00+0.35 3.19
4 - Drug Amount (Potency) (mg) 3.91
a —— Fitted Y of Drug Amount (Potency) (mg)
E
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Figure 3.6 Dose titration via multi-unit mini-tablets at 1 wt% drug concentration.
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To compare the split tablets with multi-unit tablets, their drug amounts were
kept similar. The details of the corresponding doses are presented in Table 3.5.and
visual demonstrations of the split tablets and multi-unit mini-tablets are presented
in Figure B.1, Appendix B. To evaluate the performance of the split tablet for dose
titration, tablet count(s); i.e., full, half, quart, versus drug amounts were plotted with
the upper confidence limit of 95%. The plot is shown in Figure 3.7. The split tablets
were found contently uniform and their LC% values were in the acceptable range.
This level of uniformity was expected for the printed split tablets since they printed
as designed and fragmentation became out of concern. However, this did not
translate into enhanced linearity in dose titration, where R? was found 0.936. This
could be again attributed to the swelling properties of HPC. That implied the impact
of swelling to the tablet weight, which in turn to the drug amount, became more

prominent in larger size tablets.
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Figure 3.7 Dose titration via split tablets at 1 wt% drug concentration.

In an attempt to reduce the excipient burden (Mitra et al., 2020), single-unit
mini-tablets containing higher drug concentrations, see Table 3.3, were examined.
They showed enhanced content uniformity with acceptable LC% values. As
previously reported, using filaments at varying drug concentrations is a safe
practice for dose adjustment (Buyukgoz et al., 2020). Thus, the resulting uniformity
at higher concentrations was deemed reasonable. Indeed, the performance in
dose titration for the tablets at higher drug concentrations showed high linearity
with R? of 0.9997, see Figure 3.8. It is useful to highlight that the drug amounts in
twenty single mini-tablets containing 1 wt% drug concentration, (3.91 + 0.02 mg),
and one single mini-tablet containing 20 wt% drug concentration, (3.76 + 0.06), are
similar, Table 3.5. Although using higher drug concentration limits the increment in
dose titration yet significantly reduces the excipient burden. Therefore, those
tablets containing higher drug concentrations could be suggested for use in age-

specific formulations not requiring close dose titration.
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Figure 3.8 Dose titration with mini-tablet at 1-20 wt% drug concentrations.

3.3.7 Drug dissolution

The dissolution profiles of the mini-tablets with varying layer resolutions are
examined. In Figure 3.9, surprisingly, no direct correlation was noticed between
the resolution and drug dissolution. Drug release rate increased proportionally with
decreasing layer resolution from 0.1 to 0.2 mm. The resolution at 0.2 mm exhibited
the fastest drug release, t7s»: 92 min. Further decreases in layer resolution
decreased the release rate, with 0.3 mm being the slowest i.e., t7s%: 247 min,
amongst all the resolutions. Decreasing the total number of tablet layers with
decreasing the layer resolution, see Table 3.2, decreased the external surface
area available for water penetration. Indeed, llyes et al. (llyés et al., 2019a) has

been reported a higher rate of water uptake for the thin resolution, 0.1 mm,
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compared to that of the thicker one, 0.3 mm. However, they did not examine the
intermediate resolution of 0.2 mm, which is where the difference was revealed in
this study. That implied the presence of another factor affecting the drug release
besides the layer resolution. As mentioned earlier, increasing the layer resolution
increased the mechanical strength of the tablet (refer to Subsection 3.3.5). One
might expect an inverse correlation between tablet mechanical strength and drug
dissolution owing to the ease of water penetration into the structure (Kitazawa et
al., 1975). This correlation was valid for the thinner resolutions i.e., 0.1-0.2 mm
yet became reverse after 0.2 mm resolution. Although determining the dominating
factor for the drug release requires more extensive investigation, it is clear that the
differences in mechanical strength and external surface area of the tablet arising
from varying tablet resolution play an important role in drug release behavior.
Considering the fact that printing of the higher resolutions naturally requires the
longer printing times as well as the resulting faster drug release for 0.2 mm
resolution, we preferred 0.2 mm resolution for printing all the tablets in this study

unless otherwise indicated.
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Figure 3.9 Drug release profiles of the mini-tablets at varying layer resolutions.

The release profiles of the 1-20 unit(s) mini-tablets are presented in Figure
3.10. The release profiles of the composite units i.e., 5-20 counts were found
statistically similar with each other as per the bootstrap f2 similarity test (see Table
B.1, Appendix B). Besides, the release profile of the single unit mini-tablets showed
a slight difference from that of multi-units. This could be the result of the low drug
amount being around 190 pg in a single tablet, which possibly caused relatively
large standard deviations in the individual release profiles, see Figure 3.9.
Similarly, Mitra et al. (Mitra et al., 2020) suggested the need for additional method
development for testing the dissolution profile of a single mini-tablet at low drug
concentration. Nevertheless, these outcomes reinforced that using solidified HPC

and inherently dense matrix of FDM 3D printed tablets (Borujeni et al., 2020; Yang
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et al., 2018; Zhang et al., 2017b) facilitated achieving similar release profiles from
composite unit mini-tablets. It is worth mentioning that the high consistency in
tablet size might have further contributed to the similarity in release profiles, where
the minor standard deviations in the individual drug release profiles corroborated

this observation (refer to Figure 3.10).
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Figure 3.10 Drug release profiles of single and multi-unit mini-tablets.

In Figure 3.11, the drug release profiles from printed split tablets are
presented. The full and half-split size tablets exhibited seemingly similar release
profiles. However, large standard deviations appeared in the release curve of the
half-split tablets. Thus, the release profiles of full, half-split, and quartered tablets
became statistically different according to the bootstrap f2 similarity test, (Table

B.1, Appendix B). In comparison to the release profiles of multi mini-tablets, they
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exhibited slower drug release owing to their size being significantly larger than
mini-tablets. Therefore, the split-tablets could not compete with the performance

of mini-tablets in the sense of drug release rate and consistency.
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Figure 3.11 Drug release profiles of multi-unit mini-tablets and split tablets.

In Figure 3.12, the release profiles of the mini-tablets at higher drug
concentrations are presented. The mini-tablets at 10 and 20 wt% drug
concentrations showed statistically similar drug release profiles with each other yet
different release profiles with the mini-tablets at 1% drug concentration. This was
expected since the large difference in the drug concentration range could change
the drug release characteristic even for inherently dense FDM 3D printed tablets

(Buyukgoz et al., 2020; Yang et al., 2018). Nevertheless, GF concentration within
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the range of 10-20 wt% could help reduce the excipient burden while providing

similar release profiles.
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Figure 3.12 Drug release profiles of single unit mini-tablets at 1-20 wt% drug
concentrations.

3.4 Conclusions
For specific patient population who needs manipulations in administering the
prescribed dose, tailored dosages were achieved via FDM 3D printed mini-tablets.
It was found that HME processing followed by FDM 3D printing promotes content
uniformity even for miniature tablets containing micro-dose. That offered desired
flexibility with high accuracy for close dose titration (micro-dosing) through muilti-
unit mini-tablets. Further, reliable dosing was reinforced with similar drug release
profiles from multi-unit mini-tablets afforded by the similarity in size and inherent

dense structure. Naturally, size and shape differences in split tablets demonstrated
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different release behavior. Besides, the tablet structure i.e., layer resolution was
found to be an important factor affecting the release behavior, suggesting careful
consideration in design for achieving desired drug release. Another important
outcome is that the tablets at higher drug concentrations demonstrated similar
release behavior with each other. Thus, formulating the mini-tablets at higher drug

concentrations offered reduced excipient burden.
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CHAPTER 4

THREE-DIMENSIONAL PRINTED TABLETS LOADED WITH FUSION-
ASSISTED AMORPHOUS SOLID DISPERSIONS

4.1 Introduction
Approximately 40% of drug entities being discovered are poorly water-soluble
(Lipinski, 2002). The fact that these active pharmaceutical ingredients (APIs)
exhibit poor solubility in the aqueous environment (Amidon et al., 1995) leads to
low absorption in the gastrointestinal tract, which results in poor bioavailability. The
technology of forming amorphous solid dispersions (ASDs) is one of the most
successful and common strategies to enhance the bioavailability of poorly soluble
drugs, which relies on dispersion of a drug into the hydrophilic carriers resulting in
an amorphous mixture (Chiou et al., 1971; Hancock et al., 1997; Lakshman et al.,
2008; Leuner et al., 2000; Moseson et al., 2020; Rumondor et al., 2009a; Sun et
al., 2012; Van den Mooter, 2012; Vasconcelos et al., 2007). Since the kinetic
solubility of an amorphous drug is greater than its crystalline counterpart, ASDs
potentially enhance the dissolution rate and eventually bioavailability of the poorly
soluble drug (Newman et al., 2012; Serajuddin, 1999). Amongst several
preparation technologies to produce ASDs (Janssens et al., 2009; Rahman et al.,
2020b; Serajuddin, 1999; Zheng et al., 2019), hot-melt extrusion (HME) is a widely
used method as it offers one-step, continuous, and solvent-free manufacturing
(Baghel et al., 2016; Mendonsa et al., 2020; Moseson et al., 2020; Sarode et al.,

2013Db; Solanki et al., 2018a).
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Recently, Fused Deposition Modeling (FDM) based three-dimensional (3D)
printing has become a popular drug delivery platform owing to its ability for on-
demand production and flexible dosing. In this technique, a feed-material (filament)
produced by HME is fed into a heated nozzle and deposited layer by layer to form
3D printed dosage or device. The coupling of FDM 3D printing with HME
compounded filament led to creating a new applicable dosage form, which is ASDs
loaded 3D printed device. This is typically achieved by producing ASDs loaded
filaments through HME processing (Arafat et al., 2018a; Gioumouxouzis et al.,
2018; llyés et al., 2019a; Jamrdz et al., 2017; Kempin et al., 2018; Palekar et al.,
2019; Scoutaris et al., 2018; Solanki et al., 2018b; Wei et al., 2020). In some cases,
even when the filament containing crystalline drug was used for 3D printing, the
amorphous form of the drug formed in the printed device owing to the transient
heat transfer generated during the printing processing (Chai et al., 2017; Jamroz
et al., 2018). In such studies producing ASDs loaded 3D printed tablets, the
influence of tablet design, tablet size, infill density, and polymer type on the drug
dissolution rate were examined (Arafat et al., 2018a; Kempin et al., 2018; Palekar
et al., 2019; Solanki et al., 2018b; Wei et al., 2020; Zhang et al., 2017a; Zhang et
al., 2017b). Briefly, 3D structure design, i.e., infill density and shell thickness, were
found efficient for controlling the drug release rates (Solanki et al., 2018b; Wei et
al., 2020; Zhang et al., 2017b), where thick and tight structure led to slower drug
release, while the direct conclusion was not possible for the polymer effect due to
their system-specific properties such as pH-dependent solubility, concentration in

the composition and interactions with APIs (Solanki et al., 2018b; Wei et al., 2020;
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Zhang et al., 2017a). However, those studies have yet to test the solubility
advantage of the amorphous drug by examining the generation and maintenance
of drug supersaturation (Moseson et al., 2020; Ozaki et al., 2012; Price et al., 2019;
Sun et al., 2013; Sun et al., 2016). Therefore, the majority of this study is focused
to examine generating and maintaining the drug supersaturation produced by
ASDs loaded 3D printed tablets. To this end, the factors affecting the dissolution
performance such as tablet surface area (Buyukgoz et al., 2020; Goyanes et al.,
2015c), tablet design (Sadia et al., 2018a; Zhang et al., 2017b), and dissolution
testing conditions (Newman et al., 2012; Price et al., 2019; Sun et al., 2012) were
considered as the important factors that might influence the degree of drug
supersaturation.

Apart from the final product properties, filament quality is the prerequisite
criteria to be compatible with FDM 3D printing. Hence, approaches aiming to
produce ASDs loaded filaments have to primarily meet the acceptable filament
guality. The acceptable filament quality has been described with the characteristics
of uniform diameter, sufficient mechanical resilience, lack of voids and bubbles
throughout the filament as well as thermal stability (Govender et al., 2020; Isreb et
al., 2019; Kempin et al., 2017; Nasereddin et al., 2018; Yang et al., 2016; Zhang
etal., 2017a). All of these aspects are greatly impacted by the melt rheology, HME
processing temperature, and individual properties of drug and polymer (Sarode et
al., 2013a; Solanki et al., 2018a; Solanki et al., 2019b), which are also crucial
factors for the approaches producing ASDs. That renders the mutual satisfaction

of both ASDs and filament quality is difficult. Thus, the formulation development
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being the most prevalent approach, where polymers and drugs are screened to
generate and maintain the ASDs (Solanki et al., 2018b) may not guarantee
acceptable filament quality. For instance, Govender et al. (Govender et al., 2020)
manufactured filaments using a miscible drug-polymer formulation, offering
amorphous molecular level solid dispersion. Whilst they indeed produced the
filament containing amorphous API, filament brittleness prevented the automatic
feeding, which failed the 3D printing process. Manually feeding the filament
resulted in a dispensing imprecision at all the print volumes (Govender et al.,
2020). Another approach, the fusion-assisted technique, is that operating the HME
at relatively high temperatures, where API could melt and form an amorphous
phase, even not being completely miscible with the polymer (Aho et al., 2017).
However, several studies reported the adverse effect of the high processing
temperature on filament quality (Aho et al., 2017; Censi et al., 2018; Kempin et al.,
2017; Yang et al., 2016). These seemingly unconnected approaches pointed out
that producing ASDs loaded filament being compatible with FDM 3D printing could
be challenging, in some cases not possible.

Maintaining the physical stability of ASDs loaded filaments for the duration
of product shelf life is equally important as generating the ASDs. Over storage, the
amorphous drug being thermodynamically unstable is prone to revert back to the
crystalline form that is so-called recrystallization (Baird et al., 2010; Newman et al.,
2012; Uekama et al., 1992). That is strongly undesired because it could reduce the
solubility advantages of ASDs (Censi et al., 2018; Moseson et al., 2020; Wei et al.,

2020). Due to the novelty of the FDM 3D printing platform, scant information exists
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on stability assessment for ASDs loaded filaments to be used in 3D printing
(Govender et al., 2020; Solanki et al., 2018b; Wei et al., 2020). Such studies
intended to produce ASDs loaded filaments have been pointed out the
recrystallization issue and put an appreciable effort into developing the stable
formulations. As one example, Wei et al. (2020) develop formulations using
different APIs either haloperidol or carvedilol to produce ASDs loaded feed
materials. However, incorporation of plasticizer into the formulation with intent to
improve the melt extrusion caused recrystallizations of the APIs under accelerated
conditions. When drug concentration was reduced to half, the physical stability was
ensured for only carvedilol. Another interesting point of view, some research
groups (Chai et al., 2017; Jamr6z et al., 2018) reported that transient heat energy
generated during 3D printing could transfer the residual crystals in the filaments to
amorphous form. Although this fusion-assisted approach may tackle the stability
problem of amorphous drug in the filament, unfortunately, the crystal growth is not
a uniformly occurring process and causes differences in crystal sizes throughout
the product (Cetindag et al., 2020). Thus the efficiency of transferring heat for
melting those non-uniform particles (Brenken et al., 2016) becomes confounded,
which was also previously emphasized by (Buyukgoz et al., 2020).

These studies have been played a key role in fabricating pharmaceutically
favored ASDs via FDM 3D printing. However, the integral parts of the fabrication
reveal that maintaining the physical stability of ASDs over the shelf life along with
satisfactory filament quality requires appreciable exertion (Govender et al., 2020;

Wei et al., 2020). The approach of transferring residual drug crystals to amorphous
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form during the 3D printing process applied by those studies (Chai et al., 2017,
Jamréz et al., 2018) appears to be able to circumvent the stability problem.
However, it remained unclear that the fusion-assisted approach could be
applicable to what extent of residual crystals. Particularly, this concern becomes
more prominent over storage owing to the non-uniform particle growth (Cetindag
et al., 2020). By the motivation of crystalline drug being thermodynamically stable,
this study postulates that if the filament is manufactured by retaining the drug in
largely crystalline form, and subsequently ASDs are produced at the point of tablet
printing rather than at the beginning of filament preparation, it would be more likely
to minimize the confounding effects arising from drug recrystallization. Because,
the filament containing largely crystalline fraction would potentially refer to the
lesser amount of amorphous form to be recrystallized, indicating higher uniformity
in particle size (Thommes et al., 2011). That could offer uniform distribution in heat
transferring at the point of converting those drug particles to the amorphous form.
The fact that this approach requires the drug to have adequately high melting
temperature and minimal miscibility with the polymers at the low processing
temperatures through HME operation could help tolerate some but not all the
aforementioned disadvantages of high processing temperatures on the filament
guality. In addition, this could be useful for the drugs being difficult to stabilize in
amorphous form (Thommes et al., 2011). However, to generate fusion-assisted
ASDs at the point of FDM 3D printing from those filaments, the FDM processing
temperature is desired to be sufficiently high to soften the drug-polymer mixture

for the extrusion process (Aho et al., 2017; Govender et al., 2020; Solanki et al.,
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2018a). On one hand, thermally labile compounds could be the shortcoming of the
approach owing to their propensity to thermal degradation at the high printing
temperatures. In fact, those are also a limitation for most HME compounded
formulations (Shah et al., 2013). On the other hand, relatively lower residence time
of the FDM processing compared to that of HME (Govender et al., 2020) could
compensate for the potential compound degradation during 3D printing.

Towards those objectives, griseofulvin (GF) is selected as a model BCS
class Il and a fast-crystallizing drug (Baird et al., 2010). Since GF has a high
melting point, it may better serve to retain the drug in crystalline form and allows
flexibility with setting the printing temperatures. Hydroxypropy! cellulose (HPC) is
used as the matrix-forming polymer while Kollicoat® Protect (KP) is used to
promote drug-polymer interactions at high processing temperatures. Drug
supersaturation under extreme non-sink conditions is examined by considering the
factors affecting dissolution performance such as FDM processing temperatures,
tablet design options with varying surface areas including cylindrical tablets,
square-pattern perforated tablets, mini-sized tablets, and agitator speed.
Ultimately, drug supersaturation behaviors during dissolution are mechanistically
differentiated using Korsmeyer-Peppas model. That may allow designing the 3D
tablets loaded with pharmaceutically favored ASDs. To the best of the author's
knowledge, evaluation of those aspects from FDM 3D printed tablets is missing in

the current literature.
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4.2 Materials and methods

4.2.1 Materials

Griseofulvin (GF; Letco Medical, Decatur, AL, USA) was used as the model
Biopharmaceutics Classification System (BCS) class Il drug. GF is a crystalline
drug with a melting point Tm of 220 °C (Rahman et al., 2020c). It is considered a
challenging drug for the development of ASDs given the fact that it rapidly
crystalizes (Baird et al., 2010). Hydroxypropyl cellulose (HPC, SL grade, Nisso
America Inc., New York, NY) is a semi-crystalline polymer with the glass transition
temperature (Tg) of in range -25-0 °C and Tm of around 170-200 °C (Rahman et
al., 2020c; Sarode et al., 2013a). Due to its ability to produce filaments with
satisfactory mechanical properties, it has been reported as a suitable polymer for
FDM 3D printing (Oblom et al., 2019; Pietrzak et al., 2015; Zhang et al., 2017a).
Besides, it helps in enhancing the wettability of hydrophobic GF particles (Li et al.,
2017a). Kollicoat® Protect (KP, BASF, Tarrytown, NY, USA) is readily soluble in
water and composed of polyvinyl alcohol-polyethylene glycol graft copolymer,
polyvinyl alcohol, and fumed silica. It has a Tm of 205 °C and a Tg4 of 45 °C, and is
known to improve protection against moisture (Buhler, 2007). Further, Kollicoat®
Protect lowers the surface tension of water i.e., surface tension is 61.6 for 0%
solution and 42.3 mN/m for 15% solution (Buhler, 2007). Sodium dodecyl sulfate

(SDS) (Sigma-Aldrich, Saint Louis, MO, USA) was used as a solvent.
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4.2.2 Preparation methods

4.2.2.1 Preparation of feed materials (filaments). = The compositions of the
powder blends and HME processing parameters are shown in Table 4.1. The
blends were mixed by a high-intensity vibrational mixer (LabRAM, Resodyn
Acoustic Mixers, Inc., Butte, MT, USA) at a frequency of 61 Hz with an acceleration
of 75 G for 5 min. HME processing was operated with an 11 mm diameter co-
rotating twin-screw extruder (Thermo Fisher Scientific Inc., MA, USA) with a round-
shaped die having a 2 mm opening. As similar to the procedure applied by
(Moseson et al., 2020), the HME processing temperatures were gradually
elevated, Table 4.1, in an attempt to prepare filaments with varying fractions of
crystalline/amorphous GF. The largely crystalline fraction is considered that high
physical stability of GF in filaments could be assured since the higher crystalline
fraction refers to the lesser amount of amorphous formed. That potentially reduces
the adverse effect arising from recrystallization of an amorphous drug, e.g.
incoherent particle growth (Cetindag et al., 2020). This becomes important in the
sense that fusion-assisted ASDs, where transient conductive heat is used to melt
the suspended drug particles (Gogos et al., 2012). Non-uniform particles in the
filament may lead to obtaining the last product containing unmelted drug particles,
which represents the residual crystallinity and reduces product reliability. Moseson
et al. reported that the presence of residual crystallinity in the product caused loss
of the solubility advantage of ASD (Moseson et al., 2020). Possibly, the higher
crystalline fraction could mitigate this deleterious effect. This approach requires

the HME processing temperature to be lower than Tm of GF and poor drug-polymer
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miscibility at those processing temperatures for avoiding the temperature-induced
drug-dissolve. It has to be noted that the formulation retaining the drug completely
crystalline may not be desired for affording the drug-polymer interactions, which
are necessary for producing and maintaining the ASDs (Rahman et al., 2020c;
Rumondor et al., 2009b). The varying amorphous fractions serve to confirm that
the fusion method is suitable for the GF-HPC-KP formulation, where the HME
processing temperatures are gradually elevated to form an increasing fraction of

amorphous GF in presence of HPC-KP, eventually GF ASDs.

Table 4.1 Composition of Powder Blends and Their Processing

. Processing Parameters in Final
Blend Composition HME Product
R
un Drug Polymer(s) Temperature Screw  Feed
(Wi%) (Wi%) °C) Speed Rate
(rpm)  (g/min)
H160 - Placebo 160 30 0.7 Filament
H165 15% 75% HPC 165 35 1.1
H180 GE +10% KP 180 50 1.8
H190 190 60 24

“H” implies HME processing
Placebo composed of 7.5:1.0 HPC: KP

4.2.2.2 Printing dosage forms. The filament H160, Table 4.1, was used for
printing placebo tablets, while H165, Table 4.2, was used for printing all the tablets
loaded with GF, (see Tables 4.2 and 4.3). It was aimed to produce fusion-assisted
ASDs using FDM 3D printing at varying processing temperatures. The rationale of
fusion-assisted ASDs (Moseson et al., 2020) is that the transient heat energy
generating during the FDM 3D printing process is used for transferring the

crystalline GF particles to their amorphous form. On a macroscopic scale, as the
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temperature rises, the mobility of the chains in the molten drug-polymer mixture
increases (Kempin et al., 2017). That promotes the drug-polymer interactions and
leads to forge hydrogen bonds between GF and HPC-KP, which is the sign for the
formation of ASDs (Rumondor et al., 2009b). Hence, to test the efficiency of
processing temperature on the formation of ASDs, the temperatures above or
below the melting point of the GF were determined as the processing temperatures
for FDM 3D printing, Table 4.2. All the tablets in Table 4.2 were printed with

cylindrical geometry.

Table 4.2 3D Printing Processing Temperatures for GF-loaded and Placebo
Tablets

Filament Used FDM Printing

Run For Printing Temperature (°C) Final Product
F165 165

F210 210

F230 e 230 FDM 3D Printed
F240 240 Tablet
P165 H160 165

P240 240

“F” implies FDM 3D processing, “P” implies FDM 3D printed placebo tablets
The set tablet dimensions for all the printed tablets: g: 16 mm x H: 2 mm

It is helpful to mention that to conduct the characterizations with freshly
prepared samples, F165 was printed as representative of H165 since the printing
process is time-saving and requires less material for the final product compared to
the HME process. However, %crystallinity was estimated with H165 to eliminate
any bias that may arise from different processing. Later, to test the influence of
tablet surface area on the supersaturating performance of GF during dissolution,

two design options with enhanced surface area, multi-mini tablets, and square-
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pattern perforated tablets, Table 4.3, were created. The details of the tablet
designs are shown in Table 4.3. The tablet designs were created using Autodesk
Fusion 360 Ultimate (Autodesk 3D design software), exported as STL files and,
converted to X3G files using FlashPrint software (Version 4.3.0; Jinhua, China) as
the slicer. FDM 3D printer (Flashforge, Creator Pro 3D, 2016, China) with the
nozzle having a 0.4 mm opening was used for printing of the tablets. The following
operating parameters (Buyukgoz et al., 2020) were kept constant for all the tablets
in Tables 2 and 3; printing speed, 35 mm/s; nozzle traveling speed, 80 mm/s; layer

height, 0.20 mm; infill percentage, 100%.

Table 4.3 Dimensions and Relative Surface Areas for Various 3D Tablet Designs,
Number of Samples per Dissolution Vessel along with the Agitator Speed

3D Printed Tablets Agitator
Speed
Run
. X

Design Size ReSIzZuve Quantity (Rpm)
F240 Cylinder 16 by 2 1.0 1 50
F240a Cylinder 16 by 2 1.0 1 250
F240b Multi-mini 3by2 2.2 33 50
Foqoc ~ Stuctured o 1 6x4.2 7.9 1 50

w sinker
Foqod ~ Suuctured . i 6x4.2 7.9 1 50
w/o sinker

*The tablet surface areas are relative to that of F240

4.2.3 Characterization methods

4.2.3.1 Mechanical properties of filaments. To assess the impact of
varying HME processing temperatures on the filament quality, the mechanical

properties were determined via a Texture Analyzer (3-point bender tester, Instron,
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Norwood, MA). Randomly selected five to six filaments were cut into 1 cm
segments. Diameters of the filaments were recorded using a digital caliper. The
samples were placed on the probe having a gap with 4 mm. With a constant speed
at 0.5 mm/min, the force was applied until the filament breaks. Stiffness and
breaking force are the common parameters to evaluate filament printability (Zhang
et al., 2017a). In this study, modulus of elasticity (ME) and tensile strength (TS)
were considered as the stiffness and the breaking force, respectively. From the
stress-strain plot, the slope of the initial linear segment was used to calculate ME.

TS was calculated using Equation (2.1) of Chapter 2 (Callister, 2007).

4.2.3.2 Fourier transform infrared spectroscopy (FT-IR). To determine
the drug-polymer interactions, FT-IR analysis was performed with as-received GF
powder, physical mixture (PM), and the printed tablets. An attenuated total
reflectance (ATR) infrared spectra were collected using Agilent Cary 620 FT-IR
equipped with single bounce diamond crystal and Golden Gate type ATR unit.
Each spectrum was acquired with 32 scans with a resolution of 4 cm. The spectral

data was reported in the range 1550-1750 cm™* wavenumber.

4.2.3.3 Solid-state characterization.  To analyze the crystalline state of GF
after thermal processing in HME and FDM 3D printing, as-received GF, HPC, and
KP powders, the filaments, and the printed tablets were examined via X-ray
diffraction (PANalytical, Westborough, MA, USA). In an attempt to fit the filaments
on an XRD sample holder, the filaments were milled via LabRAM, where the
extruded filaments along with six metal beads were placed in a metal jar and shake

at a frequency of 61 Hz with an acceleration of 100 G for 5 min. For the same
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reason, the tablets were printed with the set dimensions of g: 15.5 mm x H: 1.7
mm. The printing parameters described in Subsection 4.2.2.2 were kept the same.
The samples were scanned for 20 angle ranging from 5° to 35° (0.01° step). To
determine the %crystallinity of GF in the samples, OriginPro (Version 2020b)
software was used following the previously established method in (Rahman et al.,

2019).

4.2.3.4 Morphology. To determine the morphology of the particles, as-
received GF and KP powders, filament (H165, Table 4.1), and the printed tablets
(F240 and P240, Table 4.2) were tested via a scanning electron microscopy (JSM-
7900F, JEOL Ltd, MA, USA). The samples were placed on an aluminum stub using
carbon tape and coated with golden via a sputter coater (Q150T 16017, Quorum
Technologies Ltd, Laughton, East Sussex, England). The images from each
sample were recorded. To further examine the morphology of the GF patrticles in
the filament (H165, Table 4.1) and printed tablet (F240, Table 4.2), polarized light
microscopy (PLM, Axio Scope.Al, Carl Zeiss Microscopy GmbH, Gattingen,
Germany) was used. In an attempt to obtain a better visualization, the tablets, F165
and F240, with a thinner layer of approximately 0.1 mm were printed. The samples

were imaged with 10X resolution.

4.2.3.5 Thermal analysis. To determine the thermal degradation of the
compounds, if any, at the high processing temperatures, as-received GF, HPC,
and KP powders, PM, and the printed tablet, F240, were tested by thermo-
gravimetric analysis (TGA) using a TGA/DSC1/SF STARe system (Mettler Toledo

Inc., OH, USA). 5-8 mg sample was placed in a standard ceramic crucible, heated
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from 25 °C to 300 °C at a rate of 10 °C/min, and cooled back to 25 °C under a

nitrogen flow.

4.2.3.6 Determination of drug concentration. Since the tablets were
designed for testing the supersaturating performance of GF, the tablets with a high
dose of GF (~100 mg) (Rahman et al., 2020a) were printed with the tablet size of
2:16 mm x H: 2 mm. However, for the sake of less solvent consumption to test the
drug concentration and for better elucidating the differences in content uniformity,
smaller size tablets with the set dimensions of g: 5 mm x H: 1 mm were printed
with the same printing parameters described in Subsection 4.2.2.2. The samples
were dissolved in 150 ml of 7.2 g/L SDS solution and stirred via magnetic bars
overnight. A Thermo Scientific Evolution 300 UV-vis spectrophotometer (Thermo
Fisher Scientific Inc., MA) was used to measure the UV absorbance at a
wavelength of 297 nm for the dissolved samples. The tablet mass and dimensions
were recorded. The relative standard deviations (RSDs) in the drug concentrations

were calculated for each set of 3-5 samples.

4.2.3.7 GF supersaturation, in-vitro dissolution test, and release kinetics.
The degree of GF supersaturation was determined under non-sink dissolution
conditions. It has been previously emphasized that the extent of deviation from
sink condition, in other words, the extent of non-sinkness, could characterize the
drug dissolution behavior (Sun et al., 2012; Sun et al., 2013; Sun et al., 2016). To
guantitatively describe the extent of non-sinkness, Sun et al. (2012) introduced the
dimensionless sink index (SI) = CsV/(dose), where Cs is the equilibrium solubility

of crystalline drug, V is the volume of dissolution medium, and “dose” is the total
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amount of drug in the test sample. According to (Sun et al., 2012; Sun et al., 2016),
S| = 0.1 indicates extreme non-sink conditions which allow observing the drug
precipitation. In this study, extreme non-sink conditions with SI = ~0.1, were
applied to explore the supersaturating performance of GF generated by ASDs
loaded printed tablets in Tables 4.2 and 4.3. The supersaturaing performance of
PM and H165 were examined as the control options since they are not meant to
produce ASDs. DI water was selected as a dissolution medium as it better
discriminates the GF formulation (Bhakay et al., 2014; Li et al., 2017a; Thommes
et al.,, 2011) and is a second commonly used dissolution medium for ASDs
(Newman et al.,, 2012). The dissolution paddle apparatus (USP Il, Sotax,
Switzerland) was used. The samples containing high dose of GF, equivalent to
~90 mg, were added to 1000 mL of DI at 37 °C, which referred to SI = ~0.1. The
paddle speed of 50 rpm was used for testing all the printed tablets in Tables 4.2
and 4.3, except F240a in Table 4.3, which was tested at 250 rpm (Tagami et al.,
2018; Wei et al., 2020). It was considered that the higher agitator speed could give
rise to a faster disintegration of the printed tablets. Hence, that served another
control option that allows testing the effect of faster rise of drug dissolution on
supersauration behavior. Similarly, supersaturation behaviors of the tablets having
enhanced tablet surface areas were tested. Although utilizing the sinkers to
prevent tablet floating during the dissolution testing is debatable (llyés et al.,
2019a), floating is also considered as bio-relevant. Thus, the square-pattern
perforated tablet design was tested with (F240c) and without (F240d) basket

sinkers while testing the multi-mini tablet design (F240b) without the sinkers was
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found impractical owing to their smallness. Aliquots were withdrawn over 24h and
filtered with a 0.45 um nylon membrane-type syringe filter (Celltreat scientific
products, Pepperell, MA, USA). The filtrates were diluted with the dissolution
medium. The 3-4 replicates were performed for each sample. The average amount
of drug dissolved was plotted as a function of time (minute). As previously reported
by (Rahman et al., 2020a), the relative %supersaturation was calculated based on
thermodynamic solubility of as-received GF and the GF concentration at ~9-12h,
unless otherwise indicated.

To mechanistically explain the supersaturating performance of GF,
Korsmeyer—Peppas model, depicted in Equation (2.2) of Chapter 2, was employed
for the dissolution data of the printed tablets in Table 4.3. This model is commonly
applied for describing the drug release behavior from dense polymeric matrices,
such as FDM 3D printed tablets (Buyukgoz et al., 2020; llyés et al., 2019a; Li et
al., 2017b; Zhang et al., 2017b). The model was fitted for about the first 60% of
fractional GF dissolution data.

In Equation (2.2), n is the release exponent, indicative of the drug release
mechanism. The exponent represents Fickian diffusion for n = 0.45, Case I
transport with n = 0.89 and, anomalous transport with 0.45 < n < 0.89 for cylindrical
geometry while the lower and the upper limits of n are 0.5 and 1 for the slab
geometry, respectively (Ritger et al., 1987). The assessment of the release kinetics
was made for the cylindrical geometry except for square-pattern perforated tablet

designs, F240c and F240d, which were assumed as the geometry of a thick slab
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(film). This assumption in line with (Alhijaj et al., 2019), where a similar design

option was defined as a film with grids.

4.2.3.8 Stability. The stability test was examined for F240. The printed
tablet was stored in a plastic bag at the humidity of 35% + 5% RH at the ambient
temperature (20-25 °C) over 1 month. The samples were analyzed through

dissolution tests according to described procedures in Subsection 4.2.3.7.

4.3 Results and discussions

4.3.1 Manufacturing of filaments via HME

To produce filaments with varying fractions of crystalline GF, the processing
parameters were adjusted, Table 4.1. In order to obtain a filament containing
largely crystalline GF, the processing temperature was kept lower than Tm of GF
(Moseson et al., 2020) without hampering the HME processing to carry on. Hence,
the minimum operable temperature was achieved at 165 °C (H165, Table 4.1),
which was far below the Tm of GF. Further lowering the temperature detrimentally
increased the torque value, which is not recommended for instrument safety (Wei
et al., 2020; Yang et al., 2016). Later, to produce filament containing amorphous
GF, the processing temperature was gradually elevated. The maximum processing
temperature was reached at 210 °C (H210, Table 4.1). The product was liquid-like
at the point of extrusion from the die owing to the reduced viscosity by temperature.
A substantially high rotation speed for the screws was required to properly convey
the material through the barrel. Thus, increasing the temperature further was found

ill-advised for conducting the processing. The appearance of the resulting products
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was opaque at the temperature in range 165-190 °C (H165-H190), while a more
clear appearance was realized at 210 °C (H210), which is an indication for the
formation of the amorphous structure (Moseson et al., 2020). The degree of GF

crystallinity in the filaments will be discussed in the following sections.

4.3.2 Filament quality

The effect of HME processing temperatures on filament quality was assessed with
the focus of filament printability. The assessment included mechanical resilience
of the filaments, i.e., tensile strength (TS) and modulus of elasticity (ME), and the
uniformity of filament diameters. The outcomes are presented in Figure 4.1. The
TS and ME were the lowest for the placebo filament, H160, and increased in the
presence of drug particles. The higher ME, which means increased stiffness, for
the drug-loaded filaments, H165-H210, could be attributed to the polymer network
being disrupted in presence of the drug (Verstraete et al., 2018). As the processing
temperature increased, the filaments, H165-H210, exhibited similar ME while
increasing TS. That may indicate ME was influenced more by the existence of GF
particles rather than the processing temperature. The increasing TS could be
attributed to the drug-polymer interactions, where stronger interactions were
expected at the higher processing temperatures due to the melting of the drug,
which potentially forms an intact matrix. This outcome is in line with Yang et al
(2016), where a similar trend of increasing TS with increasing temperature was
reported. Further, as the processing temperature increased, the standard
deviations in diameters of the filaments were considerably increased, with H210

being the largest, Figure 4.1.
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Figure 4.1 Mechanical properties and diameters of the filaments with varying HME
processing temperatures, ranging 160—-210 °C.

It is noted that there are no established standards for acceptable values of
these properties to assure printability. However, simultaneously high breaking
stress, high stiffness, long breaking distance, and a uniform diameter are the
indicative properties for a printable filament (Korte et al., 2018; Zhang et al.,
2017a). Although all the filaments possessed satisfactorily high mechanical
properties, H210 was not printable. Its propensity to spread out at the point of the
extrusion from the die made the filament diameter unreliable. It was either too thick
for the transfer column through the heater or too thin for the conduction rolls inside

the print head of the 3D printer. Such poor quality for the filaments associated with
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high processing temperatures has been reported, which included dispensing
imprecision, dosing inaccuracy, or poor mechanical resilience (Govender et al.,
2020; Kempin et al., 2017; Yang et al., 2016). Therefore, H165 was found the most
suitable filament for FDM 3D printing due to having satisfactory mechanical
properties and a highly uniform diameter. Those results supported that producing
ASDs loaded filament along with the satisfactory filament quality being necessary
for printing is quite challenging. Although formulation development might avert
such problems by screening the materials (Aho et al., 2017; Korte et al., 2018;
Solanki et al., 2018a), processing at lower temperatures appears to control the
filament properties with less exertion. This could be another advantage of retaining

the drug in crystalline form.

4.3.3 Fourier-transform infrared spectroscopy (FT-IR)

To reveal molecular interactions, if any, between the drug and polymers, FT-IR
spectra of as-received GF, PM, and printed tablets are presented in
Figure 4.2. In FT-IR spectrum of as-received GF exhibited characteristic peaks in
the region 1550-1800 cm™ correspond to the C=O stretching vibrational
frequencies, which are in line with (Bennett et al., 2015; Yadav et al., 2009). It is
expected that the hydroxyl groups of HPC and KP can potentially form hydrogen
bonds with the carbonyl groups of GF (Rahman et al., 2020c; Sarode et al., 2014).
The IR spectra indicating hydrogen bonding often contain peaks that are shifted,
broadened or had lower intensity, signaling the formation of amorphous structure
and strong drug-polymer interactions (Rahman et al., 2020c; Rumondor et al.,

2009b). As seen in Figure 4.2, the skeleton stretches of the PM and as-received
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GF superimposed while the PM had inappreciably lower intensity, indicating no
evidence of strong molecular interactions (Sathigari et al., 2012). In the spectrum
of H165, the peak at 1606 cm™ no longer existed, and the neighboring peaks
broadened and shifted. In addition, the peak at 1658 cm™, C=0 stretching,
broadened and split into two sub-peaks of 1652 and 1662 cm™. The broadening
refers to the distribution of free and bound carbonyl groups of GF (Al-Obaidi et al.,
2009; Bennett et al., 2015). This may suggest a disruption in drug-drug interactions
in favor of drug-polymer interactions, most likely due to the increased mobility in
chains during melt extrusion (Kempin et al., 2017; Scoutaris et al., 2018). As the
processing temperature increased through F210-F240, the peak intensities
decreased. Particularly, the peak at 1652 cm™ monotonically decreased, and
eventually diminished in the spectrum of F240. That suggested hydrogen bonding
occurred was proportional to the increasing processing temperatures through
210-240 °C, with being strongest at 240 C°. As hydrogen bonds refer to the
amorphisation, these outcomes implies that the degree of amorphisation in the

printed tablets was in the order of F240 > F230 > F210.
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Figure 4.2 FT-IR spectra of as-received GF, physical mixture (PM) and 3D printed
tablets through F165-F240.

4.3.4 Crystallinity

To reveal any solid-state changes to GF after heat processing in HME and FDM,
as-received GF, HPC, and KP, the PM, filaments, and printed tablets were
examined using XRD and DSC. The XRD diffractograms were presented in
Figure 4.3. As-received GF showed characteristic peaks (Rahman et al., 2019),
whereas polymers exhibited a halo pattern indicating their either amorphous nature
or non-detectable amount of crystallinity, Figure 4.3a. The PM showed similar
characteristic peaks yet with lower intensity. This is expected due to the surface
coverage and dilution of GF particles with polymers (Li et al., 2017a; Rahman et

al., 2020c). The diffractograms of H165 and PM resembled along with their
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comparable peak intensities. The %crystallinity of GF in H165 was estimated to be
83.06%. That confirmed that GF particles were mostly distributed (Gogos et al.,
2012) within the polymeric matrix and remained largely crystalline. The fact that
the total %crystallinity of GF reduced approximately ~17% could be explained by
the formation of amorphous GF stemming from temperature-induced drug-polymer
miscibility (Gogos et al., 2012). That said, it is necessary to produce ASDs at higher
processing temperatures. Indeed, increasing the processing temperature in HME
further lowered the peak intensities of H180 and H190, indicating a further
reduction in %crystallinity of GF. Eventually, H210 showed a halo pattern; the
characteristic peaks of GF disappeared. Therefore, ASDs loaded filament was
produced at 210 °C. A similar observation was valid for FDM printed tablets,
F210-F240, as all showed a halo pattern (see Figure 4.3b). These halo patterns
confirmed that largely crystalline GF in the filament was successfully transferred

to ASDs by melting via FDM 3D printing at the temperature range of 210-240 °C.
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Figure 4.3 XRD pattern of (a) as-received GF, physical mixture (PM), filaments
through H165-210, and (b) printed tablets, F210-F240.
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4.3.5 Visual characterization

To assess the morphology of the particles after heat processing in HME and FDM,
the SEM images of as-received GF and KP powders, the filament (H165), and
printed tablets (P240 and F240) are presented in Figure 4.4. The as-received GF
had an irregular shape while KP exhibited a spherical particle shape. This is
expected as the surface morphology of what appears to be in H165. As depicted

in Figure 4.4, embedded particles appeared in the matrix of H165.

S-received GF

Figure 4.4 SEM images of as-received GF, KP powders, filament (H165), and 3D
printed tablet (F240) along with 3D printed placebo tablet (P240).

The spherical particles were considered as KP owing to their similar surface
morphology to dry KP particles. Since HPC was considered to be molten due to its
lowest melting point amongst other compounds, the particles with irregular shapes
were attributed to the GF patrticles. That suggested presence of un-melted GF and

KP particles in H165. Besides, the particles with irregular shapes did not appear in
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the cross-sections of printed tablets, P240 and F240, while spherical particles were
observed in both, referring KP particles were remained un-melted to some extent
while GF patrticles dispersed at the processing temperature of 240 °C during 3D
printing. The microscopy images, Figure 4.5, were supported by the outcomes for

H165 and F240.

Figure 4.5 Microscopy images of 3D tablets printed at 165 °C and 240 °C.

4.3.6 Thermal stability

The results for the thermo-gravimetric analysis (TGA) were presented in Figure
4.6. The weight loss for all the tested samples was less than 2.8% at 100 °C, which
could be attributed to the free or bound water (Tidau et al., 2019; Wei et al., 2020).
Similarly, Wei et al. (2020) reported that 2—5% weight loss referred to the loosely
bound moisture at temperatures up to 100 °C. At the FDM processing temperature,
240 °C, the highest weight loss, approximately 3.8%, was realized for the PM.
Since no additional weight loss was observed for the printed tablets, F240, the
weight loss could be attributed to the loss of loosely bound moisture during thermal

processing rather than thermal degradation, which is in line with (Goyanes et al.,
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2019; Wei et al., 2020). Since FDM 3D printing processing was conducted at
240 °C or lower temperatures, and no significant weight loss was realized up to

240 °C, all the printed tablets were found thermally stable in the present study.
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Figure 4.6 TGA thermograms of as-received GF, KP, and HPC powders along
with 3D printed tablet (F240).

4.3.7 Content uniformity of printed tablets

The variation (RSDs) in the tablet mass, thickness, diameter, and drug
concentration for the printed tablets are presented in Table 4.4. The RSD values
in drug concentrations for all the tablets (F210-F240) were less than 1%, which
referred to pharmaceutically acceptable content uniformity. Further, the tablet
mass and dimensions had small RSD values, indicating printing processing was

successfully conducted at the printing temperatures through 210-240 °C.
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Table 4.4 Post-printing Dimensions and Drug Content Uniformity of the FDM 3D
Printed Tablets

Tablet
Diameter Height Weight DC
Run#  (mm) RSD (mm) RSD (mg) RSD (%) RSD

F165 5.57 1.11 1.29 331 2646 133 1579 0.33
F210 5.68 1.07 1.21 266 30.33 343 1598 0.32
F230 5.47 0.95 1.60 144 3473 1.09 1566 0.64
F240 5.47 2.25 1.56 542 3386 536 1581 0.32

DC: Drug Concentration

4.3.8 Drug supersaturation and dissolution kinetics

The drug dissolution profiles of the printed tablets were tested under
supersaturated conditions, Sl= 0.1, and are presented in Figure 4.7a. The mere
presence of HPC-KP polymers in the physical mixture (PM) were enhanced the
extent of GF release compared to the thermodynamic solubility of GF (14.2 mg/L)
(Rahman et al., 2020a). This is likely due to the dissolution of the water-soluble
polymers in the dissolution medium, which is in line with the previous reports
(Loftsson et al., 1996; Rahman et al., 2020a). The H165 and PM showed
comparable dissolution rates and extent of GF release, with H165 being slightly
higher. This could be explained partly by the presence of a small fraction of
amorphous GF in H165 (see Subsections 4.3.3 and 4.3.4 for the amorphous GF
content), which has higher kinetic solubility than its crystalline counterpart, and
partly by deagglomeration of as-received GF particles into polymer matrix through
HME. The content uniformity test results, Table 4.4, supported this observation.
Besides, noticeable dissolution trends were realized for 3D printed tablets, Figure

4.7a: (i) Slower GF release was obtained for all the cases, F210-F240, compared
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to GF release from PM and H165. This is typical for most FDM 3D printed tablets,
which are inherently dense and require longer time for drug dissolution (Goyanes
et al., 2015a; llyés et al.,, 2019a; Zhang et al., 2017a). (ii) Unlike PM, no de-
supersaturation of GF was realized for the printed tablets, which also includes
H165. On one hand, the dense structure of the 3D tablets allowed a gradual GF
release and sufficiently available water-soluble polymers in the dissolution
medium. The presence of the polymers acted as a crystallization inhibitor, which
afforded a sustained drug supersaturation. On the other hand, that caused slowing
down the GF release by preventing the fast GF release from dense polymer
structure. (iii) As the FDM processing temperature increased the extent of GF
supersaturation increased through F210-F240, where all the printed tablets
generated a higher extent of GF supersaturation compared to H165 and PM (see
Table C.1, Appendix C for the values of GF supersaturations). Within ~12h, F230
and F240 generated 96 and 153% GF supersaturation, respectively, while F210
had a lower extent (62%). Through F210-F240, the increasing degree of drug-
polymer interactions (refer to Subsection 4.3.3), which implies an increasing
amount of amorphization (amorphous fraction of GF), could be mainly responsible
for monotonically increasing GF supersaturation by increasing temperature.
Further, it was postulated that the amorphization of GF in F210 is lower compared
to that of F230 and F240 (refer to Subsection 4.3.4). The trend of higher GF
supersaturations at higher processing temperatures through F210-F240
supported the postulate. In this study, the resulting 153% enhancement by F240

could be attributed to fusion-assisted ASDs, which created a high fraction of
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amorphous GF, and incorporation of 10 wt% KP into the formulation, which forged
strong bonds via drug-polymer interactions, afforded high miscibility with GF-HPC
and reduced surface tension between drug and polymers. To further add to these,
F240 being stored over one month at the ambient conditions showed similar drug
release performance to the freshly prepared F240 (see Figure 4.7a). That
corroborated that F240 maintained the ASDs formed due to both the presence of

strong drug-polymer interactions via heat treatment and dense tablet structure.
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Figure 4.7 Dissolution profiles of (a) physical mixture (PM), filament (H165), and
3D printed tablets with varying FDM processing temperatures (F210—F240), and
(b) 3D printed tablets with varying tablet surface area (F240b—d) as well as the
control options (F240 and F240a).
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To understand the effect of the dissolution rate on GF supersaturation
performance, various tablet design options were tested. Prior to the assessment
of tablet design, the agitator speed of 250 rpm, affording a rapid disintegration from
3D printed tablets, (F240a, Table 4.3), was assessed as the control option. As
seen in Figure 4.7b, F240a enhanced the GF supersaturation by approximately
~250%. However, a small extent of GF de-supersaturation has started within 4h.
Although modifying the agitation rate is found impractical based on in vitro
assessment and undesired due to the recrystallization concern (Sun et al., 2016),
it elucidated the effect of faster rise of dissolution and set the attainable extent of
GF supersaturation. Thus, promoting the faster rise of dissolution without
modifying the agitation rate, the tablets with higher surface areas were designed,
Table 4.3. The rationale is that water imbibition into ASDs could be advanced with
a higher available surface area that reduces to time for water absorption and
eventually accelerates the drug release from the matrix. F240b and F240c
generated GF supersaturation up to ~225%, which was comparable with F240a.
However, the presence of sinkers was slowed down the circulation of water for
imbibition into those tablets. Thus, F240b and F240c exhibited slowly increasing
GF supersaturation and similar dissolution profiles despite their different tablet
surface areas. By conducting the dissolution test without sinkers (F240d), a further
increase in GF supersaturation was achieved. The resulting GF supersaturation
(293%) was found higher than that of F240a. Further, F240d sustained the
supersaturation over 12h, unlike F240a. That much of GF supersaturation was

found comparable with the literature, where the GF supersaturation (300%) was
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achieved by implementing simultaneous nano miling and spray drying
methodologies in presence of a surfactant (Rahman et al., 2020a). Further, in this
study, GF supersaturations were achieved from the final product, not requiring
additional manufacturing steps for administration.

Overall, these findings emphasized that higher available surface area from
printed tablets could afford a gradual drug release that leads to enhance and
sustain the GF supersaturation, which is in line with (Sun et al., 2015). It is helpful
to mention that the common consensus on the attainable drug supersaturation is
that a slower dissolution rate avoids a sudden surge of supersaturation resulting
in slower recrystallization but lower maximum supersaturation, while a faster rise
of dissolution of an amorphous drug will inevitably lead to a higher maximum
supersaturation but a sharper drop in the de-supersaturation phase (Augustijns et
al., 2012; Sun et al., 2015). This was supported by the dissolution results from
F240.—d. In light of these, it is considered that mechanistically configuring the
extent of slow or rapid drug dissolution behavior helps identify pharmaceutically
favored drug supersaturation, which is a high extent of supersaturation being
sustainable, from FDM 3D printed tablets. Accordingly, tablets could be designed
to tune by the desired control of release mechanism.

In Figure 4.8, the fitting results revealed three different release
mechanisms: (i) F240 showed zero-order, (ii) F240a—c showed anomalous release
transport, and (iii) F240d showed Fickian diffusion. Considering the fitting results
in conjunction with GF supersaturations, Fickian transport appeared to meet the

criteria. of pharmaceutically favored ASDs; sustainable high extent of
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supersaturation. The anomalous transport accounts for both drug diffusion and
polymer relaxation/erosion (Sujja-Areevath et al., 1998), while zero-order release
translates the constant drug release over time. These two models refer that
dissolved polymers, which act as a crystallization inhibitor or surfactant, would be
available in the dissolution medium as the polymer erodes or dissolves over time,
respectively. Since the resulting transports from F240b and c; lower extent of GF
supersaturation, and from F240a; minor de-supersaturation, could be associated
with the lack of sufficient dissolved polymer in the dissolution medium when GF
releases. In contrast, since the Fickian transport is a diffusion-controlled
mechanism, a sufficient amount of dissolved polymers most likely existed in the
dissolution medium and enabled higher and sustained GF supersaturation. In
addition, the tablets with higher surface area and the polymers being water-soluble
appeared to contribute further. These outcomes are in line with Sun et al. (2015),
where the dissolution-controlled release mechanism was linked with the rapid
surge of supersaturation following by de-supersaturation while diffusion-controlled
release mechanism represented the gradually increasing yet sustained
supersaturation. It should be highlighted that resulting dissolution behaviors are
highly dependent on the apparatus type and speed, dissolution pH, and medium
(Augustijns et al., 2012; Sun et al., 2016) as well as the extent of printed tablet

density, investigation of which could be considered for future studies.

111



>1e A F240 '
(o] O F240a
g ] F240b
£ 454 m F240c ]
= F240d
é o
5 35. " i
25 A |
035 0.45 0.55 065 0.75 0.85 095 1.05
n

Figure 4.8 The maximum GF supersaturating concentration for the drug release
from FDM 3D tablets within 12h, as a function of the release exponent, n, of
Equation (2.2).

4.4 Conclusions
Processing the HME at lower temperatures reduced the disadvantages of high
processing temperatures on filament quality and allowed producing the filaments
containing largely crystalline GF. The crystalline amount (~83%) within the
filament, H165, was found significant in the sense of reducing the confounding
effects arising from particle recrystallization. The proof of the concept was
demonstrated, where fusion-assisted ASDs were successfully achieved via FDM
3D printing. The higher amorphization of GF was attained by increasing the printing
temperature above Tm of GF. It is worth highlighting that 153% enhancement of
GF supersaturation was generated under non-sink dissolution conditions via a

single-step printing process, which does not require additional manufacturing
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steps for the administration. Further, the product design with a higher surface area
i.e., multi mini-tablets, significantly enhanced the attainable GF supersaturation
(~293). The GF supersaturation achieved by FDM 3D printing was found
comparable with the literature implementing simultaneous nano milling and spray
drying methodologies in presence of a surfactant [65]. In addition to these, fitting
results in conjunction with GF supersaturations indicated that Fickian transport

appeared to meet the criteria of pharmaceutically favored ASDs.

113



CHAPTER 5
IMPLEMENTATION OF PROCESS ANALYTICAL TECHNOLOGY IN FEED

MATERIALS OF FUSED DEPOSITION MODELING THREE-DIMENSIONAL
PRINTING

5.1 Introduction
Fused Deposition Modeling (FDM) 3D printing is an upcoming and promising drug
delivery platform since the intended dose and release pattern of the final product
per differing needs of patients (Breitkreutz et al., 2007) are achievable (Buyukgoz
et al., 2020; Gioumouxouzis et al., 2017; Kadry et al., 2018; Pietrzak et al., 2015;
Skowyra et al., 2015; Zhang et al., 2017b), which is challenging by conventional
techniques. It allows printing the prescribed dosage at the point of care i.e., in a
pharmacy or ambulatory setting (Prasad et al., 2016). This means that the dose
would be available immediately after it prints. However, the direct administration
of the printed dose could disqualify the assessment of drug content and uniformity
of the final product. Thus, it would be logical to determine the drug amount before
the printing step rather than from the end product. Since the last products prior to
FDM 3D printing are filaments (starting materials) (Melocchi et al., 2016), it is
hypothesized that if the drug concentration in the filament is given at the point of
printing step, it is expected to obtain a final product containing similar drug
concentration to that of the filament. Moreover, determining the drug concentration
in filaments just before the printing step would also help determine the changes in
drug properties that occured during storage. Thus, determining the drug
concentration from filaments will be the focus of this study. The fact that 3D printed

devices generally show high product and content uniformity (Okwuosa et al., 2016;
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Pietrzak et al., 2015; Scoutaris et al., 2018) might further support the hypothesis
by reducing the difference in drug content between the printed samples and
filaments. Indeed, the expected high uniformity would not be surprising since it
would be the consequence of the contently uniform filaments produced through an
intense mixing via hot-melt extrusion (HME) (Maniruzzaman et al., 2012; Pawar et
al., 2017; Sadia et al., 2018b). However, it should be noted that enhanced powder
flow properties, particularly for the formulations at high drug concentrations, are
highly important to achieve contently uniform products (Kunnath et al., 2018). This
becomes crucial during the continuous powder feeding in HME processing.
Because cohesive drug particles tend to resist flowing during processing
(Castellanos, 2005), which may give rise to deviation in the label claim. Previous
studies have explored the use of surface modification via dry coating as a way to
reduce particle cohesion, and improve powder properties (Capece et al., 2014;
Chen et al., 2008; Han et al., 2011; Huang et al., 2017; Jallo et al., 2012). Since it
Is a simple yet effective way to improve powder flowing, dry-coating methodology
will be used in this study (see Subsection 2.2.2.1 for the procedure details of dry
coating).

Although the conventional testing procedures are well established, they are
costly and required significant testing time (Knop et al.,, 2013). Alternatively,
Process Analytical Technology (PAT) is described as “to be a system for
designing, analyzing, and controlling manufacturing through timely measurements
(i.e., during processing) of critical quality and performance attributes of raw and in-

process materials and processes, with the goal of ensuring final product quality”
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by FDA (FDA, 2009). In light of this guidance, PAT helps predefine the product
guality in a non-destructive manner and reduce the testing time (FDA, 2009). Rapid
spectroscopic techniques followed by chemometric methods are mostly preferred
for implementing PAT in pharmaceutical applications (Sanchez-Paternina et al.,
2019; Tumuluri et al., 2008; Zhang et al., 2014). Recent literature has
demonstrated that Raman spectroscopy can be a promising tool for qualitative and
guantitative determination of active substance from the product (Mazurek et al.,
2006; Saerens et al., 2011; Tumuluri et al., 2008; Zhang et al., 2014). Tumuluri et
al. demonstrated the feasibility of Raman spectroscopy for use in PAT applications,
where the melt-extruded film product containing varying drug concentrations was
accurately quantified (Tumuluri et al., 2008). Similarly, drug concentration from
polymeric films was monitored with high accuracy of the prediction models using
Raman spectroscopy (Zhang et al., 2014). Although such studies showed that
Raman spectroscopy is a robust tool for PAT applications, to the best of the
author’s knowledge, such implementations for filaments compatible with FDM 3D
printing have yet to be investigated.

The main objective of this study is to implement PAT for determining drug
concentration from filaments before FDM 3D printing. Surface modification of the
drug particles via dry coating is performed to assess the flowability of the drug-
polymer blends to be extruded. The filaments containing varying drug
concentrations in range 5-50 wt% are manufactured via HME. Raman
spectroscopy is used as a PAT tool. It is useful to mention that Raman

spectroscopy is sensitive to solid-state changes, where crystalline or amorphous
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forms of a drug could exhibit spectral differences (Sievens-Figueroa et al., 2012;
Zaréw et al., 2011). The drug material and processing protocols are selected to
avoid confounding effect stemming from changes in the solid-state of the drug
during the preparation of the feed-material in HME, which typically produces
amorphous solid dispersions (ASDs) (Hancock et al., 1997; Li et al.,, 2018;
Thommes etal., 2011; Wei et al., 2020). Later, chemometric methods i.e., principal
component analysis (PCA) and partial least square (PLS) regression are applied
for analyzing the data achieved via Raman spectroscopy and eventually creating
the prediction models. The models are assessed regarding accuracy, linearity,
precision, and optimum latent variable (PLS Factor) with the ultimate goal of
achieving a reliable prediction model. The model developed is validated with a
different training set of drug concentrations. Finally, the prediction results from the
filaments are compared with the reference drug concentration of the filaments and

the actual drug concentration of FDM 3D printed tablets.

5.2 Materials and methods

5.2.1 Materials

Griseofulvin (GF; Letco Medical, Decatur, AL, USA) was used as a model
Biopharmaceutics Classification System (BCS) class Il drug. Pharmaceutical
grade silica (M5P, Cabot Corporation, MA, USA) was used for the surface
modification of micronized GF patrticles. Hydroxypropy! cellulose (HPC, SL grade,
Nisso America Inc., New York, NY) is used as a printing polymer, due to its ability

to produce filaments with appropriate mechanical properties for fused deposition
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modeling (FDM) 3D printing (Oblom et al., 2019; Pietrzak et al., 2015; Zhang et
al.,, 2017a). In addition, HPC is poorly miscible with GF and unlikely to form
amorphous structure (Li et al.,, 2017a). Sodium dodecyl sulfate (SDS) (Sigma-

Aldrich, Saint Louis, MO, USA) was used as a solvent.

5.2.2 Preparation methods

5.2.2.1 Preparation of engineered GF particles and feed material.
Micronization and surface modification of the GF particles were performed by
adapting the procedure from earlier studies (Buyukgoz et al., 2020; Daveé et al.,
2011; Han et al., 2011) (see Subsection 2.2.2.1 of Chapter 2 for the procedure
details). The formulations to be extruded and the processing temperatures are
shown in Table 5.1. The drug with (micronized coated, MC) and without
(micronized uncoated, MUC) surface modification, and the polymer at given
concentrations (see Table 5.1) were mixed using LabRAM at a frequency of 61 Hz
with an acceleration of 75 G for 5 min. The blends with MUC-GF particles were
only used to compare the powder properties with MC-GF patrticles. Later, the
powder blends containing MC-GF particles were fed into the extruder via a
volumetric feeder (Model 102 M, Schenck Accurate, WI, USA) at a feed rate of
0.6-0.7 g/min. Only the blends containing MC-GF particles were processed with
hot-melt extrusion (HME) with an 11 mm diameter co-rotating twin-screw extruder
(Thermo Fisher Scientific Inc., MA, USA) to produce filaments. The HME
manufacturing process is demonstrated in Figure 5.1. The HME processing
parameters were adapted from Buyukgoz et al. (Buyukgoz et al., 2020) to maintain

GF particles in crystalline form. A drug having a higher softening value than that of
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a polymer requires higher energy input to soften the material at higher drug
concentrations. Thus, higher extrusion temperatures for the formulation at 30 and

50 wt% drug concentration were applied (see Table 5.1).

Table 5.1 Compositions of the Filaments along with HME Processing
Temperatures

Drug Drug _ Polymer_ HME Extrusion
Run Sample Concentration ~ Concentration Temperature

(Wt%) (Wt%) (°C)
1 5.0 95 140
2 10.0 90 140
3 15.0 85 140
4 *GF 20.0 80 140
5 25.0 75 140
6 30.0 70 145
7 50.0 30 160

*Powder blends were prepared using micronized GF with (MC-GF) and without (MUC-GF) surface
modifications. Only MC-GF particles were processed with HME.

Pre-mixing
o, S ‘ vq
o W
" + V\J
. Drug | ' Polymer |

Filament
(Feed Material) 3D Printed Tablet

Hot Melt Extrusion

Figure 5.1 Manufacturing process of FDM 3D printed tablet including filament
production through hot-melt extrusion.
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5.2.2.2 Manufacturing of tablets via FDM 3D printing. To test the
performance of the prediction models, which will be explained in the following
sections, the tablets are manufactured using the GF-loaded filaments via FDM 3D
printing (Flashforge®, Creator Pro 3D, 2016, China). The tablet dimensions were
set as @: 5.0 and H: 2.0 mm. The tablets were designed using Autodesk® Fusion
360 Ultimate (Autodesk 3D design software). The design was recorded as an STL
file and was converted to an X3G file using FlashPrint software (Version 3.18.0;
Jinhua, China) as the slicer. The tablets were printed with the following operating
parameters; the printing temperature 170 °C; printing speed, 35 mm/s; nozzle

traveling speed, 80 mm/s; infill percentage, 100%.

5.2.3 Characterization methods

5.2.3.1 Blend characterization. The flow function coefficient (FFC) of the
blends in Table 5.1 was measured using the Freeman Technology FT4 (Freeman
Technology Ltd, UK). The previously established procedure was adapted from
(Kunnath et al., 2018). The test applies 3 kPa consolidation normal stress and
performs shear tests at 2.0-1.0 kPa normal stresses, where incipient failure shear
stresses were recorded. FFC is a ratio of major principal stress (MPS) to
unconfined yield strength (UYS) (Kunnath et al., 2018; Schulze, 2008), which were
calculated with FT4 Data Analysis v4 software. The details of the physical
interpretation of numerical FFC values are found in the literature (Kunnath et al.,
2018; Schulze, 2008). The blends having the FFC value in range of 4-10 are

indicative of easy-flowing powders.
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5.2.3.2 X-ray diffraction (XRD). The solid state of the drug particles was
tested via X-ray diffraction. Dry MC-GF patrticles, the physical mixture, the extruded
filament at 15 wt% GF concentration were examined. The diffraction pattern was
achieved using PANanalytical (West- borough, MA, USA) scanning for 28 angle in

the range 5-35° with 0.01° step.

5.2.3.3 Determination of drug content (assay) and uniformity. The drug
content and uniformity of the filament and 3D printed samples were tested. The
filaments containing varying GF concentrations were cut into 1 cm segments. The
samples from segmented filaments and printed tablets were dissolved in 7.2 mg/ml
SDS solution under continuous stirring for a minimum of 5h. A Thermo Scientific
Evolution 300 UV-vis spectrophotometer (Thermo Fisher Scientific Inc., MA) was
used to measure the UV absorbance at a wavelength of 297 nm of each dissolved
sample. The average and standard deviation of drug concentrations were
calculated for each sample. The reported drug concentrations for the filaments

were used as the reference concentration for developing calibration models.

5.2.3.4 Spectral data acquisition by Raman spectroscopy. Raman

spectra of the filaments were collected using a FergieTM Imaging Spectrograph
System from Teledyne Princeton Instruments equipped with a fiber-coupled probe
(105 pm FC/PC excitation fiber and 400 um FC/PC collection fiber). The
spectrometer has a 785 nm laser and maximum of 500 mW power. In this study,
60% of the power was utilized to prevent saturation of Raman signals. The spectral
range used was 200-1800 cm. The software powered by Lightfield was used for

data acquisition. The acquisition time was set as 20 seconds.
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5.2.3.5 Development of qualitative and quantitative models. To determine
drug concentration from the filaments, qualitative and quantitative calibration
models were developed with the aid of Unscrambler® X version 10.5.1 software
from CAMO. This software includes commonly used chemometric methods,
principal component analysis (PCA) and partial least squares (PLS) regression
algorithms. PCA algorithm helps reduce the data dimensions and identify data
patterns (Tatavarti et al., 2005; Tewari et al., 2010). PLS algorithm uses X and Y
matrices to determine the relationship between the variables by generating
orthogonal-based vectors (Cogdill et al., 2005; Kandpal et al., 2016; Workman,
1997). Accordingly, PCA algorithm was applied to qualitatively interpret the
relationship among the variables such as drug concentration. PLS algorithm was
applied to build prediction models for in-line quantification of the drug
concentrations from filaments. Seven spectra collected from the filaments at 5, 10,
15, 25, 30, and 50 wt% drug concentration were used for developing PCA and PLS
models. The filament at 20 wt% concentration was excluded from the calibration
data and used as an independent drug concentration for validating the model. This
independent sample was considered to help better evaluate the robustness of the
developed models. The spectra in the prediction set were independent of those
used in the calibration model yet were the same drug concentration levels, where
five spectra were used for each drug concentration.

Three transformations, standard normal variate (SNV), de-trend, and
baseline, were applied to the spectral data prior to PCA and PLS algorithms. Those

pre-treatments help achieve scaling effect on the spectra, standardize the variation
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in curvilinearity, and remove offset features of the baseline (Afseth et al., 2006;
Barnes et al., 1989; Sanchez-Paternina et al., 2019). In addition, reducing the
effect of scattering could prevent it to be modeled as one of the factor(s) in the
model (Meza et al., 2006). The calibration models were first evaluated using leave-
one-out cross-validation, also known as full cross-validation (Esbensen et al.,
2010; Jouan-Rimbaud et al., 1995), which is a very common initial evaluation for
guantification of the model (Popo et al., 2002). The linearity of the developed model
was indicated by R? value. The first minimal value of prediction residual error sum
of squares (PRESS), indicative of the optimum latent variable, was calculated
(Jouan-Rimbaud et al., 1995; Popo et al., 2002). The accuracy of the model was
assessed by root mean square error of prediction (RMSEP), root mean square
error of calibration (RMSEC), and bias (average residual error) (Meza et al., 2006).
RMSEP indicates the difference between the predicted and reference values and,
Is expected to be similar with RMSEC for accuracy of the prediction (Barimani et
al., 2017; Blanco et al., 2001; Meza et al., 2006). The precision of the model was
assessed with the standard deviation of the predicted data (Vargas et al., 2018).
In addition to the statistical evaluation, the prediction capability of the quantitative
models was evaluated with the limit of quantification (LOQ) of the model, referring
to the quantitatively determinable lowest drug concentration on the calibration

model.
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53 Results and discussion

5.3.1 Flowability of the powder blends

To maintain the amount of material running in the HME barrel same, there should
be adequate powder flowing from the powder feeder into the HME hopper. A
consistent and adequate flow promotes product uniformity in size, shape, and
weight. Figure 5.2 demonstrates the flow function coefficients (FFC) of the blends
made with MC-GF and MUC-GF. The higher drug concentrations are prone to
exhibit higher cohesiveness. Thus, for the sake of brevity, FFC values for the
blends with drug concentration above 20 wt% were tested. FFC value above 10
has no physical differences (Kunnath et al., 2018). The blend with 25 wt% MC-GF
showed an FFC value of 9.7 while its uncoated counterpart showed an FFC value
of 7.5. Indeed, surface-modified particles enhanced the FFC values of the blends
at each drug concentrations (see Figure 5.2), except the blend at the highest drug
concentration, 50 wt%, which had an unacceptable FFC value (3.2) for easy-
flowing. It was expected since the drug concentration was reasonably high.
Inconsistency in powder flow may negate product uniformity. The flow
improvement with the dry coating is in line with previous reports (Capece et al.,
2017; Han et al., 2013; Huang et al., 2015), which might refer to the reduction in

cohesive forces after surface modification (Chen et al., 2008).
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Figure 5.2 Flow Function Coefficient (FFC) values for blends made with MC-GF
and MUC-GF.

5.3.2 Solid-state of the drug

The XRD pattern of as-received GF and HPC, physical mixture, and filament both
at 25 wt% drug concentration are demonstrated in Figure 5.3. The characteristic
peaks of as-received GF (Li et al., 2017a) were observed at the main diffraction
angles (208) 10.0°-35.0°, indicating the crystalline form of particles. The polymer
HPC showed an amorphous halo diffraction pattern while the physical mixture and
the drug-loaded filament followed the characteristic peaks of GF. That outcome

suggested that the crystallinity of GF was maintained during HME processing.
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Figure 5.3 XRD pattern of as-received GF particles, as-received HPC-SL, physical
mixture, and filament both at 25 wt% GF concentration.

5.3.3 Interpretation of Raman spectra

Raman spectra of as-received GF and HPC powders, placebo filament, and drug-
loaded filament are presented in Figure 5.4, and the filaments at varying
concentrations in range 5-50 wt% are presented in Figure 5.5. The strong Raman
signals for as-received GF particles were observed in 1550-1750 cm™ region. The
band at 1712 cm! refers to C=0 stretch in benzofuran, at 1665 cm- refers to C=C
stretch in cyclohexanone, and at 1622 cm? refers to C=0 mix with C=C stretch
(Zarow et al., 2011). The GF-loaded filament followed a similar pattern while as-
received HPC and placebo filament lacked those bands. The achieved Raman
bands for the GF particles are agree with Raman spectra for crystalline GF in the

studies of (Rahman et al., 2020a; Zardw et al., 2011). In Figure 5.5, increasing the
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drug concentration increased the intensity of these Raman signals, which is
desired to develop the prediction models based on varying drug concentrations.
Therefore, the Raman spectra in 1550-1750 cm™ region were analyzed in PCA

and PLS algorithms.
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Figure 5.4 Raman spectra of as-received GF particles, as-received HPC-SL,
placebo filament, and filament at 15 wt% GF concentration.
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Figure 5.5 Raman spectra of flament containing varying GF concentrations in
range 5-50% wt.

5.3.4 Development of qualitative and quantitative models

Baseline, de-trend, and SNV transformations were applied to develop calibration
models through PCA and PLS algorithms. The responses are presented in Table
5.2. The pre-treatments of baseline and de-trend explained 99% of the data while
SNV explained 91% of the data. Unlike the baseline transformation, de-trend and
SNV had one data outside of the 95% confidence interval. In addition, the baseline
transformation outperformed the other two pretreatments in the sense of linearity

and/or the required number of the latent variables (see Table 5.2). Based on these
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assessments, baseline transformation was used for developing quantitative and

gualitative models.

Table 5.2 Pre-treatments and Their Responses in PCA and PLS Algorithms

PCA # of data # of ,
Pre-treatment outside of R
(%) Factors*
95% ClI
PC-1 PC-2
Baseline 92 7 0 3 0.975
SNV 56 35 1 4 0.954
De-trend 77 22 1 3 0.968

*Suggested number of factors in PLS algorithm by CAMO software. Cl: Confidence interval

The PCA scores plot is presented in Figure 5.6, where the ellipse represents
the multivariate 95% confidence interval for the data. The principal components
(factors) of PC-1 and PC-2 were used to explain the variations in the spectra
obtained from the filaments at varying drug concentrations. The first component of
PC-1 accounted for the majority of the variance in Raman spectra i.e., 92%
whereas PC-2 explained only 7%. It is considered that PC-1 represents the varying
GF concentrations. PC-2 might mainly refer to within-sample spectral variations
(ICH, 1997; Zhang et al., 2014) while somewhat differentiate the highest drug
concentration amongst others. These outcomes suggested that the drug

concentrations in the calibration model could be quantified.
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Figure 5.6 PCA of GF loaded filaments showing the effect of varying drug
concentration. The ellipse represents the multivariate 95% confidence interval for
the spectral variance.

The quantitative calibration models were developed through PLS
regression models. The prediction diagnostic for three Factors is presented in
Table 5.3. The calibration models were evaluated regarding accuracy, precision
and, linearity determined in the ICH guideline (ICH, 1997) for deciding optimum
latent variable for the prediction model. Factor-3 and Factor-4 showed higher yet
close linearity compared to that of Factor-2. As mentioned earlier, the minimum
PRESS value was considered as an indicator of the optimum latent variable in the
calibration model (Jouan-Rimbaud et al., 1995; Popo et al., 2002). Similar to the
linearity results, Factor-3 and Factor-4 showed close yet lower PRESS values.

Thus, it was considered that Factor-2 was not the best candidate for the optimum
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latent variable. Regarding the prediction capability, no discernible difference in
RMSEP and RMSEC values was noticed between Factor-3 and Factor-4,
however, the Factor-3 exhibited a bias value being around 2 times lower than that
of Factor-4. Vargas et al. (2018) reported that lower bias implies the high accuracy
of the model. Since there is no significant difference between Factor-3 and Factor-
4, however, Factor-3 better performed regarding the accuracy, Factor-3 was used
to avoid overfitting (Jouan-Rimbaud et al., 1995) in the development of the
prediction model. The quantitative model with Factor-3 is demonstrated in Figure

5.7.

Table 5.3 Prediction Diagnostic and Limit of Quantification (LOQ)

Algorithm Factor RMSEC RMSEP Bias PRESS R2 LOQ
2 3.099 3.573 0.026 0.085 0.948 10.434

PLS 3 1.940 2.493 0.079 0.059 0975 7.174

4 1.768 2.303 0.145 0.055 0.978 6.587

*Pre-treatment: Baseline
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Figure 5.7 PLS algorithm for filaments at varying GF concentrations.

Besides the statistical analysis, the prediction capability of the models was
assessed with LOQ values. Interestingly, the LOQ of the model was higher than
the minimum value of the reference concentration of being 5.55 wt%, even at
Factor-4, see Table 5.3. This is not surprising considering the fact that the model
was established with a wide range of drug concentrations, where the difference
between the lowest and highest concentration is 45 wt%, which is reasonably large
compared to the current literature (Inoue et al., 2020; Zhang et al., 2014). However,
that could expand the prediction range for the drug concentration from filaments.
Nevertheless, incorporating higher number of spectra into the models developed

could be improved the reliability of the model.

5.3.5 Validation of the calibration model
The validation of the calibration model with Factor-3 was performed via predicting

the drug concentrations using a separate training set (see Subsection 5.2.3.5 for
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details). The prediction results are presented in Table 5.4, where the reference
concentrations used in the calibration model were quantified by direct assaying via
UV spectroscopy (refer to Subsection 5.2.3.3). In addition, drug concentrations in
3D printed tablets were presented for comparison purposes. As expected, they
had strongly similar concentration values to that of filaments, where 50 wt% was
not printable, however, investigating the printability of the filaments is beyond the
scope of this study. The close values between the reference and predicted drug
concentrations indicated the capability of the developed model to perform accurate
predictions with small residuals up to 2.58 (see Table 5.4). The predicted lowest
drug concentration, 5 wt%, was slightly off from the reference value, which was
expected owing to the high LOQ value of the calibration model. However, as
aforementioned, that might be improved by incorporating higher number of spectra
into the calibration model. Another option would be the use of drug concentrations
at a narrow range. It is useful to highlight that the sample left-out, 20 wt% drug
concentration, from the calibration set was accurately predicted. This corroborates
that the calibration model developed could accurately predict the drug

concentration in range of 5-50 wt%.
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Table 5.4 Validation of the Filaments at 5-50 wt% GF Concentration

Optimum latent Reference Predicteq ,
. . Concentration . 3D printed
variable Concentration 0 Residuals
(PLS Factor)  (wto%)(+std) (Wt /‘r’])fgsw)’ tablets
5.5540.13 8.13+0.23 -2.58 5.66+0.10
9.85+0.06 10.02+0.37 -0.18 10.08+0.0
15.04+0.20 12.71+0.47 2.33 15.17+0.0
Factor-3 19.78+0.55 18.33+0.65 1.44 20.53+0.9
24.58+0.16 23.64+2.30 0.94 24.67+0.1
30.24+0.26 31.13+0.66 -0.89 30.40+0.1
51.28+0.72 52.33+£1.38 -1.04 N/A

5.4 Conclusions
The quantitative and qualitative models were developed for the prediction of drug
concentration from the feed materials (filaments) of FDM 3D printing using Raman
spectroscopy via chemometric methods. Surface modification of the drug particles
helped improve the flowability of the powder blends, which promoted maintaining
the amount of material in the production line same, in turn, promoted product
uniformity. Using a single transformation in the pre-treatment reduced the
complexity of the calibration algorithm. The calibration model developed covered
wide range of drug concentrations, which provided an expanded prediction space

for drug-loaded filaments with high linearity, accuracy, and prediction capability.
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CHAPTER 6

OVERALL CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Novel FDM 3D printing technology as a drug delivery platform was implemented
for manipulating the pharmaceutical tablet properties, where tablet design options
with the concern of individual’s needs were investigated, and the process for
manufacturing of FDM 3D printed tablets loaded with fusion-assisted ASDs were
demonstrated for bioavailability enhancement of BCS Class Il drugs. In addition,
calibration models and PAT methodology were developed for predicting the drug
concentration of the printed tablets based on the chemometric analysis of Raman
spectroscopy testing of the feed materials.

Tablet design options for FDM 3D printing were explored in Chapter 2 for
simultaneous tailoring of drug release and dose. Formulations containing varying
drug concentrations were developed for feed materials compatible with FDM 3D
printing, offering the required flexibility in producing tablets having a desirable drug
release. In Chapter 3, design options for miniature tablets were considered for the
pediatric patient population who needs manipulations in the dose per age/body
weight or might have swallowing issues. The mini-sized tablets containing very low
drug concentration, 1 wt%, enabling micro-dosing, were manufactured using FDM
3D printing. That allowed proper dose titration through the use of multi-unit mini-
tablets. Additionally, the size advantage of printed mini-tablets was expected to

address the swallowing difficulties. The feature of FDM 3D printing being a thermal
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processing was used in Chapter 4 to produce 3D tablets containing fusion-assisted
ASDs for enhancing the solubility of poorly soluble drugs. That helped alleviate the
challenges of the conventional HME technique in producing the final product.
Considering the solubility advantages of fusion-assisted ASDs, the demonstrated
technique was shown to be advantageous since it is a single-step production of
the final product. Finally, chemometric models for predicting drug concentration
from feed materials were developed in Chapter 5. That was expected to address
regulatory concerns related to on-demand products.

Overall, this dissertation explored the tailoring of FDM 3D printed tablet
properties by considering patient-specific drug therapy and solubility
enhancement. In addition, chemometric models were developed to quantitatively

determine the drug concentration for on-demand products.

6.2 Future Work

6.2.1 FDM 3D printed mini-tablets loaded with ASDs

FDM 3D printed mini-tablets in Chapter 3 were designed as solid tablets with
cylindrical geometry. As a result, relatively slow dissolution profiles were achieved
due to their inherent dense structures. It has been reported that the structure
design of printed tablets i.e., infill density and shell thickness could control the drug
release behavior (Solanki et al., 2018b; Wei et al., 2020; Zhang et al., 2017b).
Thus, structured tablets could help enhance the drug release rate if they have a
higher available surface area for water penetration. Exploring the design of the

structures could be an extension of the mini-tablet study. The smallness of the
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tablet size could limit the structure design, however, high layer resolution could
help print desired design. In this case, the impact of printing layer resolution on
drug release profiles, which was shown for regular solid mini-tablets in Chapter 3,
could be different for the structured mini-tablets. Investigation of which could be

another extension.

6.2.2 Design of FDM 3D printed tablets loaded with pharmaceutically-
favored ASDs

In Chapter 3, the solid-state of the drug within the mini-tablets appeared to be
partially crystalline or was under the limit of detection. Since the amorphous form
of a drug has a higher solubility than its crystalline form, manipulating the physical
form of the drug could be a logical strategy for achieving enhanced release profiles
of the mini-tablets. Solubility enhancement in addition to the goal in Subsection
6.2.1, could be an extension of the mini-tablet study. To this end, the approach of
formulation development could be applied to produce tablets with ASDs, where
highly miscible polymer with drug, which typically produces ASDs, could be used.
This option requires polymer screening to assure drug-polymer miscibility. In
addition, the feed materials produced from the formulations developed should be
compatible with FDM 3D printing. In that case, suitable mechanical properties of
the filaments and appropriate formulation would be the main considerations in

future studies.

6.2.3 Development of prediction model using PLS algorithm for predicting
the printability of the feed materials

The model in Chapter 6 covered the filaments at a wide range of drug

concentrations i.e., 5-50 wt%, although the filament at the highest drug
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concentration was not printable. The mechanical properties of those filaments
could be linked with filament printability. Thus, this correlation could be translated
into a prediction model with the help of PLS algorithm, where the reference values
are correlated to develop a prediction model. Moreover, the wide range of drug
concentrations used would be useful for easily determining the printability range.

The limitation of this model would be the dependency of the model on the filament
formulation. However, it is useful to mention that HPC is a well-accepted polymer
for FDM 3D printing due to its ability to produce filaments with appropriate
mechanical properties (Oblom et al., 2019; Pietrzak et al., 2015; Zhang et al.,
2017a). Since the model developed in Chapter 6 used the filaments containing
largely HPC polymer, using different active substances having intrinsic differences
l.e., miscibility with HPC, melting point, molecular weight compares to GF could
provide reasonable information for FDM 3D printing literature. Since intrinsic drug
properties might affect the mechanical properties of the filaments, the model would
cover a wide range of mechanical properties for printing filaments. Thus, another
possible extension would be to use different active substances in developing a

prediction model for filament printability.

6.2.4 In-vivo release behavior of FDM 3D printed tablets loaded with fusion-
assisted ASDs

The technique of fusion-assisted ASDs has been demonstrated for FDM 3D
printed tablets in Chapter 4. However, all the products in this study were tested
under in-vitro dissolution conditions. Since the supersaturation level of the drug

used was reasonably high compared to the current literature, a simple extension
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of this study would be to test the products in an in-vivo dissolution environment.

That requires selecting a suitable animal model and the testing conditions.
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APPENDIX A

SIMILARITY FACTORS AND SWELLING MECHANISM

A.1 Similarity factors for dissolution profiles of case A, case C and, case E
The dissolution profiles of the printed tablets for case A, case C, and case E were
compared via bootstrap similarity (f2) test (Mendyk et al., 2013; Paix&o et al., 2017)
using PhEq_bootstrap software (Mendyk et al., 2013). This test was used because
of the large variability in the dissolution profiles. For each tested case, the time
point data beyond 85% dissolution were discarded. The following bootstrapping
parameters were applied for all the tested data; the number of bootstraps is 5000,
and the confidence interval (Cl) was set to 90%. The 4-6 sample for each
individual sub-cases was used. The assessment of the results is based on the rule
of dissolution profile similarity, where f2 >50. The similarity statistics for case A,

case C and, case E are presented in Table A.1.
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Table A.1 Similarity (f2) Analysis Factor for Dissolution Profiles of Case A, Case
C, And Case E

3D Tablet e
Design Similarity factor (f2)
AL-A2 45.05
A1-A3 38.72
A1-Ad 27.15
Case A A2-A3 46.83
A2-Ad 30.90
A3-Ad 36.08
C1-C2 38.87
C1-C3 41.92
C1-C4 40.04
Case C C2-C3 51.76
C2-C4 50.21
C3-C4 59.35
E1-E2 65.59
E1-E3 52.81
E1-E4 43.81
CaseE E2-E3 55.57
E2-E4 45.07
E3-E4 59.43
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A.2 Calculation of the swelling and eroding mechanism from printed tablets
containing 5 wt% and 30 wt% drug concentration

The swelling and eroding distances were measured from the digital images
of the tablet placed on a flat disc with a marker for easier assessment. The
thickness and diameter of the marker were used as a reference. The swelling and
eroding extent of the tablet were calculated according to Equation (Al) and

Equation (A2) in axial and radial directions, respectively.

final tablet diameter—initial tablet diamter

Swelling (or Eroding) Extent =

initial tablet diameter

100% (A1)

final tablet thickness—initial tablet thickness
initial tablet thickness

Swelling (or Eroding) Extent =

100% (A2)

The results are expressed as a percentage (%) and presented in Table A.2.

Table A.2 The Swelled or Eroded Percentage (%) of the Tablets Containing 5 and
30 wt% Drug Concentration. The Negative Sign Refers to Decreases in the
Original Size of the Tablet

Size Changes by 5 wt%

Time Size Changes by 30 wt% Drug
(h) Prug (%)
(%)
Axial Radial Axial Radial

0 0.00 0.00 0.00 0.0
3 3.59 5.71 87.20 4.0
7 17.48 2.86 112.96 7.3
24 -33.22 571 46.54 -4.7
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APPENDIX B

SIMILARITY FACTORS

The dissolution profiles of the printed tablets for mini-tablets and large tablets were
analyzed through bootstrap similarity (f2) test (Mendyk et al., 2013; Paix&o et al.,
2017) using PhEg_bootstrap software (Mendyk et al., 2013) by following the same
processing parameters in Section A.1 of Appendix A. The results were deemed
statistically similar when f2 >50. The outcomes for similarity statistics are

presented in Table B.1.

Table B.1 Similarity (f2) Analysis

Differences in Compared Couples

RUN Drug Similarity
Number of units  concentration Tablet size factor (f2)
%wt

1 1-5 53.63
2 1-10 45.68
3 1-15 47.89
4 1-20 45.64
5 5-10 1.0-1.0 M-M 59.06
6 5-15 59.04
7 5-20 55.22
8 10-15 68.42
9 10-20 67.44
10 15-20 64.04
11 1-0.5 F-H 28.66
12 1-0.25 1.0-1.0 F-Q 26.77
13 0.5-0.25 H-Q 40.67
14 1.0-10.0 32.79
15 1-1 1.0-20.0 M-M 27.45
16 1.0-20.0 52.94

*All the tablets were printed at 0.2 mm layer resolution. M: Mini-tablet, F: Full-size H: Half-size Q:
Quart-size tablet
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B.2 Digital Images of Split Tablets vs. mini tablets at the same total drug
amounts
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Figure B.1 Digital Images of (a) full tablet vs. 20 units mini-tablets containing 0.99,
(b) half-split tablet vs. 10 units mini-tablets, and quartered tablet vs. 5 units mini-
tablets, each sub-case contained similar drug amounts.
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APPENDIX C

AMORPHOUS SOLID DISPERSION LOADED THREE DIMENSIONAL
TABLETS

C.1 Extent of GF supersaturation and dissolution mechanism of the printed
tablets

Table C.1 Extent of GF Supersaturation for Various Tablet Designs along with the
Fitting Parameters of the Corresponding Fitting Dissolution Curves

*Extent of

Supersaturation (%) Fitting Parameters

Run % /rlr(ﬂn”) n R?
F240 153.3 0.16 0.94 0.988
F240a 246.8 5.07 0.46 0.975
F240b 214.9 1.86 0.58 0.988
F240c 225.6 1.71 0.59 0.977
F240d 293.0 7.13 0.38 0.918

*The values for the extent of supersaturation are calculated from the dissolution curves at the time
points between 9-12h
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